
REGULAR ARTICLE

Unimolecular and hydrolysis channels for the detachment
of water from microsolvated alkaline earth dication (Mg2+, Ca2+,
Sr2+, Ba2+) clusters

Evangelos Miliordos • Sotiris S. Xantheas

Received: 29 October 2013 / Accepted: 11 January 2014 / Published online: 7 February 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract We examine theoretically the three channels

that are associated with the detachment of a single water

molecule from the aqueous clusters of the alkaline earth

dications, [M(H2O)n]2?, M = Mg, Ca, Sr, Ba, n B 6.

These are the unimolecular water loss (M2?(H2O)n-1 ?

H2O) and the two hydrolysis channels resulting the loss of

hydronium ([MOH(H2O)n-2]? ? H3O?) and Zundel

([MOH(H2O)n-3]? ? H3O?(H2O)) cations. Minimum

energy paths (MEPs) corresponding to those three channels

were constructed at the Møller–Plesset second order per-

turbation (MP2) level of theory with basis sets of double-

and triple-f quality. We furthermore investigated the water

and hydronium loss channels from the mono-hydroxide

water clusters with up to four water molecules, [MOH

(H2O)n]?, 1 B n B 4. Our results indicate the preference

of the hydronium loss and possibly the Zundel-cation loss

channels for the smallest size clusters, whereas the uni-

molecular water loss channel is preferred for the larger

ones as well as the mono-hydroxide clusters. Although the

charge separation (hydronium and Zundel-cation loss)

channels produce more stable products when compared to

the ones for the unimolecular water loss, they also require

the surmounting of high-energy barriers, a fact that makes

the experimental observation of fragments related to these

hydrolysis channels difficult.
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1 Introduction

The structure and stability of small aqueous clusters of

alkaline earth metal dications (Mg2?, Ca2?, Sr2?, and

Ba2?) has been the subject of numerous experimental

[1–18] and theoretical [4, 8, 11, 14–36] studies aimed at

providing archetypal models for their aqueous solvation. It

is generally accepted that the first solvation shell of these

ions in water is saturated with six water molecules [6, 10,

11, 13, 14]. The speciation of these metal cations in an

aqueous environment depends both upon their electronic

properties as well as the characteristics of the aqueous

environment [37]. The second ionization potential (IP) of

the alkaline earth metals (save Mg) [38] is below the first

(2B1) IP of water (12.6206 ± 0.0020 eV) [39], and this

determines the position of the lower asymptote that cor-

relates with the formation of the aqueous complex [36].

Depending on the pH of an aqueous solution, the speciation

ranges [37] from M2?(H2O)n to [Mx(OH)y]
(2x-y)?,

M = Mg, Ca, Sr or Ba. The following two channels:

M2þ H2Oð Þn! M H2Oð Þn�1

� �2þþH2O ð1Þ

M2þ H2Oð Þn! MOH H2Oð Þn�2

� �þþH3Oþ ð2Þ

describe the unimolecular dissociation and hydrolysis

mechanisms, respectively. The first one corresponds to the

process of pure water loss originating from the exchange of
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ligands between the first and second solvation shells,

whereas the second one is usually referred to as the charge

separation reaction in the literature. In the latter case, the

escaping water molecule initially creates a hydrogen bond

with one of the other water molecules attached to the metal

in the first solvation shell and subsequently detaches a H?

ion from one of the first shell ligands producing H3O?. In

the following, we will refer to this second channel as the

one corresponding to the loss of hydronium. The remaining

singly charged metal hydroxide cluster and hydronium

fragments experience Coulombic repulsion and can break

apart [11, 14, 16, 17, 29]. It has been demonstrated that the

net charge on the metal remains practically unchanged

revealing a bonding picture of the type [24, 29]

M2?(H2O)m(OH-). It should be mentioned that the charge

separation pathway has been observed experimentally only

for the lighter metal clusters [1, 6, 7, 12]. For instance, the

[Ca(H2O)]2? complex was elusive during collision-induced

experiments until recently [16], due to the charge sepa-

ration [Ca(H2O)]2? ? H2O ? CaOH? ? H3O? reaction

[1, 12]. Similarly, the largest cluster size for which this

reaction has been reported to occur [7] is four water mol-

ecules for Mg and two for the other three metals.

Experimentally, doubly charged aqueous clusters of the

alkaline earth metal ions were produced by electrospray

ionization, and special effort has been devoted to the

measurement of their hydration energies. To this end,

Armentrout and co-workers have recently employed the

collision-induced dissociation (CID) combined with the

guided ion beam tandem mass spectrometry techniques to

study the aqueous clusters of Mg, Ca, and Sr [11, 14, 16,

17]. CID was also used by Barran et al. [6] to examine the

Mg clusters, while Williams and co-workers applied the

blackbody infrared dissociation (BIRD) methodology to

study the aqueous clusters of all four metals [5, 9]. Finally,

Kerbale and co-workers used high-pressure mass spec-

trometry (HPMS) to also study clusters of all four metal

dications [2, 3].

From the theoretical point of view, most of the previous

calculations have been reported using the density func-

tional theory (DFT) with a variety of functionals and basis

sets [8, 11, 14, 16, 17, 27–30, 33–35]. Ab initio results have

been reported at the (restricted) Hartree–Fock (RHF) and

Møller–Plesset second order perturbation (MP2) levels of

theory [4, 8, 11, 16, 17, 19–21, 23–25, 31, 33, 35]. The

previous theoretical results reported in the literature have

mainly focused on obtaining the optimal geometries of the

[M(H2O)n]2? clusters, including their various isomers, and

their energies with emphasis in estimating their hydration

energies. The majority of the previous studies have dealt

with the clusters of the first two metal atoms, Ca and Mg

[4, 8, 11, 16, 17, 19–21, 23, 25, 27–35], while considerably

less attention has been paid to aqueous clusters of Sr

[14, 19–21, 23, 29] and Ba [19, 23, 29] dications. The

structures and hydration energies of the [M(H2O)n(OH)]?

ions have also been reported in the literature for M = Mg,

Ca, and Ba [18, 22, 26]. Finally, we would like to mention

that only a handful of studies have previously theoretically

examined the charge separation process described by

reaction (2). Specifically, Beyer et al. [29] in 1999 studied

both of the chemical reactions (1) and (2) for all four

metals, while Peschke et al. [28] in the same year reported

analogous results for the cases of Mg and Ca. In both

articles, transition states and energy barriers were reported

for clusters with just two water molecules. More than

10 years later, Armentrout and co-workers examined the

stationary points (equilibrium structures and transition

states) of the [Mg(H2O)3,4]2?, [Ca(H2O)2,3]2?, and

[Sr(H2O)2]2? systems [14, 16, 17]. However, no minimum

energy paths (MEPs) have yet been reported in the litera-

ture for those and larger clusters.

