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a  b  s  t  r  a  c  t

A  density  functional  mPW1PW91  study  of the  most  stable  conformers  of  MOH(H2O)0–3 clusters  (M  =  alkali
or  alkaline-earth  atom)  was  performed,  along  with  quantum  chemistry  CCSD(T,Full)  calculations  for  M  = Li
and  Be.  The  resulting  binding  energies  for hydration,  atom-charge  and  valence-electron  distributions

allow  for  a rationalization  of  the  opposite  trends  in  the cluster-size  dependence  of adiabatic/vertical
ionization  energies  for the  alkali  and  the  alkaline-earth  monohydroxides.  The  closed-  and  open-shell
natures  of  the  latter,  respectively,  determines  their  behavior  during  initial  steps  of  their  hydration  pro-
cesses,  whereas  the  ionic/covalent  character  of  their  M OH  bonds  plays  a minor  role  except  for  BeOH.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Theoretical study of the initial steps of the hydration process
or alkaline-earth monohydroxides offers a unique opportunity to
escribe the interactions between open-shell species and water
olecules in terms of electrostatic and inductive contributions

1,2]. Whereas electrostatic interactions are to be expected for all
f these systems owing to the ionic character of the M OH bonds
3], inductive effects are predicted to contribute to some extent
s a result of delocalization of the MOH  unpaired electron distribu-
ion over the surrounding water molecules. This situation contrasts
ith that found for the closed-shell MOH(H2O)m (M = Li, Na, K, Rb,
s) [4–8] and MOH+(H2O)m (M = Mg,  Ca) [9,10] (m ≤ 8) systems,
here electrostatic contributions appear to dominate the interac-

ions of MOH/MOH+ with water molecules. The latter is supported
y the finding for hydrated alkali monohydroxides of fully disso-
iated conformations, as characterized by a tricoordination of the
H− moieties with water molecules along with a hydration num-
er for the series of isovalent M+ moieties, which depends chiefly

n their charge-to-radius ratio. In the case of NaOH(H2O)m clus-
ers, spatial charge polarization of the hydrated, fully dissociated
a+ and OH− moieties was also shown to develop at m = 5.

∗ Corresponding author.
E-mail address: mrossa@fcq.unc.edu.ar (M.  Rossa).

ttp://dx.doi.org/10.1016/j.cplett.2014.12.008
009-2614/© 2014 Elsevier B.V. All rights reserved.
In this Letter, we  extend a previous study reporting ab initio
calculations on the hydration of BaOH in (H2O)1–3 clusters [2], to
encompass the lighter MOH  (M ———— Be, Mg,  Ca, Sr) species. Theoretical
adiabatic and vertical ionization energies (IE’s), binding ener-
gies for MOH  hydration, and atom-charge and valence-electron
distributions for the most stable isomers of such clusters were
calculated at the mPW1PW91 density-functional theory level. Fur-
ther calculations were performed on the related systems for alkali
monohydroxides, and the results were compared with available
data as well as with those for the alkaline-earth monohydroxides
to allow for an assessment of the nature and energetics of the cor-
responding hydration structures, and the role of the MOH  valence
electrons in their hydration process.

2. Theoretical methods

Following Cabanillas-Vidosa et al. [2,11], the optimum struc-
tures and harmonic vibrational frequencies for the most stable
isomers of the various MOHx(H2O)m clusters (M = Li, Na, K, Rb, Cs,
Be, Mg,  Ca, Sr, Ba; x = 0 for neutrals, x = +1 for cations; m = 0–3)
were computed by the mPW1PW91 method of the density func-
tional theory (DFT) [12] using the gaussian 09 suite of programs

[13]. The 6-311++G(d,p) basis sets were used to describe the O
and the H atoms in all of the cases except LiOHx(H2O)m clusters,
for which the AUG-cc-pVTZ basis sets were preferred. For the Be
and Li atoms, 6-311++G(d,p) and AUG-cc-pVTZ were also the basis

dx.doi.org/10.1016/j.cplett.2014.12.008
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.12.008&domain=pdf
mailto:mrossa@fcq.unc.edu.ar
dx.doi.org/10.1016/j.cplett.2014.12.008
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Table 1
Binding energies �E (in kcal mol−1) for the lowest-lying energy conformers of
BeOHx(H2O)m (x = 0 for neutrals, x = +1 for cations; m = 1–3) clusters, and IEa/IEv val-
ues (in eV) in the case of x = 0/m = 0–3, as computed at the mPW1PW91 and the
CCSD(T,Full) levels.

