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Abstract

An exhaustive exploration using non–relativistic and four–component relativistic for-

malisms of the potential energy surfaces for the microsolvation of Sr2+, Ba2+ with up

to n = 6 water molecules is presented in this work. A multitude of well defined local

minima stabilized by cation � � � water and by water � � � water interactions are found.

Cation � � � water contacts transcend the electrostatic interactions of simplistic ionic

bonding. The formal charge causes a chaotropic effect in the structure of the solvent

affecting water to water hydrogen bonds and inducing water dissociation and

microsolvation of the resulting H+, OH� ions in extreme cases. Relativistic effects

are close to 0.7% or smaller in geometries and electronic energies, but they are

around 27% for shieldings of Ba2+ clusters. The nuclei of the central cations are des-

hielded (around 10% in going from n¼1 to n¼3) due to microsolvation.
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1 | INTRODUCTION

Microsolvation of charged species [1] is a topic with deep implications in areas ranging from atmospheric sciences to molecular biology. A large

number of studies have been devoted to the study of systems containing just a few water molecules interacting with cations of both groups I and

II in the periodic table [2–14], with heavy emphasis on the lighter, biologically relevant [15–27] Na+, K+, Mg2+, and Ca2+.

Multicharged ions are highly unstable due to Coulomb repulsion, thus, aqueous environments are a common way in nature to provide stabili-

zation. However, the formal charge produces chaotropic/kosmotropic effects on the structure of the solvent [28], heavily influencing the hydro-

gen bonding networks responsible for the (lack of) structure of liquid water and substantially increasing structural possibilities. In addition, the

atomic numbers of Sr (38) and Ba (56) demand the exploration of relativistic effects. The available literature dedicated to the microsolvation of

Sr2+, Ba2+ is mainly focused on the energies and geometries of very limited number of biased structures [4–14], with little to no attention

devoted to three very important topics: intensive exploration of structural possibilities, the nature of bonding interactions, and relativistic effects.

The inclusion of relativistic effects in the calculation of electronic properties of heavy-atom containing molecules is mandatory. This is spe-

cially the case for molecular properties that are highly dependent on the electron density in the vicinity of nuclei, as happens for nuclear magnetic

resonance (NMR) spectroscopic parameters [29, 30]. At the moment, relativistic quantum chemistry is a mature area of research and, so,

several and reliable procedures have been developed to include relativistic effects on molecular properties, which are based on four-component,
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two-component and one-component Hamiltonians [31–36]. NMR magnetic shieldings have additional constraints regarding the consideration of

gauge origin and the way small components are related with large components in four-component procedures [37–39]. Among the different

models and theories that have been applied during more than 20 years [40–44], there is the four-component polarization propagator approach,

which has the advantage of getting the NR values of the properties straightforwardly making c (the speed of light in vacuum) go to infinity

[45, 46]. Some of us are used to work with those propagators and the unrestricted kinetic balance as a prescription that relates large and small

components of the four-component molecular orbitals [47]. although there are several other prescriptions [48, 49].

In previous works [50, 51], it was shown that the radial distribution of the H� � �X and H─O─H� � �OH2 distances, together with bonding ener-

gies are highly affected by relativistic effects in [X(H2O)n]
� (X = Br, I, At; n = 1, …, 6) clusters. In the case of CH3Hg(H2O)n (n = 1, 2, 3) systems,

both, electron correlation and relativistic effects must be included for the accurate calculation of interaction energies. In these last systems relativ-

istic effects cannot be neglected when NMR spectroscopic parameters are studied. In those works as well as here, absolute magnetic shieldings

alone and not chemical shifts are considered because these shifts are much less sensitive to relativistic effects.

In this paper we apply stochastic algorithms to exhaustively sample the potential energy surfaces (PESs) for the microsolvation of Sr2+, Ba2+

with up to six explicit water molecules, by analyzing bonding interactions using methods firmly rooted in the formalism of quantum mechanics, and

by studying relativistic effects using a 4-component methodology [46, 47]. We also offer for the first time in the scientific literature a detailed analy-

sis of the nuclear magnetic shieldings in the central cations due to microsolvation. We have recently published two works concerning the inclusion

of relativistic effects on bonding energies and magnetic shieldings during the microsolvation of methylmercury [52] and of heavy halides [51]. In the

first case it was found that relativistic effects on the shielding of carbon and oxygen are larger than 10%, but on mercury, those effects are close to

50%! The NMR spectroscopic parameters are also largely influenced by the presence of water molecules. In the case of microsolvation of heavy

halides, electron correlation and relativistic effects are of the same order of magnitude though of different sign. Furthermore, relativistic effects on

bonding energies are not negligible and depend on whether one includes electron correlation or not. So, another aim of this work is to show how

important relativistic and electron correlation effects are on both, binding energies and magnetic shieldings of microsolvated Sr2+ and Ba2+.

2 | COMPUTATIONAL METHODS

The first step in our study is a thorough exploration of the PESs for the M H2Oð Þn
� �2þ

clusters with M = Sr, Ba, and n¼1�6. We used ASCEC

[53–55], a simulated annealing algorithm with a modified Metropolis acceptance test to generate candidate structures via duplicate runs for each

system. Initial assessments of the effect of the level of theory (including various functionals as well as MP2 calculations, see Section 3.1) and of

the quality of the basis sets led us to chose PBE0/Def2-TZVPPD as the best compromise between accuracy and computational expense, there-

fore, all structures afforded by ASCEC were optimized and further characterized as well defined minima via harmonic vibrational analysis using

this model chemistry in the Gaussian09 suite of programs [56].