In the present study, we report the MEPs for the reac-

tions (1) and (2), for all four alkaline earth metals with

n = 2, 3 water molecules at the MP2 level of theory. For

Mg, we additionally included the MEPs for n = 4. In the

cases of n = 3, 4, we also constructed the MEPs relative to

the following reaction, which involves the Zundel cation

(Zundel-cation loss channel):

M2þ H2Oð Þn! MOH H2Oð Þn�3

� �þþH3Oþ H2Oð Þ: ð3Þ

Reactions (2) and (3) can be both considered as charge

separation processes. For n [ 4, we report only the relative

energetics of the reactants and products of reactions (1),

(2), and (3). Furthermore, the full MEPs for the removal

of one additional water molecule from the product

[M(H2O)m(OH)]? cations for m = 2 are reported. We

show that the water loss reaction prevails for this case, as

the charge separation reaction leading to M(OH)2 ? H3O?

is not energetically favorable.

The article is organized as follows: In Sect. 2, we outline

the computational methods used in the present study. In

Sect. 3, we describe the MEPs for the [M(H2O)n]2? spe-

cies, where M = Mg, Ca, Sr, Ba and n = 2, 3, or 4 (only

for Mg). In Sect. 4, we present the results of the energetics

of reactions (1–3) for all four metals up to six water mol-

ecules. Finally, in Sect. 5, we examine the water loss

process of the [M(H2O)n-1(OH)]? species. Section 6

summarizes our findings.

2 Computational details

All calculations reported in this study were carried out at

the Møller–Plesset second order perturbation level of the-

ory (MP2). The 1s orbitals of oxygen and the 1s2s2p orbi-

tals of Mg and Ca were kept frozen. We used two different
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basis sets of double- and triple-f quality for H, O, Mg, and

Ca. Specifically, for O and H, we used Dunning’s aug-cc-

pVDZ and aug-cc-pVTZ basis sets [40, 41], for Mg, the cc-

pV(D ? d)Z and cc-pV(T ? d)Z [42], and for Ca, the cc-

pVDZ and cc-pVTZ basis sets [43]. For Sr and Ba, we used

the small-core relativistic pseudopotentials ECP28MDF

and ECP46MDF, which replace the 1s2s2p3s3p3d and

1s2s2p3s3p3d4s4p4d electrons, respectively [44]. These

pseudopotentials are combined with the 8s8p5d4f and

9s9p6d4f Gaussian functions to construct the molecular

orbitals of the remaining electrons [44]. From now on, we

use the acronyms ADZ and ATZ to denote the various

basis sets as follows: ADZ = cc-pV(D ? d)Z/(Mg), cc-

pVDZ/(Ca), ECP28MDF-f/(Sr), ECP46MDF-f/(Ba), aug-

cc-pVDZ/(O,H) and ATZ = cc-pV(T ? d)Z/(Mg), cc-

pVTZ/(Ca), ECP28MDF/(Sr), ECP46MDF/(Ba), aug-cc-

pVTZ/(O,H).

All calculations, including the geometry optimizations,

were performed with no symmetry constraints to exclude

any artificially converged highly symmetric structures. To

further verify that the located structures are real minima,

we also calculated the harmonic vibrational frequencies at

the equilibrium structures at the MP2/ADZ level. These

structures compare very well with the ones already repor-

ted in the literature (when available). Zero-point energy

(ZPE) corrections were estimated using these harmonic

frequencies, i.e., no anharmonicities are included. For the

frequencies, we used the atomic mass of the most abundant

isotope, namely 1.00783 (1H), 15.9949 (16O), 23.98505

(24Mg), 39.9626 (40Ca), 87.9056 (88Sr), and 137.905

(138Ba). The MEPs as a function of the R(M–O) distance

are obtained at the MP2/ADZ level of theory by optimizing

the rest of the internal coordinates for each value of R. The

MP2/ATZ//MP2/ADZ energetics of the various stationary

points of the MEPs are used in the discussion of their

features. All calculations were performed with the MOL-

PRO [45] and Gaussian09 [46] electronic structure codes.

3 Minimum energy paths of [M(H2O)n]21

In the following, we report the MEPs for the systems with

the following stoichiometry: [Mg(H2O)2,3,4]2? (Sect. 3.1),

[Ca(H2O)2,3]2? (Sect. 3.2), and [Sr(H2O)2,3]2?,

[Ba(H2O)2,3]2? (Sect. 3.3). All optimized structures, their

energies, and harmonic vibrational frequencies are given in

the Supporting Information.

3.1 [Mg(H2O)2,3,4]2?