Species Theory �E IEa IEv

BeOH
mPW1PW91 n/a 8.36 8.53
CCSD(T,Full) n/a 8.20 8.34

BeOH(H2O)1
mPW1PW91 −14.2 5.58 6.51
CCSD(T,Full) −14.8 5.38 6.30

BeOH(H2O)2
mPW1PW91 −32.3 4.56 4.97
CCSD(T,Full) −33.2 4.31 4.67

BeOH(H2O)3
mPW1PW91 −44.8 4.05 4.66
CCSD(T,Full) −49.5 3.82 4.38

BeOH+(H2O)1
mPW1PW91 −78.3 – –
CCSD(T,Full) −79.7 – –

BeOH+(H2O)2
mPW1PW91 −119.8 – –
0 M. Rossa et al. / Chemical P

ets of preference, respectively, whereas the SDD quasirelativis-
ic effective core potentials (ECP) and their accompanying valence
asis sets, as defined in the gaussian 09 package, were employed to
escribe the remaining metal atoms. The structures of mPW1PW91
ptimizations were further used to carry out single-point energy
alculations at the high correlated coupled cluster singles and dou-
les excitations approach, including a perturbational estimate of
he triples [CCSD(T,Full)] [14,15] in the cases of M = Li and Be.

Vertical ionization energies (IEv’s) were computed as the differ-
nce in total electronic energies, including zero-point vibrational
nergy (ZPE) corrections, between the cationic and the neutral clus-
ers, both computed at the optimized structures of the neutral
pecies. Adiabatic ionization energies (IEa’s) were instead refer-
nced to the optimized geometries of both the cationic and the
eutral clusters.

To assess the stability of the alkali/alkaline-earth
onohydroxide-water clusters, total binding energies for the

ydration processes: MOHx + m H2O → MOHx(H2O)m, were
stimated as:

E  = E[MOHx(H2O)m] − E[MOHx] − mE[H2O]

here E[MOHx(H2O)m], E[MOHx], and E[H2O] denote the total elec-
ronic energies, including ZPE corrections of the relevant species.

. Results and discussion

Figure 1 shows the molecular structures and the binding ener-
ies of the lowest-lying energy conformers of the various hydrated
lkaline-earth monohydroxides in the neutral state. Here the nota-
ions “mUwy”, “mPwy”, and “mDwy” have been used to describe the
elevant conformers of the MOHx(H2O)1–3 clusters, where m is the
otal number of water molecules, U/P/D indicates the undissoci-
ted/partially dissociated/dissociated state of M OH, respectively,
nd w and y are the hydration numbers of the M and OH moieties
2,4–7]. In the case of BeOH(H2O)m clusters, the preference for 6-
11++G(d,p) over the SDD ECP/valence basis set combination to
reat the Be atom relies on the finding for the bare BeOH radical of
ifferent equilibrium geometries, i.e., bent (bond angle of 144.1◦)
nd linear, respectively, the former being characterized by a ZPE
f 350 meV, which is higher than the barrier to linearity (11 meV)
see Supporting Information). This is consistent with earlier pre-
ictions of quasilinearity for ground-state BeOH, as arising from
igh-level electronic structure calculations [16–18] and recently
onfirmed by a joint experimental and theoretical study on the
pectroscopy of the BeOH 22A′–12A′ electronic transition [19]. It
hould be mentioned that the use of the SDD ECP on Be leads to
ost stable BeOH(H2O)1–3 conformers, which do not differ from

hose of Figure 1. For the Mg-containing species, though, the use
f the 6-311++G(d,p) basis set on the Mg  atom results in no signif-
cant differences with the most stable MgOH(H2O)0–3 conformers
hat are shown in Figure 1, which determined the preference for the
DD ECP/valence basis set combinations to treat the metal atoms
eavier than Be.

The binding energies for the most stable conformers of
eOH(H2O)1–3 were computed at both the mPW1PW91 and the
CSD(T,Full) levels, and the results are listed in Table 1 along
ith the corresponding values for IEa/IEv (the �E’s values for
eOH+(H2O)1–3 are included in Table 1; see also Table S1 of the Sup-
orting Information for a list of the ZPE-corrected total energies of
he relevant species). An inspection suggests that both levels of the-

ry reproduce satisfactorily the relevant energetics, especially the
ystematic increase of �E  and the decrease of the IEa and IEv values
ith increasing size of the cluster. As noted below, such consider-

tions can be extended to the overall energetics of the LiOH(H2O)0–3
CCSD(T,Full) −122.7 – –

BeOH+(H2O)3
mPW1PW91 −144.3 – –
CCSD(T,Full) −150.5 – –

clusters and, altogether, the results account for the choice of the
mPW1PW91 method to treat all of the relevant systems.

It is apparent from Figure 1 that the behaviors of the magnesium,
calcium, and strontium monohydroxides, with respect to the ini-
tial steps of the hydration process are similar to that of the barium
monohydroxide [2]: The solvation by up to three water molecules
leads to most stable hydration structures, which are character-
ized by a concurrent, increasing coordination of both the M and
the OH moieties of the MOH  cores by the water molecules. This
is accompanied by increases in the number of H-bonding interac-
tions within such MOH(H2O)m clusters upon sequential addition of
water molecules. Such similarities might be explained considering
that bonding in the relevant, bare MOH  radicals is predominantly of
M+ OH− character, as revealed by the atom-charge distributions
that derive from natural population analysis (Figure 1), which in
turn determines that electrostatic interactions play a significant
role in binding the solvent molecules to both M+ and OH− moi-
eties. Inductive effects also contribute to bind these open-shell
clusters, as revealed by the general finding that the corresponding
unpaired electron density distributions do not effectively delocal-
ize over such small water clusters [see Figure S1 of the Supporting
Information for the results of additional calculations on the elec-
tron density distributions of the singly occupied molecular orbitals
(SOMO’s) for the MOH(H2O)0−3 clusters (M = Mg,  Ca, Sr, and Ba)].
Instead, these distributions remain chiefly polarized away from the
electron clouds on the oxygen atoms of both the water molecules
and the OH− moieties, which reinforces conclusions made in the
case of hydrated barium monohydroxides [2] that the OH− ions
exerts a major influence on the M+ counterions.