The large set of equilibrium structures obtained with the procedure discussed above were used to analyze the nature of intermolecular

water� � �water, Sr� � �water, and Ba� � �water interactions under the Quantum Theory of Atoms in Molecules [57–62] as implemented in the AIMALL

program [63]. We derive information about the nature of the interactions from the properties of the associated bond critical points (BCPs, rc)

located after analysis of the topology of the corresponding molecular electron density. In particular, we study the following quantities:

1. Accumulation of electron density at the BCP, ρ rcð Þ: larger values are indicative of increasingly covalent interactions, while smaller values are

indicative of either weak, long distance contacts, or of ionic interactions

2. Energy densities: The kinetic energy density, G rcð Þ=ρ rcð Þ, is always positive and repulsive. The potential energy density, V rcð Þ=ρ rcð Þ, is always

negative and attractive. Therefore, the sign of the total energy density ℋ rcð Þ=ρ rcð Þ¼G rcð Þ=ρ rcð ÞþV rcð Þ=ρ rcð Þ determines whether electrons

are attracted or repelled from the BCP, thus, positive local total energy densities are indicative of interactions for which the electron density is

pushed away from the BCP toward the nuclei, describing weak, long range or ionic bonds, while negative local total energy densities indicate

favorable conditions for local concentration of electron charge, proper of covalent bonds. An alternative dimensional analysis leads to the same

conclusions: energy density has the same units as pressure, therefore, local total energy densities are equated to local quantum pressures

exerted on the electrons at the BCPs [61], thus, positive pressures push electrons away (weak and long range interactions) while negative pres-

sure regions are strong electron attractors (covalent interactions)

3. Virial ratio: Local application of the virial theorem at BCPs lead Espinosa and coworkers [64] to establish the following classification for the

nature of bonding interactions:

j V rcð Þ j
G rcð Þ ¼

≤1 Long range, ionic, hydrogen bonds

� 1,2½ � Intermediate character

≥2 Covalent bonding

8><
>:

ð1Þ
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Binding energies for each isomer, BEMWn
i , were computed as the difference between the energy of the fragments Ej and the energy of the particu-

lar cluster, EMWn
i :

BEMWn
i ¼

Xfragments

j

Ej�EMWn
i ð2Þ

in this way, positive binding energies indicate that the cluster is stabilized with respect to the isolated water molecules and cation. For the systems

studied here, experimental sequential hydration enthalpies and sequential hydration Gibbs free energies are available [65, 66] for clusters con-

taining both Ba2+ and Sr2+. Consequently, not only as means of validating our methods, but also as a predictive tool to characterize the new

structures located in this work, we calculated both quantities according to the following procedure using harmonic vibrations whenever needed:

first we considered the sequential hydration reactions

M H2Oð Þn�1

� �2þþH2O! M H2Oð Þn
� �2þ ð3Þ

the hydration energy ΔEMWn (enthalpy or Gibbs) here is

ΔEMWn ¼ EMWn � EWþEMWn�1
� � ð4Þ

In Equation (4), EW is the energy of an isolated water molecule in its equilibrium geometry, EMWn�1 represents the hydration energy for the system

with n�1 water molecules, with EMWn calculated as

EMWn ¼
X
i

xiE
MWn
i ð5Þ

where xi is the concentration of isomer i within hypothetical pure samples of M H2Oð Þn
� �2þ

clusters, estimated at room conditions (298.15K,

1 bar) using a Boltzmann distribution of the energies:

xi ¼ e�EMWn
i

=kBT

P
i
e�EMWn

i
=kBT

ð6Þ

Strontium and barium are located in periods 5, 6 of the periodic table, thus, it is expected that relativistic effects would be at least of the same

order of magnitude as those known to occur in silver and gold, which belong to the same periods. The dications are expected to magnify those

effects because the remaining electrons are more tightly bound to the nucleus. 4-component (4c) relativistic formalism is considerably more com-

plex than standard non-relativistic (NR) formulations of electronic structure methods, and thus are orders of magnitude more expensive to calcu-

late. Accordingly, to assess relativistic effects in the microsolvation of Sr2+, Ba2+, we devised the following strategy, limiting ourselves to no more

than three water molecules (all calculations were carried out using the DIRAC code [67]):

1. We took the global minimum from the n¼1,2 surfaces and fully optimized them using 4c Dirac–Hartree–Fock (4c–DHF) and PBE0 (4c–PBE0)

levels in conjunction with the dyall.ae2z, dyall.v3z, dyall.cv3z, dyall.ae3z, dyall.v4z, dyall.cv4z, dyall.ae4z basis sets [68]. This allows us to ana-

lyze the convergence as the size of the basis set increases, besides including electron correlation within a relativistic framework