Figure 1 shows the MEPs at the MP2/ADZ level of theory

for both the water loss and the charge separation channels

of the [Mg(H2O)2]2? system. The MEP was constructed by

pulling one water molecule (bearing the O1 atom) away

from the ion and optimizing the rest of the geometrical

parameters for every Mg–O1 distance. Along the unimo-

lecular water loss channel, this ligand can be detached

either with or without making a hydrogen bond with the

second water molecule. These two possibilities are shown

in the MEP of Fig. 1: The dotted line with the solid circles

for R(Mg–O) [3 Å traces the (higher energy) path along

which no hydrogen bond is formed. On the other hand,

there is a lower energy path for 3 Å \ R(Mg–O1) \ 4 Å

due to the formation of a hydrogen bond followed by an

increase in the energy to the [Mg(H2O)]2? ? H2O

asymptote (dashed line with open circles in Fig. 1). This

hydrogen-bonded minimum lies 31.4 kcal/mol higher in

energy than the Mg2?(H2O)2 global minimum; and it is

stabilized with respect to that global minimum by a small

barrier of 2.3 kcal/mol. By forcing the water molecule to

be further detached from the ion, the charge separation

channel [reaction (2)] opens up, facilitated by the loss of a

H? ion from the first solvation shell. This MEP is shown

with a solid line and filled square symbols in Fig. 1 (for

R(Mg–O) [4 Å). Observe that the charge separation MEP

is always lower in energy than the water loss MEPs.

Moving from the H-bonded structure and after surmounting

a barrier of 8.5 kcal/mol at R(Mg–O) *5.5 Å, the charge

separation MEP falls off as 1/R to the MgOH? ? H3O?

asymptote due to Coulombic repulsion. Due to the

1/R dependence, even for a distance of R(Mg–O) *15 Å,

the energy is 20 kcal/mol higher than the asymptotic limit,

which lies 4.7 kcal/mol lower than the energy of the

Mg2?(H2O)2 minimum.

Our MP2 relative energies compare favorably with the

DFT values of Peschke et al. [28] and Beyer et al. [29]. In

particular, relative to the equilibrium structure, our

Fig. 1 Minimum energy paths of the [Mg(H2O)2]2? system
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H-bonded minimum is at 31.4 kcal/mol, whereas B3LYP

gives a value of 31.5 kcal/mol [29]. The transition state of

the charge separation reaction at *5.5 Å is presently at

39.9 kcal/mol, while B3LYP with two different basis sets

gives 36.3 [28] and 39.4 kcal/mol [29], respectively. It

should be mentioned that those DFT barriers included zero-

point energy corrections (unlike ours, since we performed

ZPE corrections only for the minima). To summarize, the

lowest energy path for the detachment of a water molecule

from the Mg2?(H2O)2 minimum corresponds first to the

formation of a hydrogen bond, Mg2?(H2O)…H2O and then

to the dissociation to MgOH? ? H3O?, i.e., it starts off as

a unimolecular water loss and ends up to the charge sep-

arated products.

We turn now to the [Mg(H2O)3]2? case and the corre-

sponding MEPs shown in Fig. 2. In that case, we have

three different adiabatic channels: (a) the water loss,

reaction (1), (b) the hydronium loss, reaction (2), and

(c) the Zundel-cation loss, reaction (3) channels. In the

former two cases, the distance R of the x axis is measured

from the Mg center to the oxygen atom of the departing

water molecule, as in Fig. 1. In the latter case, we, how-

ever, measure the distance R from the Mg center to the

oxygen atom of the Zundel cation further away from Mg.

We would like to remind once again that all other geo-

metrical parameters are optimized along the MEPs for

every R(Mg–O) value without the use of any symmetry

constraints.

We first describe the MEPs of Fig. 2 for the

[Mg(H2O)2]2? ? H2O water loss channel starting from

large R distances and moving down to the global minimum

at R(Mg–O) *2 Å. As before, the water can approach the

Mg2? positively charged center by interacting or not with

the rest of the water molecules. The solid line (filled

squares) starting from the Mg2?(H2O)3 equilibrium struc-

ture and ending in the Mg2?(H2O)2 ? H2O asymptote

represents the path where there are no hydrogen bonds of

the departing water with any of the other ligands. On the

other hand, the formation of a H-bond makes the

[Mg(H2O)2]2?…H2O attractive interaction more efficient,

and thus, the respective MEP (dotted line, open circles)

decreases faster going to the H-bonded shallow minimum

at *4 Å. Pushing the water molecule of the second sol-

vation shell further toward the metal center leads to the

global Mg2?(H2O)3 minimum via a negligible barrier.

For the lowest [Mg(H2O)(OH)]? ? H3O? adiabatic

path (dashed line, filled circles in Fig. 2), there is a Cou-

lombic repulsion responsible for the 1/R shape of the MEP

for R(Mg–O) [5.8 Å. At this distance, the positively

charged hydronium experiences the negative local charge

of the oxygen atom of the OH group. Recall that the

Mg2?(H2O)(OH-) bonding picture has been previously

suggested in the literature [24, 29]. At this point, one of the

hydrogen atoms of H3O? migrates to the oxygen of the OH

group and the MEP turns over decreasing in energy. By the

time the H atom has moved close to OH, we have the

formation of a H-bond, and therefore, this path crosses the

MEP coming from the [Mg(H2O)2]2? ? H2O channel

(dotted line, open circles).

We finally examine the MgOH? ? H3O?(H2O)

channel which lies *15.8 kcal/mol higher than the

[Mg(H2O)(OH)]? ? H3O? asymptote. For reasons of

clarity in Fig. 2, for this case, we show the MEP in terms of

the distance R between the Mg center and the oxygen atom

of the more distant water molecule. For long distances, we

again observe the 1/R repulsive behavior (solid line, open

squares). As the Zundel-cation approaches, the negative

charge of OH is not screened anymore from the Mg2?

center, and one of its hydrogen atoms moves to the nega-

tively charged OH group, as in the previous case. As a

result, the cluster with two hydrogen bonds, schematically

drawn as Mg2?(H2O)…(H2O)…(H2O), is formed (this is

the minimum located at R = 4.2 Å lying 54.6 kcal/mol

above the lowest asymptote). By pushing further in the

most distant water molecule, i.e., decreasing R, that mol-

ecule eventually is attached to Mg producing the

[Mg(H2O)2]2?…H2O minimum (last ligand in the second

solvation shell of the Mg center). Notice that now since

R corresponds to the distance between Mg and the O of the

first shell, the minimum is at R = 1.9 Å. This interaction is

reported here for the first time in the literature.