2. As shown in section 6 of the Supporting Information, because of the very small variations at a reasonable computational cost when compared

against the very accurate and expensive dyall.ae4z basis set, we selected the dyall.cv4z basis set to optimize the global minimum for n¼3 at

the same 4c–DHF and 4c–PBE0 levels

3. Nuclear magnetic shieldings on all atoms, σ Bað Þ,σ Srð Þ,σ Oð Þ,σ Hð Þ, were calculated on all relativistic 4c–DHF and 4c–PBE0 geometries using the

polarization propagator method [46] under the random phase approximation (RPA) with unrestricted kinetic balance conditions (UKB) [69] as

implemented in DIRAC [67]. London atomic orbitals (LAO) were used in order to obtain the independence of the property with the gauge ori-

gin. The use of LAO together with the UKB prescription is equivalent to the magnetic balance prescription [47]. The dyall.cv4z basis set was

also used for this purpose

4. Relativistic effects are calculated comparing 4c results against non-relativistic values, which, in order to use the same scheme of calculation,

are obtained after scaling the speed of light to c¼100c0 , where c0 is the speed of light in vacuum. This procedure was used in early works

where we showed that this scheme of calculation converges to non-relativistic values [46, 69, 70]. The scheme selected here for the relativistic
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calculations and for obtaining relativistic effects follows procedures previously developed in our group [69]. Electron correlation effects may

be different when obtained within a relativistic framework or within a non-relativistic framework. Then, scaling the speed of light to a large

enough value ensures that both calculations are performed with the same code and theoretical model.

3 | RESULTS AND DISCUSSION

3.1 | Selection of the model chemistry

MP2 and DFT methods are among the most popular choice in previous reports on the microsolvation of group II dications [5–8, 11, 12, 71].

Accordingly, we chose MP2, B3LYP, M06-2X, PBE0 in conjunction with SDDALL, 6-311++G**, Def2-TZVP, and Def2-TZVPPD basis sets and

the corresponding pseudopotentials of heavy atoms to test the reproducibility of the experimental hydration enthalpies and hydration free ener-

gies for Sr H2Oð Þ2
� �2þ

and Ba H2Oð Þ2
� �2þ

, the results are listed in Table 1. Notice that the thermodynamic quantities reported in Table 1 include

contributions from all clusters for n¼2 (see Figure 1) and thus all ion-ligand and hydrogen bond interactions are properly accounted for in the

process of selecting an adequate computational model. It is quite remarkable that for the particular problem at hand, DFT methods consistently

afford better hydration enthalpies and free energies than second order perturbation theory. It is also seen that the thermodynamic quantities are

a bit sensitive to the choice of basis set, with errors generally not exceeding 5% with an extreme case of 6.9% error with respect to the experi-

mental sequential hydration enthalpy for Ba H2Oð Þ2
� �2þ

at the PBE0/6-311++G** level. For the remaining of this work we chose to study all

molecular clusters using the PBE0/Def2-TZVPPD model chemistry because of the excellent results shown in Table 1 (errors not exceeding 3%)

and because this particular functional has proven very accurate in the calculation of relativistic magnetic resonance parameters [72], which we will

discuss below.

3.2 | Structural issues

Our stochastic sampling of the PESs of the title clusters uncovered a rich structural diversity previously unnoticed in the literature. Figure 1 shows

all 46 geometrical motifs found in this work, spread by cluster composition as 1, 2, 5, 7, 14, 17 motifs for n¼1�6 respectively. A geometrical

motif is defined [73–75] as the connectivity between fragments, that is, as the spatial disposition dictated by the M� � �O contacts and by the

hydrogen bonds in a particular cluster, consequently, a particular motif may have several different isomers because of the relative positions of

TABLE 1 Hydration enthalpies ΔHð Þ and hydration free energies ΔGð Þ at room conditions for Sr H2Oð Þ2
� �2þ

and Ba H2Oð Þ2
� �2þ

calculated at
several levels of theory

Sr H2Oð Þ2
� �2þ

Ba H2Oð Þ2
� �2þ

Method ΔH ΔG ΔH ΔG

MP2/SDDALL/6-311++G** �38.5 �31.8 �32.5 �24.4

MP2/Def2-TZPD �39.3 �31.4 �32.6 �25.0

MP2/Def2-TZVPPD �36.2 �30.7 �29.6 �24.6

B3LYP/SDDALL/6-311++G** �41.7 �35.6 �36.3 �28.5

B3LYP/Def2-TZPD �42.0 �36.4 �35.8 �29.5

B3LYP/Def2-TZVPPD �40.7 �32.4 �34.2 �27.5

M06-2X/SDDALL/6-311++G** �43.1 �34.6 �37.5 �29.7

M06-2X/Def2-TZPD �42.9 �34.9 �37.1 �28.7

M06-2X/Def2-TZVPPD �41.5 �33.5 �35.9 �28.3

PBE0/SDDALL/6-311++G** �42.3 �35.9 �37.2 �29.3

PBE0/Def2-TZPD �42.4 �35.8 �36.4 �29.7

PBE0/Def2-TZVPPD �40.7 �34.9 �35.0 �28.7

Experimental [65, 66] �41.37 (1.12) �35.92 (1.15) �34.80 (1.55) �28.51 (1.67)

Note: All energies in kcal/mol. Experimental values are also included. The SDDALL/6-311++G** combination means that SDDALL pseudopotentials were

used for Sr, Ba, and that the 6-311++G** basis set was used for O, H.
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the hydrogen atoms not taking part in the hydrogen bonding network, thus the total number of equilibrium structures is considerably larger than

the bare number of motifs.

Remarkably, a few high energy structures (W3S5, W5S13 in Figure 1) show that for both cations, the perturbative effect of the formal charge is so

strong that it induces water dissociation and subsequent solvation of the OH� + H+ pair. Evidence of water dissociation is not only gathered after

mere visual inspection of the molecular geometries in Figure 1, indeed, a quantitative relationship between symmetry (q1) and size (q2) for hydrogen

bonds is provided in the form of a Stern–Limbach plot [76] in Figure 2. This plot reveals a very complex picture of the nature of hydrogen bonds

that seems independent of the identity of the central cation: large negative values of q1 (the far upper left region of the quadratic trend) indicate

long hydrogen bonds and very weak intermolecular interactions while smaller negative values near the minimum indicate shorter, stronger interac-

tions. The region of positive q1 indicates proton transfer, thus the gap between positive and negative values indicates that the O─H� � �O pair of

interactions can only be stretched to a certain degree before the proton is transferred to form O� � �H─O. The fact that q1 covers a wide range of

distances indicates that all sorts of hydrogen bonds are present in the microsolvation of divalent cations, from the classical O─H� � �O─H picture to

the partially transferred O� � �H� � �O─H cases in which the hydrogen atom at the center of the HB cannot be assigned to any of the oxygen atoms.

Furthermore, since our starting molecular geometries only considered well defined water molecules, W5S13 suggests that once water molecules in

direct contact with the cation have been dissociated, the proton has diffused its way to at least the third, possibly even the fourth solvation shell

in a way reminiscent of the Grottus mechanism [77] M� � �OH� � �OH� � �OH� � �OH 2 ! M� � �(O─H)��� �H2O� � �(H3O)+� � �OH2.

Figure 3 shows radial distribution functions for all M� � �O, H─O� � �H interactions as well as for all O─H distances resulting after proton

abstraction. After inclusion of Mg� � �O, Ca� � �O from the literature [2], M� � �O distances correlate with the number of electrons surrounding the

F IGURE 1 Structural motifs on the PBE0/Def2-TZVPPD potential energy surfaces for the M H2Oð Þn
� �2þ

clusters, M = Sr, Ba, n¼1�6. In
W3S5 and in W5S13, charge induced water dissociation and diffusion of the liberated proton are seen. See Table 3 for relative energies and for
classification into Sr, Ba clusters. All structures are common to both cations, except W6S9, which is not present for Sr. The WnSm notation
indicates that in the energy scale, W6S5 is the fifth lowest energy structure for all clusters containing six water molecules
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cation, thus, dMg���O < dCa���O < dSr���O < dBa���O . The distribution of O� � �H distances is quite interesting. First, we have the very small peaks centered

around 1 Å for both cations, signaling proton transfer. There are two peaks in the radial distribution of hydrogen bonds, this charge induced

splitting of the radial distribution is clear evidence that not all hydrogen bonds are equal as shown in the (a)–(c) insets. The tallest peak, centered

at ≈1.60Å for Sr and at ≈1.63Å for Ba indicates a sensible strengthening of the hydrogen bonds when compared to the bare water clusters.

3.3 | Energies

Table 2 lists the expected values, calculated as statistical averages over all clusters at a given size (Equations 5 and 6), for the sequential hydration

enthalpies and Gibbs free energies at room conditions for Sr2+, Ba2+. The first clear observation is that our model chemistry accurately

F IGURE 3 Radial distribution functions obtained using a standard kernel density estimation [78] for the discrete set of O─H� � �O distances in
hydrogen bonds and for metal� � �O interactions in the microsolvation of Sr2+, Ba2+, taken from the PBE0/Def2-TZVPPD optimized geometries.
The corresponding Mg� � �O, Ca� � �O distances were reported by Gonzalez and coworkers [2] and are included here for comparison

F IGURE 2 Correlation between symmetry (q1) and size (q2) for the O─H� � �O distances in the microsolvation of Sr2+, Ba2+ with up to six
water molecules

TABLE 2 Sequential hydration enthalpies and Gibbs free energies at the PBE0/Def2-TZVPPD level for the microsolvation of Ba2+, Sr2+ at
room conditions calculated using the procedure described in Equations (3)–(6)

n

ΔH (kcal/mol) ΔG (kcal/mol)

Sr H2Oð Þn
� �2þ

Ba H2Oð Þn
� �2þ

Sr H2Oð Þn
� �2þ

Ba H2Oð Þn
� �2þ

This work Experimental This work Experimental This work Experimental This work Experimental

1 �46.2 �49.14 (1.46) �39.6 �41.25 (1.15) �41.3 �42.33 (1.46) �34.9 �34.63 (1.15)

2 �40.7 �41.37 (1.12) �35.0 �34.80 (1.55) �34.9 �35.92 (1.15) �28.7 �28.51 (1.67)

3 �35.9 �34.82 (1.22) �30.8 �30.88 (0.93) �28.1 �26.15 (1.24) �23.4 �23.23 (0.93)

4 �31.6 �29.92 (0.86) �27.3 �25.69 (0.96) �23.4 �22.01 (0.93) �19.8 �19.41 (1.15)

5 �25.5 �24.95 (0.84) �22.2 �22.16 (1.50) �15.7 �15.03 (0.88) �15.2 �13.05 (1.53)

6 �22.7 �22.63 (0.64) �20.2 �18.50 (1.29) �14.6 �13.02 (0.72) �12.2 �10.13 (1.39)

Note: Experimental values [65, 66] (with uncertainties) are provided for comparison.
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reproduces experimental values, thus providing strong support to our methods. Indeed, most errors are below 5% and well within experimental

uncertainty.