In summary, removing a water molecule from the

[Mg(H2O)3]2? minimum structure leads to the [MgOH

(H2O)]? ? H3O? fragments. This process is facilitated via

Fig. 2 Minimum energy paths of the [Mg(H2O)3]2? system. The

dashed line with the filled circles dissociates to [MgOH(H2O)]? ?

H3O?, whereas the solid line with the open squares to [MgOH]? ?

H3O?(H2O)
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the formation of a hydrogen-bonded intermediate, and its

subsequent decomposition over a barrier lying 23.7 and

40.7 kcal/mol above the Mg2?(H2O)3 minimum, respec-

tively. The corresponding numbers at the DFT [B3LYP/6-

311 ? G(2d,2p)//B3LYP/6-311 ? G(d,p)] level, corrected

for ZPE, are 22.5 and 38.7 kcal/mol [17], in good agree-

ment with our present results. The dissociation energies for

reactions (1–3) are 2.3, 18.5, 56.9 kcal/mol, respectively.

Estimates of 0.2 and 55.2 kcal/mol for the first and third

channels have been previously reported by Carl et al. [16].

We next consider the case with four water molecules.

The corresponding MEPs are shown in Fig. 3, and they

describe the same channels as the ones in Fig. 2 for the

n = 3 case; in this respect, the MEPs of the two figures

bear similar features. One difference is that the energy gaps

between the first dissociation channel (hydronium loss) and

the next two (Zundel cation and water loss) have now

decreased appreciably from 15 and 55 kcal/mol for the

n = 3 case, now being 5 and 35 kcal/mol, respectively. As

a result, the MEPs for the n = 4 case are packed closer

together than for n = 3. Along the channel that removes a

water molecule from the Mg2?(H2O)4 minimum, the

hydrogen-bonded intermediate [Mg(H2O)3]2?…H2O at

R = 4 Å and energy 7.7 kcal/mol (cf. Fig. 3) is initially

formed. Compared to Fig. 2, the MEP leading to hydro-

nium loss (dashed line with filled circles in Fig. 3) lies

above the one leading to water loss (dotted line with open

circles) for distances between 4 and 8 Å; this will certainly

play an important role in the overall dynamics and kinetics

of processes (1) and (2). Taking into account the Zundel-

cation loss channel, which also passes through the above

H-bonded structure, will further add to the complexity. The

relative energetics of the several stationary points in

Fig. 3 are within *4 kcal/mol with the DFT results of Carl

et al. [17].

A few interesting observations regarding the MEPs of

[Mg(H2O)n]2?, n = 2, 3, 4 (Figs. 1, 2, 3) are in order. First,

the transition from the Mg2?(H2O)n to the

[Mg(H2O)n-1]2?…H2O structure becomes easier with

increasing n, since the energy difference decreases from

31.3, to 23.7, to 18.0 kcal/mol. In contrast, the barrier from

[Mg(H2O)n-1]2?…H2O to [Mg(H2O)n-2(OH)]2?…H3O?

increases with n, from 8.7 (n = 1) to 17.0 (n = 2) to 28.7

(n = 3) kcal/mol. The MEPs of Figs. 1, 2, and 3 demon-

strate the in situ formation of [Mg(H2O)n]2? from

[Mg(H2O)n-1]2? ? H2O. However, although the binding

energy of the water molecule decreases with n mostly due

to the increasing steric repulsion, the binding energy of the

Mg2?(H2O)n global minimum with respect to the lowest

energy fragments (hydronium loss asymptote) is increas-

ing, from -4.5 (n = 1) to 2.5 (n = 2) to 10.3 (n = 3) kcal/

mol, i.e., the hydrated metal cluster is becoming more

stable with respect to the lowest dissociation asymptote.

3.2 [Ca(H2O)2,3]2?

The MEPs of the [Ca(H2O)2]2? and [Ca(H2O)3]2? systems

are shown in Figs. 4 and 5, respectively. We adopt the

same definition for the distance R as for the Mg case (vide

supra). Similar to Mg, the MEP connecting the Ca2?(H2O)n

with the Ca2?(H2O)n-1 ? H2O is smooth when no

hydrogen-bonded intermediates are formed (see the solid

lines with the filled symbols in Figs. 4, 5). The formation

of the hydrogen-bonded intermediate results in an energy

lowering and alters the MEPs for R [ 3 Å (dashed line

Fig. 3 Minimum energy paths of the [Mg(H2O)4]2? system. The

dashed line with the filled circles dissociates to [MgOH(H2O)2]? ?

H3O?, whereas the solid line with the open squares to

[MgOH(H2O)]? ? H3O?(H2O)

Fig. 4 Minimum energy paths of the [Ca(H2O)2]2? system. The

dotted line with the filled squares dissociates to [CaOH]? ? H3O?
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with open circles in Fig. 4 and dotted line with open circles

in Fig. 5).

The Ca2?(H2O)…H2O hydrogen-bonded complex can

further dissociate via two different paths: an endothermic

one leading to Ca2?(H2O) ? H2O and an exothermic one

to [CaOH]? ? H3O? overcoming a barrier of 19.7 kcal/

mol. This energy barrier is at least twice as much as the one

for the Mg case (8.7 kcal/mol). The difference between the

energy levels of Ca2?(H2O)2 and [CaOH]? ? H3O? is

5.0 kcal/mol, very similar to that for Mg.

As regards the Ca2?(H2O)2…H2O hydrogen-bonded

intermediate, it can follow three different routes to disso-

ciation. The first one to Ca2?(H2O)2 ? H2O requires an

energy of 25.5 kcal/mol, while the other two leading to the

hydronium or Zundel-cation loss are exothermic by

roughly the same amount, 11.0 and 9.5 kcal/mol, albeit

with rather large energy barriers, 27.6 and 33.8 kcal/mol,

respectively. The former barrier height is larger than that of

Mg (17.0 kcal/mol), whereas the latter one is smaller than

the one for Mg (42.7 kcal/mol). The Zundel-cation channel

loss proceeds via the [Ca(H2O)]2?…H2O…H2O interme-

diate (solid line with open squares in Fig. 5), which lies

43.5 kcal/mol above the Ca2?(H2O)3 global minimum. Our

relative energetics are in agreement with the ZPE-corrected

DFT values of Peschke et al. [28], Beyer et al. [29], and

Carl and Armentrout [16].