Table 3 lists all binding energies computed using Equation (2) and relative energies within each PES. All clusters are strongly bound. The

electrophilic power of a cation, εMqþ , is a measure of the electron-seeking ability of the cation [79]. Because of the size of the cation, and because

of the number of electrons surrounding the nucleus, the electrophilic power of alkaline earth metals is a property that decreases going down in

the periodic table of the elements, that is, εMg2þ > εCa2þ > εSr2þ > εBa2þ : This trend is recovered with the corresponding ranges of binding energies:

according to Gonzalez and coworkers [2], and according to Table 3, up to 314, 241, 201, 175 kcal/mol are obtained for the microsolvation of Mg2

+, Ca2+, Sr2+, Ba2+, respectively. It is worth noticing that for the doubly charged cations, from a purely energetic point of view, a maximum coor-

dination of the central cation with water molecules is preferred up to n¼6, however, for smaller cations with fewer electrons (Li+, e.g., Romero

et al. [3]), the electrophilic power is such that even when five or more water molecules are available for microsolvation, a maximum coordination

of n¼4 is preferred, the excess solvent molecules attaching to the Li H2Oð Þ4
� �þ

cluster via hydrogen bonds in a second solvation shell. Further-

more, weakly bonded clusters are extremely difficult to analyze because their PESs are populated by large numbers of local minima very close in

energy, thus, many structures contribute to experimental signals, conversely, in the explicit microsolvation of Sr2+, Ba2+ with up to six water mol-

ecules, the electrophilic power of the cations is such that a dominant minimum, corresponding to the maximum coordination of the central cation,

with Gibbs free energy based populations exceeding 99% is always observed, regardless of the number of water molecules.

The data in Table 3 is quite descriptive of the microsolvation process, but is far removed from bulk properties, that is, as n grows, the strength

of the overall interactions increases, with larger binding energies for Sr2+ at all cluster compositions, however, the expected asymptotic trend for

large n for both cations is clearly not attained up to n¼6.

3.4 | Dissection of bonding interactions

We use the tools provided by the Quantum Theory of Atoms In Molecules (QTAIM [57–62]) as well established tools to analyze bonding interac-

tions. Figure 4 shows the accumulation of electron density at BCPs for all types of intermolecular interactions, arising because of the

microsolvation of Sr2+, Ba2+, as a function of fragment separation. Figure 5 shows the corresponding virial ratios. A few stern conclusions may be

drawn from those plots:

1. There are highly correlated exponential decays of the electron densities at BCPs as the fragment separation increases, regardless of the type

of the interaction (M� � �O, O─H� � �O) and regardless of the identity of the cation. This generalized exponential decay [73, 79–82] is physically

meaningful because it correctly describes the asymptotic ρ rcð Þ!0 as r!∞ behavior.

2. All Sr� � �O interactions fall within the same adjusted line, which is different to the adjusted line for the Ba� � �O interactions. Moreover, all

O� � �H interactions, either hydrogen bonds or formal O─H bonds, regardless of their environment, belong to the same line. Therefore, in a very

formal, general sense, the accumulation of electron density at the corresponding BCP suffices to characterize each type of binary interaction

[82, 83].

3. Even the highly ionic Sr� � �O, Ba� � �O contacts have non-negligible degrees of accumulation of electron density in the intermediate region

between the atoms, at the corresponding BCP, thus, very much in the lines of the original works of Pauling [84] and Coulson [85], ionic bond-

ing does not arise from a simplistic separation of charges.

4. Additional support for the complex nature of M� � �O interactions is obtained from the virial ratios at BCPs: M� � �O contacts are characterized

as either long range (V rcð Þ=G rcð Þ<1, mostly ionic in this case) or as of intermediate character (1 <V rcð Þ=G rcð Þ<2, with contributions from ionic

and covalent interactions).

5. The vast majority of hydrogen bonds fall in the intermediate category, with just a couple of long range cases. This is also a manifestation of the

strong chaotropic effect that the formal charge has on the molecular structure of the solvent [1, 79], since the hydrogen bond in the isolated

water dimer is well characterized as strictly long range.

3.5 | Relativistic and correlation effects

Comparing the results shown in Tables 3 and 4 it is seen that bonding energies depend on whether they are calculated with pseudopotentials or

with 4c methods. These last, and most accurate methods, give larger bonding energies whose relativistic contributions increase with the number

of water molecules. For Ba such differences are 5.0%, 5.6% and 5.7% for W1S1, W2S1 and W3S1 respectively.

In order to devise a robust computational method to assess relativistic and correlation effects it is necessary to select a basis set that properly

balances accuracy and computational cost. Thus, we took W1S1 and W2S1, the global minima for n¼1,2 in the PES for the microsolvation of each
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TABLE 3 Structural and energetic parameters for the microsolvation of Sr2+, Ba2+

Motif Heavy-atom symmetry m HB

ΔEB Relative ΔEB

Sr H2Oð Þn
� �2þ

Ba H2Oð Þn
� �2þ

Sr H2Oð Þn
� �2þ

Ba H2Oð Þn
� �2þ

W1S1 C2v 1 0 46.7 40.2 0.0 0.0

W2S1 C2v 2 0 87.2 75.0 0.0 0.0

W2S2 Cs 1 1 74.2 65.5 13.0 9.4

W3S1 C3 3 0 122.8 105.6 0.0 0.0

W3S2 C2v 2 2 111.8 98.2 11.1 7.4

W3S3 C1 2 1 111.5 97.6 11.3 8.1

W3S4 C2v 1 2 95.9 86.2 26.9 19.5

W3S5 C1 1 2 95.0 85.3 27.8 20.3

W4S1 Td 4 0 154.2 132.9 0.0 0.0

W4S2 Cs 3 2 145.2 126.9 9.0 6.0

W4S3 C1 3 1 144.6 126.9 9.6 7.0

W4S4 C2v 2 2 134.2 118.7 20.0 14.2

W4S5 Cs 2 3 133.2 118.2 21.0 14.7

W4S6 Cs 2 3 131.0 116.6 23.2 16.3

W4S7 Cs 1 4 110.6 100.3 44.6 32.6

W5S1 C2v 5 0 179.2 155.0 0.0 0.0

W5S2 C2v 4 2 175.1 152.5 4.2 2.5

W5S3 C1 4 1 173.9 151.3 5.4 3.8

W5S4 C1 3 3 165.8 146.1 13.5 8.9

W5S5 C1 3 2 165.0 145.0 14.3 10.1

W5S6 Cs 3 4 164.5 145.4 14.7 9.6

W5S7 C1 3 3 164.4 144.9 14.8 10.1

W5S8 Cs 3 3 163.1 144.0 16.1 11.0

W5S9 Cs 3 4 161.6 142.9 17.6 12.8

W5S10 C1 2 4 150.4 134.8 28.8 20.2

W5S11 C1 2 4 148.9 133.2 30.3 21.9

W5S12 C2v 2 4 147.5 132.4 31.8 22.7

W5S13 C1 2 3 144.5 128.5 34.8 26.5

W5S14 Cs 1 5 124.8 114.3 54.4 40.8

W6S1 Oh 6 0 201.8 175.1 0.0 0.0

W6S2 C1 5 2 199.1 173.9 2.7 1.2

W6S3 Cs 5 1 197.0 172.1 4.8 3.0

W6S4 D2d 4 4 194.9 171.1 7.0 4.0

W6S5 Cs 4 3 193.7 170.1 8.2 5.0

W6S6 C2 4 2 192.4 168.7 9.4 6.4

W6S7 Cs 4 3 192.4 168.9 9.4 6.2

W6S8 Cs 4 3 191.7 168.6 10.1 6.5

W6S9 Cs 4 2 - 166.5 - 8.6

W6S10 C1 3 3 184.0 162.6 17.8 12.4

W6S11 C1 3 4 183.8 163.0 18.0 12.1

W6S12 Cs 3 4 182.8 162.4 19.0 12.7

W6S13 Cs 3 4 182.2 161.6 19.6 13.5

W6S14 C1 3 4 180.6 160.5 21.3 14.6

W6S15 C1 2 5 164.9 148.7 36.9 26.4

W6S16 C1 2 6 160.6 145.0 41.3 30.1

W6S17 C1 2 4 160.8 144.6 41.1 30.5

Note: m is the coordination number of the metal atom; HB is the number of hydrogen bonds within the cluster. ΔEB is the binding energy estimated via
Equation (2). Relative binding energies with respect to the global minimum on each PES. All data from the PBE0/Def2-TZVPPD optimized geometries.
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cation and studied the influence of several basis sets in geometrical parameters and binding energies in both regimes, NR and 4c. As seen in

section 1 of the Supporting Information, the choice of basis set has little influence on the geometries but has an important influence on binding

energies and nuclear magnetic shieldings. Thus, we chose the dyall.c4vz basis set for all further calculations.

F IGURE 4 Exponential decays of the electron densities at bond critical points, ρ rcð Þ, for the M� � �O (left) and for the O� � �H interactions (right)
as a function of interaction distance. The isolated water molecule is included for comparison. Purple fit (Sr� � �O): ln ρ rcð Þ½ � ¼2:94�2:54d, R2 ¼ :998
. Blue fit (Sr� � �O): ln ρ rcð Þ½ � ¼2:96�2:39d, R2 ¼ :998. Black fit (O� � �H): ln ρ rcð Þ½ � ¼1:08�2:45d, R2 ¼ :992

F IGURE 5 Virial ratios Vj j=G as a function of the bond degree parameter ℋ=ρ computed at the bond critical points for the M� � �O (left) and
O� � �H (right) interactions in the PBE0/Def2-TZVPPD optimized geometries. The isolated water dimer is included for comparison

TABLE 4 Relativistic and correlation (up to PBE0) effects on the purely electronic binding energies (kcal/mol) for the global minima in the
M H2Oð Þn
� �2þ

clusters (M = Sr, Ba, n¼1,2,3)

DHF PBE0

CE (NR) (%) CE (4c) (%)n NR 4c RE (%) NR 4c RE (%)

[Sr(H2O)n]þ2

1 45.5 45.8 0.7 49.3 49.4 0.2 8.4 7.9

2 85.8 86.3 0.6 92.0 92.4 0.4 7.2 7.1

3 121.9 122.7 0.7 129.7 130.3 0.5 6.4 6.2

[Ba(H2O)n]þ2

1 37.9 38.4 1.3 42.3 42.4 0.2 11.6 10.4

2 71.7 72.6 1.3 79.0 79.2 0.3 10.2 9.1

3 102.0 103.4 1.4 111.3 112.0 0.6 9.1 8.3

Note: Non-relativistic values are obtained by scaling the speed of light c¼100c0 (c the speed of light in vacuum). %RE and %CE correspond to relativistic

and correlation effects respectively.
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3.5.1 | Structures and energies

Table 5 lists M� � �O distances for the global minima in the M H2Oð Þn
� �2þ

clusters, M = Sr, Ba, n¼1,2,3 , resulting after 4c and NR geometry

optimization, at DHF and PBE0 levels. Table 4 lists the corresponding binding energies.