3.3 [Sr(H2O)2,3]2? and [Ba(H2O)2,3]2?

For the Sr and Ba dications, we first examine the cases with

two water molecules, the MEPs of which are shown in

Figs. 6 and 7. The stationary points of these MEPs have

been previously reported by Beyer et al. [29] and Carl et al.

[14] at the DFT level of theory with the B3LYP functional.

The energy differences between Sr2?(H2O)2 and

Sr2?(H2O)…H2O (H-bonded intermediate) and between

Sr2?(H2O)…H2O and the transition state to Sr?(OH) ?

H3O? are 13.8 (vs. 13.5 [29], 13.6 [14]) kcal/mol and 27.4

(vs. 23.2 [29], 24.1 [14]) kcal/mol. The corresponding

values for Ba are 9.6 (vs. 9.5 [29]) and 32.3 (vs. 29.2 [29])

kcal/mol. The H-bonded intermediate was found to be

stabilized monotonically from Mg to Ba with respect to the

global M2?(H2O)n minimum, while the barrier to the dis-

sociation to hydronium increases from Mg to Ba. However,

the final dissociation energy from the equilibrium aqueous

Fig. 5 Minimum energy paths of the [Ca(H2O)3]2? system. The

dashed line with the filled circles dissociates to [CaOH(H2O)]? ?

H3O?, whereas the solid line with the open squares to [CaOH]? ?

H3O?(H2O)

Fig. 6 Minimum energy paths of the [Sr(H2O)2]2? system. The

dotted line with the filled squares dissociates to [SrOH]? ? H3O?

Fig. 7 Minimum energy paths of the [Ba(H2O)2]2? system. The

dotted line with the filled squares dissociates to [BaOH]? ? H3O?

1450 Page 6 of 12 Theor Chem Acc (2014) 133:1450

123



complex to the hydronium products remains small within

the range of ±5 kcal/mol.

Similar trends are observed for the tri-coordinated

aqueous metal clusters. The respective MEPs are depic-

ted in Figs. 8 and 9, and to the best of our knowledge,

there is no previous reference regarding their stationary

points in the literature. Briefly, the M2?(H2O)3 mini-

mum lies 12.0/8.4 kcal/mol (M = Sr/Ba) below the

M2?(H2O)2…H2O intermediate (albeit not a real mini-

mum for Ba), which in turn is 26.1/24.4 kcal/mol below

the water loss asymptote. The transition from

M2?(H2O)2…H2O to the MOH(H2O)]? ? H3O? asymp-

tote proceeds over a barrier of 36.0/42.6 kcal/mol, while

the channel leading to MOH? ? H3O?(H2O) proceeds

via a smaller energy barrier (29.8/29.6 kcal/mol) and is

associated with a larger exothermicity (9.6/8.2 kcal/mol).

When going from Mg2? to Ba2?, the ionic radii increase

and consequently the charge density decreases along this

direction, therefore weakening the interaction between

M2?(H2O)2 and H2O. Consequently, the binding energy is

expected to become smaller going from Mg to Ba in

complete agreement with Figs. 2, 5, 8, and 9. In addition,

the H-bonded M2?(H2O)2…H2O intermediate energeti-

cally approaches the equilibrium M2?(H2O)3 structure at

the same time decreasing the already small barrier between

those two stationary points. Indeed, according to

Fig. 9, this transition for Ba is barrierless, and the

Ba2?(H2O)2…H2O ‘‘intermediate’’ is not a local minimum.

The case is exactly the same for the ‘‘doubly’’ H-bonded

intermediate, M2?(H2O)…H2O…H2O, which is 57.1 kcal/

mol higher than the M2?(H2O)3 minimum for Mg and

decreases to 46.1, 32.6, and 22.9 kcal/mol for Ca, Sr, and

Ba, respectively. The barrier from the former to the latter

structure is also decreasing and it actually vanishes for Sr

and Ba. A final remark has to do with the relative order of

the hydronium and Zundel-cation fragments: For Mg, the

hydronium loss channel produces fragments that are lower

in energy by 16.3 kcal/mol. On the other hand, Ba prefers

the Zundel-cation loss process by 10.0 kcal/mol; Ca and Sr

are somewhere in-between.

4 Energetics of the channels corresponding

to the water, hydronium, and Zundel-cation loss

In this section, we report the energetics of reactions (1),

(2), and (3) as a function of both the metal atom M and the

number n of water molecules in the cluster. The absolute

energies and geometric structures of all molecular species

involved in this section are reported in the Supporting

Information. Setting as zero of the energy scale, the energy

of the M2?(H2O)n minima, the energies of the products of

reactions (1), (2), and (3) are listed in Table 1. Besides our

own values, we also include available theoretical and

experimental ones from the literature for reaction (1). The

available data for reaction (2) are limited in the literature to

the smallest clusters and have already been discussed ear-

lier. We are not aware of any data related to reaction (3)

previously reported in the literature.

In Table 1, we list our MP2 results using two different

basis sets of double- and triple-f quality (MP2/ADZ and

MP2/ATZ, see Sect. 2). In general, the two basis sets give

values differing no more than a couple of kcal/mol in the

Fig. 8 Minimum energy paths of the [Sr(H2O)3]2? system. The

dashed line with the filled circles dissociates to [SrOH(H2O)]? ?

H3O?, while the solid line with the open squares to [SrOH]? ?

H3O?(H2O)

Fig. 9 Minimum energy paths of the [Ba(H2O)3]2? system. The

dashed line with the filled circles dissociates to [BaOH(H2O)]? ?

H3O?, while the solid line with the open squares to [BaOH]? ?

H3O?(H2O)
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water loss channel for all four metals; our results are in

agreement with previous MP2 calculations with different

basis sets. The value of 24.9 kcal/mol for the Mg case with

n = 6 given by Ref. [33] differs appreciably from our 30.7

and 30.3 kcal/mol values. Our numbers agree, however,

better with the 28.5 kcal/mol value of Ref. [23] at the MP2/

6-311 ? G* level of theory. Our ZPE uncorrected energy

differences are always larger than the experimental

hydration energies (see Table 1), as expected, but there is

better agreement when ZPE is included. Especially for the

smaller clusters, our ZPE-corrected values are within the

experimental error. For larger clusters, the difference

between our values and experiment is of the order of

2–3 kcal/mol and it is due to the fact that our calculations

are still missing some portion of electron correlation.

The two channels described by reactions (2) and (3)

involve the mono-hydroxides of the four metals under con-

sideration and the hydronium or the hydrated hydronium

(Zundel) cations. An interesting observation is the lowering

of the energy difference between M2?(H2O)n and the

Table 1 Energy differences (kcal/mol) between the M2?(H2O)n

minima (set as the zero of the energy scale) and the asymptotes

corresponding to the unimolecular water loss M2?(H2O)n-1 ? H2O,

the hydronium loss [MOH(H2O)n-2]? ? H3O?, and the Zundel-

cation loss [MOH(H2O)n-3]? ? H3O?(H2O) channels, M = Mg, Ca,

Sr, Ba and n = 1–6

n MP2/

ADZ

MP2/ATZa Theoryb Expt.c MP2/ADZ MP2/ATZa MP2/ADZ MP2/ATZa

[Mg(H2O)n-1]2? ? H2O [Mg(H2O)n-2(OH)]? ? H3O? [Mg(H2O)n-3(OH)]? ? H3O?(H2O)

1 77.9 78.7 (76.8) 78.3

2 69.6 69.8 (67.6) 69.5 -4.7 -5.3 (-7.3)

3 56.9 57.3 (54.9) 56.9 53.3 (3.0) 2.3 2.0 (-0.4) 18.5 17.9 (14.1)

4 46.8 46.8 (44.4) 46.2 42.4 (2.5) 10.0 9.7 (7.8) 15.3 14.7 (10.5)

5 32.8 32.4 (29.4) 31.6 27.7 (2.1) 11.1 10.4 (8.0) 9.0 8.0 (3.6)

6 30.7 30.3 (27.8) 24.9 23.3 (1.8) 19.1 18.3 (15.6) 8.0 6.6 (2.3)

[Ca(H2O)n-1]2? ? H2O [Ca(H2O)n-2(OH)]? ? H3O? [Ca(H2O)n-3(OH)]? ? H3O?(H2O)

1 58.1 57.1 (55.3) 53.9

2 50.7 49.9 (47.9) 47.1 49.6 (4.2) -5.1 -8.2 (-8.8)

3 46.6 45.2 (43.0) 43.0 40.6 (2.1) 6.2 4.1 (3.3) 7.8 2.9 (0.6)

4 41.8 40.3 (38.6) 37.3 33.7 (2.1) 15.6 13.8 (13.3) 14.4 10.3 (8.4)

5 33.7 32.6 (30.3) 30.6 26.8 (1.8) 19.8 18.2 (17.3) 15.5 12.3 (10.0)

6 30.6 30.3 (28.5) 25.3 23.5 (2.1) 24.5 25.1 (24.4) 16.6 14.4 (12.2)

[Sr(H2O)n-1]2? ? H2O [Sr(H2O)n-2(OH)]? ? H3O? [Sr(H2O)n-3(OH)]? ? H3O?(H2O)

1 46.5 48.2 (46.6) 48.1 48.2 (1.4)

2 40.6 41.7 (39.9) 43.1 41.0 (1.2) -1.8 -5.6 (-6.4)

3 38.1 39.1 (37.3) 39.0 34.4 (1.2) 8.7 5.7 (5.0) 2.6 -0.5 (-2.5)

4 33.9 34.3 (32.7) 35.2 29.7 (1.2) 16.4 13.9 (13.7) 8.9 5.8 (4.1)

5 28.9 28.7 (26.5) 29.3 24.4 (0.9) 21.2 18.4 (17.7) 11.6 8.5 (6.6)

6 26.8 26.5 (24.7) 26.8 22.4 (0.7) 26.1 23.8 (23.5) 14.3 10.8 (8.9)

[Ba(H2O)n-1]2? ? H2O [Ba(H2O)n-2(OH)]? ? H3O? [Ba(H2O)n-3(OH)]? ? H3O?(H2O)

1 38.9 41.0 (39.5) 41.3

2 33.8 35.3 (33.6) 37.2 1.0 -5.0 (-6.1)

3 32.8 33.9 (32.3) 33.7 10.1 5.5 (5.1) 0.0 -5.2 (-7.4)

4 29.1 29.8 (28.4) 30.5 25.6 (0.9) 16.0 12.9 (13.2) 5.5 1.2 (-0.1)

5 25.3 25.3 (23.5) 26.2 21.1 (0.6) 19.8 17.1 (17.6) 7.6 4.1 (3.2)

6 23.0 23.3 (21.8) 23.9 17.9 (0.6) 23.3 21.6 (22.6) 9.0 6.3 (5.8)

a ZPE-corrected values are given in parentheses
b Ab initio values from the literature. Values for Mg and Ca are from Ref. 33 (MP2/6-311 ??G(3d,3p)//MP2/6-311 ??G(3,3)), while values

for Sr and Ba are from Ref. 23 (MP2/6-31 ? G*//RHF/6-31 ? G*)
c Experimental hydration enthalpies from the literature. Mg values from Ref. 17 (CID), Ca values from Ref. 16 (CID), Sr values from Ref. 14

(CID), and Ba values from Ref. 5 (BIRD). Uncertainties are reported in parentheses
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asymptotes of the two channels going from the ADZ to the

ATZ basis sets. This holds true for all four metals, and it can

be up to 5.2 kcal/mol for the Ba2?(H2O)n ? [Ba(OH)]? ?

H3O?(H2O) energy difference. A similar conclusion was

previously noted by Rao et al. [33] for similar systems: ‘‘An

increase in the quality of the basis set from double-f to triple-

f has a significant effect on the sequential binding energies,

irrespective of the geometries used.’’