At each level of theory (4c–DHF, 4c–PBE0, and NR) the same geometrical motifs are found in all cases, that is, only small variations in bond

lengths are observed without changes in connectivity. Relativistic effects in M� � �O bond distances do not exceed 0.7% for Ba clusters at the

4c–DHF level, while correlation effects are somewhat larger, going up to 3.4% at 4c and NR levels, also for Ba clusters. Both, electron correlation

and relativity contract M� � �O bonds. Binding energies are more sensitive to the level of theory: relativistic effects reach 1.4% for Ba clusters at

the 4c–DHF level and correlation effects reach 11.6% at NR level also for Ba clusters. Relativistic effects at the DHF level are larger than

the corresponding PBE0 ones; this shows that correlated calculations reduce relativistic effects or both effects have opposite sign.

3.5.2 | Nuclear magnetic shieldings

In Table 6 we present the values of the relativistic nuclear magnetic shieldings for both Sr and Ba nuclei at different levels of theory. All shielding

calculations were carried out using the dyall.c4vz basis set. This choice of basis set is justified by the results shown in section 3 of the Supporting

Information as follows: the difference between the calculated σ (Ba) using dyall.c4vz and the largest basis set is close to 0.03% at DHF level of

TABLE 5 Relativistic and correlation (up to PBE0) effects on M� � �O distances (Å) for the global minima in the M H2Oð Þn
� �2þ

clusters (M = Sr,
Ba, n¼1,2,3)

n

DHF PBE0

CE (NR) (%) CE (4c) (%)NR 4c RE (%) NR 4c RE (%)

[Sr(H2O)n]þ2

1 2.45 2.44 0.4 2.38 2.38 0.0 2.9 2.5

2 2.48 2.48 0.0 2.43 2.42 0.4 2.0 2.4

3 2.52 2.51 0.4 2.46 2.46 0.0 2.4 2.0

[Ba(H2O)n]þ2

1 2.65 2.64 0.4 2.56 2.55 0.4 3.4 3.4

2 2.69 2.68 0.4 2.60 2.59 0.4 3.3 3.4

3 2.73 2.71 0.7 2.64 2.63 0.4 3.3 3.0

Note: Non-relativistic values are obtained by scaling the speed of light to c¼100c0 (c0 the speed of light in vacuum). %RE and %CE correspond to

relativistic and correlation effects respectively.

TABLE 6 Nuclear magnetic shieldings σ(M) for the microsolvation of Ba2+, Sr2+ with up to three explicit water molecules (n¼0: Isolated ion)

n

DHF PBE0
CE (NR) CE (4c)

NR 4c RE (%) NR 4c RE (%) (%) (%)

[SrðH2OÞn]þ2

0 3480.24 3880.93 11.5 3480.23 3888.83 11.7 0.0 0.2

1 3389.87 3794.84 11.9 3356.14 3762.19 12.1 1.0 0.9

2 3305.94 3706.73 12.1 3247.52 3649.45 12.4 1.8 1.5

3 3057.46 3449.80 12.8 3032.57 3551.62 17.1 0.8 3.0

[Ba(H2O)n]þ2

0 5911.11 7489.55 26.7 5911.46 7472.40 26.4 0.0 0.2

1 5793.21 7348.51 26.8 5739.90 7298.52 27.2 0.9 0.7

2 5681.25 7222.84 27.1 5590.25 7136.27 27.7 1.6 1.2

3 5577.33 7108.64 27.5 5457.99 6992.21 28.1 2.1 1.6

Note: All calculations were performed using the dyall.cv4z basis set. The percentages of relativistic (RE) and correlation (CE) effects (up to PBE0) are

provided.
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theory, and close to 0.02% at the relativistic PBE0 level of theory. Then, considering that calculations of shieldings with the dyall.c4vz basis set

have converged and are feasible, we decided to use it for all shielding calculations along the different sets of motifs.

As it is well known, σ Mð Þ depends on the number of electrons surrounding the nucleus, that is, at each n , σ Bað Þ> σ Srð Þ , as can be seen in

Figure 6. This is the case for relativistic and non-relativistic calculations at both, HF/DHF and PBE0 levels.

Relativistic effects grow as the number of water molecules, n, that surrounds the central cation grows, but only up to 1% for both atoms from

n¼1 to n¼3 at the DHF level; however, under DFT such differences grow up to 5% por Sr and up to 2% for Ba. This may be due to the environ-

ment, since the density of the electron cloud around those cations becomes smaller when n increases, thus reducing the magnetic shielding. The

same behavior is observed for electron correlation effects in both frameworks, NR and relativistic. On the other hand, relativistic effects on σ are

larger than electron correlation effects for the central cations (top panels of Figure 6). In this case the NR values are 11% for σ(Sr) (26% for σ(Ba))

larger than the relativistic ones at DHF and PBE0 levels. Furthermore, the dependence of σ(Sr) with n is linear for n¼1,2 but such a dependence

breaks down for n¼3 at the 4c–DHF, NR–HF and NR–PBE0 levels. On the other hand at the 4c–PBE0 level that dependence is still linear for

n>2. This last dependence is also observed for σ (Ba). When both effects depend linearly with n, relativistic and electron correlation seem to be

independent each other, but this is not the case for σ(Sr).