Figures 10, 11, 12 and 13 display pictorially the MP2/

ATZ results of Table 1. The x axis traces the number n of

the water molecules while the y axis the relative energy

(kcal/mol). In those figures, the dashed lines correspond to

the energy of the M2?(H2O)n minima (set as the zero of the

energy scale), the plain solid lines to the products of the

water loss reaction (1), the solid lines with the closed

squares indicate the hydronium loss reaction (2), the

dashed lines with the filled squares indicate the barrier

height going from the reactants to the products of reaction

(2), and finally, the solid and dashed lines with the ‘‘9’’

symbol pertain to the products and the transition state of

the Zundel-cation loss reaction (3), respectively. The bar-

rier heights are taken from Figs. 1, 2, 3, 4, 5, 6, 7, 8, and 9

at the MP2/ADZ level of theory. The various asymptotes

are also listed on the right hand side of Figs. 10, 11, 12, and

13. In general, the trends with n shown in Figs. 10, 11, 12,

and 13 are similar for all metals, except for the channel

described by reaction (3) for Mg (shown with the solid

lines with the ‘‘9’’ symbol) that crosses the one described

by reaction (2) between n = 4 and 5. We will discuss the

origin of this difference in the subsequent Sect. 5.

It is clear that the water loss channel is endothermic for

every possible case of M and value of n. Note that this

channel is, as expected, less endothermic for large n values

since the insertion of a water molecule to the larger

ion–water complexes causes additional steric repulsion.

Additionally, for the same value of n, the water loss channel

follows a monotonic decrease in the binding energy of the

complex going from Mg to Ba. The reason is that all four

metals bear the same charge but have a different ionic

radius. For instance, the charge density on Ba2? is smaller

than that of Mg2? due to its larger size. Therefore, the

‘‘affinity’’ between Ba2? and water is smaller.

The two other channels are competitive for Mg and Ca,

whereas for Sr and Ba, the Zundel loss channel produces

more stable products (for n C 3). However, the hydronium

and Zundel-cation loss fragments are more difficult to

Fig. 10 Relative energies of the [Mg(H2O)n]2? (dashed line at zero

energy), [Mg(H2O)n-1]2? ? H2O (plain solid lines), [MgOH

(H2O)n-2]? ? H3O? (solid lines with filled squares), and [MgOH

(H2O)n-3]? ? H3O?(H2O) (solid lines with cross symbols) species.

The dashed lines with the filled square symbols correspond to the

barriers of the hydronium loss channel and the dashed lines with the

cross symbols to the barriers of the Zundel-cation loss channel

Fig. 11 Similar to Fig. 10, but for Ca

Fig. 12 Similar to Fig. 10, but for Sr

Fig. 13 Similar to Fig. 10, but for Ba
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observe experimentally. The reason that the water loss

channel is almost exclusively observed experimentally can

be mainly attributed to the large energy barriers that need to

be surmounted in order to produce the fragments described

by reactions (2) and (3). Specifically, for Mg, the ground-

state products [Mg(OH)(H2O)n-2]? ? H3O? for n = 2, 3,

and 4 are lower by at least 40 kcal/mol from the

Mg2?(H2O)n-1 ? H2O asymptote (see Fig. 10). For n = 4,

however, the barrier height is comparable to the dehydration

energy, and therefore, the two channels described by reac-

tions (1) and (2) are competitive. Judging from the trends

observed for n = 1–3, we expect the barrier heights to be

larger than the dissociation energy to neutral water for larger

n. Consequently, the highest number for reaction (2) to be

observed is n = 4, in complete agreement with the experi-

mental observations [7]. Following the same premise and

noting that the energy barriers follow an increasing trend as

n goes from 2 to 3 (Figs. 11, 12, 13), we can speculate that the

cluster size for the reactions (2) and (3) to occur are n = 2 for

Ca, Sr, and Ba. The only case where the Zundel cation can

appear for Ca, Ba, or Sr is for n = 3. More accurate pre-

dictions necessitate the calculation of the transition states for

larger n values, also including ZPE corrections.

Observe that the energy difference between the two

charge separation channels (hydronium and Zundel-cation

loss reactions) is bigger for larger clusters and for heavier

metal cations. For the same reasons discussed earlier,

the binding energy of a single water molecule to a

[MOH(H2O)n]? cluster is decreasing with increasing n and

atomic number of the metal. Hence, a water molecule

prefers (when n or the atomic number increase) to stay

more attached to H3O? with a binding energy of 33.7 kcal/

mol (at MP2/ATZ) rather than to [MOH(H2O)n]?.

5 Mono-hydroxide [M(H2O)n(OH)]1 clusters

In this section, we examine the case of the mono-hydroxide

water complexes of the titled metal dications, [MOH

(H2O)n]?. We specifically report the energy needed to

detract a water molecule from these species (see Table 2).

Additionally, for the case of n = 2, we constructed the

corresponding MEPs (see Fig. 14). It is shown that for

n = 2 the lowest energy path is the plain water loss

channel and that the products of the hydronium loss pro-

cess, M(OH)2 ? H3O?, are much higher in energy.

In Table 2, we list the dissociation energies of the fol-

lowing reaction:

MOH H2Oð Þn
� �þ! MOH H2Oð Þn�1

� �þþH2O: ð4Þ

Similar to the case of the M2?(H2O)n clusters, the dis-

sociation energy is a decreasing function of both n and the

ionic radii. Namely, it is larger for Mg, which has the

smallest ionic radius, and smaller for Ba. It is also larger

for n = 1 and smaller for n = 4. Interestingly, the range of

the binding energies, i.e., the difference between the n = 1

and n = 4 cases, is larger for Mg (27.6 kcal/mol),

decreasing to 9.6 (Ca), 6.8 (Sr), and 4.5 (Ba) kcal/mol. In

general, we observe smaller differences between the results

with the ADZ and ATZ basis sets than for the case of the

M2?(H2O)n clusters. Our ATZ results for Ba are in

agreement with the CCSD(T) results of Ref. [18], while

Table 2 Water detachment energies (kcal/mol) corresponding to the

reaction [MOH(H2O)n]? ? [MOH(H2O)n-1]? ? H2O, M = Mg, Ca,

Sr, Ba and n = 1–4

n MP2/

ADZ

MP2/

ATZa
Theoryb MP2/

ADZ

MP2/

ATZa
Theoryb

Mg Ca

1 50.0 50.0 (48.0) 59.1 35.3 33.0 (30.9) 36.7

2 39.1 39.1 (36.3) 46.2 32.5 30.6 (28.6) 34.3

3 31.7 31.7 (29.1) 38.4 29.5 28.2 (26.3) 31.7

4 22.6 22.4 (20.2) 27.8 25.9 23.4 (21.4)

Sr Ba

1 27.6 27.9 (26.0) 23.7 23.4 (21.1) 23.8

2 26.1 26.0 (24.0) 23.2 22.4 (20.3) 21.4

3 24.1 24.2 (22.4) 21.5 21.1 (19.1) 20.3

4 21.8 21.1 (18.9) 19.5 18.9 (16.8)

a ZPE-corrected values are given in parentheses
b Ab initio values from the literature: Ref. 22 for Mg (MP4SDTQ/6-

31G*//SCF/6-31G*), Ref. 26 for Ca (MP2//SCF, 9s7p3d/(Ca),

6-31G*/(O,H)), and Ref. 18 for Ba (CCSD(T)//DFT/mPW1PW91)

Fig. 14 Minimum energy paths for the [MOH(H2O)2]? clusters,

where M = Mg, Ca, Sr, and Ba. The dashed lines on the top part of

the Figure mark the various M(OH)2 ? H3O? asymptotes
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they differ more than 5 kcal/mol for Mg from the

MP4SDTQ results of Ref. [22]. The MP2 results from Ref.

[26] for Ca are in good agreement with ours.

It is noteworthy that a water molecule binds stronger to

M2?(H2O)n?1 compared to [MOH(H2O)n]
? (see Tables 1, 2)

due to the stronger Coulombic interaction with a doubly

charged metal core. The suggested [24, 29] electronic

structure M2?(H2O)n(OH-) indicates the same charge–

dipole interaction between the additional water and the

metal center for the two systems. However, the negatively

charged OH- group can cause the opposite effect by

reducing the binding energy.

The results of Table 2 further explain the qualitative

difference seen in the trend of the energetics of channel (3)

for Mg (indicated by the solid lines with the ‘‘9’’ symbol in

Fig. 10) when compared to the rest of the metals (Figs. 11,

12, 13). The energy levels of reaction channel (3) cross the

ones for channel (2) between n = 4 and 5 for Mg, whereas

for all other metals, there is no such crossing. The reason is

that the [MOH(H2O)n]? water detachment energies for the

Mg n = 1 and 2 clusters (cf. Table 2) are larger than the

hydronium–water interaction energy (33.7 kcal/mol at

MP2/ATZ), whereas for all other metals, they are smaller

than this value, and therefore, the energy levels for channel

(3) always lie below the ones for channel (2) for Ca, Sr,

and Ba.

In Fig. 14, we show the MEPs corresponding to the

removal of one water molecule from [MOH(H2O)2]?.

These MEPs are constructed by fixing the distance between

the metal and the oxygen of the departing water molecule

at different lengths and optimizing all other geometrical

parameters. After a plateau of width larger than 1 Å for

distances R [ 3 Å, the MEPs converge smoothly to the

[MOH(H2O)]? ? H2O asymptote. The aforementioned

plateau is caused by the hydrogen bond between the water

that is attached to the metal and the one that is departing.

The energy of the fragments M(OH)2 ? H3O? is shown

with dashed lines for the various metals and ranges from

*38 kcal/mol (Mg) to *78 kcal/mol (Ba) above the

[MOH(H2O)]? ? H2O lowest energy asymptote.

The hydration energy of 33.7 kcal/mol (MP2/ATZ) for

H3O? is generally larger (except for Mg and n = 2) than

the binding energy of a water to [MOH(H2O)n-1]? indi-

cating that the M(H2O)n-3(OH)2 ? H3O?(H2O) fragments

will be closer in energy to the [MOH(H2O)n-1]? ? H2O

ones. Therefore, the possibility exists for [MOH(H2O)n]?

(n C 3) to dissociate to M(H2O)n-3(OH)2 ? H3O?(H2O),

especially for Ba and large n. The Supporting Information

includes the geometries and energies of the M(OH)2 mol-

ecules as well as the energy required to detach a hydroxide

from [M(H2O)n(OH)]?, i.e., the dissociation energies for

the [M(H2O)n(OH)]? ? [M(H2O)n]2? ? OH- reaction.

6 Synopsis

We examined the MEPs along which a water molecule can

be detached from the pure and mono-hydroxide water

complexes of the alkaline earth metals Mg2?, Ca2?, Sr2?,

and Ba2?. Three different channels were investigated: one

leading to the unimolecular water loss and two leading to

the loss of a hydronium and a Zundel (singly hydrated

hydronium) cation. For the cases with two, three, and four

(only for Mg) water molecules, we constructed MEPs at the

MP2/ADZ level of theory, while for the larger systems, we

investigated only the reactants and products of the above

three processes at the MP2/ATZ level. In the case of the

mono-hydroxide compounds, we report the MEPs for the

systems with two water molecules and the energetics with

up to four water molecules.

Despite the voluminous work reported in the literature

for the systems studied presently, this is the first systematic

work encompassing all four metals with up to six water

molecules and three dissociation channels. Our results are

consistent with several experimental observations, such as

the fact that only the small clusters dissociate to fragments

involving the hydronium cation. Additionally, we propose

the possibility of the production of the Zundel cation for

the heavier metals with three water molecules. The large

energy barriers of the charge separation channels for the

largest complexes prevent them from being observed,

although they are more exothermic than the water loss

ones. Finally, mono-hydroxide water clusters prefer the

pure water loss channel, because it is energetically more

favorable.
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