As observed at the bottom of Figure 6, there is a shift of electron density upon cluster formation. We have previously shown [86] that the relativ-

istic effects on magnetic shieldings increase when ionicity increases, in other words, when a neutral atom becomes ionic, the percentage of relativistic

effect on the ion is larger than that percentage for the neutral atom. It is seen from the same Figure 6 that σ Bað Þ> σ Srð Þ, nonetheless, the presence

of water molecules surrounding the cations has a larger effect on the nuclear magnetic shieldings at Sr than at Ba. Indeed, solvent effects produce

a reduction of the nuclear magnetic shielding of both cations: at the DHF level, when the number of water molecules increases up to n¼3, the

shielding decreases 431 ppm for the Sr2+ nucleus, which represents close to 11% of the free ion shielding value; a similar reduction of 381ppm,

corresponding to 5% of the free ion shielding is seen for Ba2+ [87]. This is consistent with the above discussed stronger interaction energies in

the Sr containing clusters. The reduction of σ by solvent effects in a divalent ion was reported previously for a heavier nucleus, Hg2+ [86].

As mentioned above, we were interested on learning about the dependence of the nuclear magnetic shieldings of microsolvated cations as a

function of the number of water molecules and as a function of the identity (size) of the cation. We found that σ Mð Þ decreases as the number of

F IGURE 6 Nuclear magnetic shieldings σ(M) for the global minima in the 4c-relativistic potential energy surfaces for the microsolvation of Sr2
+, Ba2+ with up to three water molecules. The speed of light was scaled to c¼100c0 to obtain non-relativistic values. The bottom panels show
the total accumulation of electron density in atomic units at the bond critical points for intermolecular M� � �O contacts. Notice that strictly
speaking, there are no associated BCPs for n¼0, however,

P
ρ rcð Þ¼0 is included for clarity
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water molecules in direct contact with the central cation increases. This fact must be related with the variation of the electronic density at the site

of the nucleus M, which is not related to relativistic effects in our case. We observe that, when the number of water molecules increases, the elec-

tron densities at BCPs do increase, and the shielding on the M atom goes down. What seems to happen is that the electron density that is located

on the region close to the M atom is shifted to the BCP as the number of water molecules increases. Most of the electron density may come from

the lone pairs at the oxygen atoms, but some should also come from the cation, thus leading to the observed decrease in σ Mð Þ.

4 | CONCLUSIONS

An intensive stochastic exploration of the PESs for the microsolvation of Sr2+, Ba2+ with up to six explicit water molecules is presented in this

work. We investigate the problem within relativistic and non-relativistic frameworks with large enough basis sets. We assess correlation and rela-

tivistic effects in molecular geometries and binding energies by comparing DHF against PBE0 in both regimes using the non-relativistic limit by

scaling the speed of light by a factor of 100. Relativistic nuclear magnetic shieldings at the central cation σ Mð Þ immersed in the microsolvated

environment are also discussed.

We found complex and rich energy landscapes containing a total of 46 well characterized structural motifs with many structures not reported

previously in the specialized literature. Among them, a number of structures in which the formal charge in the cation is strong enough to induce

dissociation of neighboring water molecules into OH� and H+ and subsequent microsolvation of the ions. Up to six water molecules, there is a

direct correlation between the number of water molecules in direct contact with the central cation and the stabilizing energy of the cluster. As a

general rule, computed sequential hydration enthalpies, that is, the enthalpy involved in the M H2Oð Þn�1

� �2þþH2O! M H2Oð Þn
� �2þ

reaction are

in excellent agreement with experimental results, with very low errors, no larger than 10% in one extreme case.

Relativistic effects are negligible in molecular geometries, leading to less than 1% contraction of M� � �O distances. Binding energies are also

only slightly affected by relativistic effects which in all cases increase such energies. On the other hand they are not small for nuclear magnetic

shieldings. Thus relativity cannot be ignored when calculating this particular property in microsolvated cations of Sr and Br, because of contribu-

tions of the order of 13% for σ (Sr) and around 27% for σ (Ba). We point out that, counterintuitively, the nuclei of central cations are deshielded

(around 10% in going from n¼1 to n¼3) due to microsolvation.

The formal charge introduces a chaotropic effect in the water to water hydrogen bonds, significantly increasing their strength and reducing

their interaction distances. M� � �O chemical bonding in the clusters is a considerably more complicated issue, which is heavily affected by the envi-

ronment. While many M� � �O contacts are characterized as purely ionic by QTAIM descriptors, a large number are also characterized as of inter-

mediate character with contributions from both ionic and covalent interactions, thus transcending a simplistic view of electrostatic attraction

between opposite charges. More precisely, a deshielding of both Sr, Ba nuclei, which increases with the number of water molecules, is seen as a

consequence of the direct intermolecular interactions. Furthermore, this withdraw of electron density from the initially doubly charged cations is

rationalized by a non-linear increase in the total electron density of the associated M� � �O bond critical points as a function of the coordination

number of M.
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