The nature of the most stable hydration structures for
BeOH(H2O)m clusters differs from that of the remaining alkaline-
earth monohydroxides. In the former, only the Be moieties of the
BeOH cores are increasingly hydrated upon sequential addition of
water molecules (Figure 1), which is arguably dictated by the siz-
able covalent character of the Be OH bond in bare BeOH [16–18].
The latter is revealed here by an effective charge on Be of +0.7
(Figure 1), which decreases to +0.6 upon complexation with the
first water molecule. At this stage, the lack of a strong polarization
in both Be and OH moieties as Be+(OH)−, conceivably prevents their
concurrent hydration, which appears supported by the absence of
H-bonding interactions within the BeOH(H2O)1 cluster. Instead,
the addition of the second and third water molecules increases
the charges on Be to +(1.0–1.1), as the unpaired electrons of the

BeOH(H2O)2,3 clusters significantly delocalize over the surround-
ing solvent molecules (Figure 2), which locate preferentially on the
opposite side of the Be atom from the OH moiety. Despite the Be
charge changes >40% in going from bare to tri-hydrated BeOH, the
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evel.  Derived binding energies (in kcal mol−1) are given under each structure. The
atural  population analysis are indicated in boldface and in brackets, respectively.

orresponding, relatively small changes in effective charge for the

H moiety, in Be OH bond distance, and in Be O H bond angle

of 15%, 6%, and 14%, respectively) show up that these most stable
eOH(H2O)1–3 conformations are effectively undissociated. Alike
he BeOH(H2O)1 cluster, H-bonding interactions are not developed
H2O)m (M ———— Be, Mg, Ca, Sr, Ba; m = 0–3) clusters, as calculated at the mPW1PW91
H bond lengths (in angstroms) and the atom-charge distributions, resulting from

within BeOH(H2O)2,3 probably because of the involvement of the

oxygen and hydrogen atoms of the water molecules in the coor-
dination of the Be moieties and delocalization of the unpaired
electron, respectively. Such findings indicate that the hydra-
tion process in BeOH(H2O)1–3 clusters is dominated by inductive
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.03 Å−3.

nteractions between the (undissociated) BeOH cores and the sol-
ating water molecules.

Despite the distinct hydration behavior in small water clusters
or BeOH, as compared to the remaining alkaline-earth mono-
ydroxides, it is found in all cases that the theoretical IE’s for
he MOH(H2O)m clusters generally decrease with m (see Figure 3
nd Table S2 of the Supporting Information). The latter is con-
istent with the findings of a previous photoionization study on
aOH(H2O)1–3 clusters [2], and supports the rationalization that
he ionization process in the relevant MOH(H2O)m systems corre-
ponds essentially to removal of their unpaired electrons located
rimarily on the M moieties of the MOH  cores. This is expected to be

rue for alkaline-earth monohydroxides heavier than BeOH owing
o the ionic character of their M OH bonds. To a lesser extent, the
atter seems still valid in the case of neutral BeOH(H2O)0,1 clusters:

0 1 2 3
6

7

8

9

IE
a

 (
eV

)
IE
a

 (
eV

)

m

Li

Na

K

Rb

Cs

0 1 2 3
3

4

5

6

7

8

9

m

Be

Mg

Ca

Sr

Ba

igure 3. Theoretical IE’s for the lowest-lying energy conformers of neutral MOH(H2O)m
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ormers of neutral BeOH(H2O)0–3 clusters. The iso-density surfaces correspond to

Be charges of 0.71 and 0.60 electrons are found for m = 0 and 1,
respectively, as compared to 1.64 and 1.39 for the corresponding
ionic species (cf. Figure 1 and Figure S2 of the Supporting Infor-
mation), which shows that most of the electron is lost from the
electron density distribution on Be, along with a minor contribu-
tion from the OH group as well as from the water molecule. The
situation is different for BeOH(H2O)2,3 (cf. the effective charges on
the Be and the OH moieties of the both neutral and ionic clusters), as
the unpaired electron density distribution is mostly delocalized in a
large vacant space around the water molecules. Because of the role
that the water molecules play in coordinating the Be moieties while
solvating the unpaired electrons of the neutral clusters for m = 2 and

3, the hydration of the latter is not expected to be as effective as
for the corresponding ions, thereby leading to a decrease in the
ionization energies of BeOH(H2O)2,3 with increasing cluster size.
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Figure 4 shows the structures for the lowest-lying energy con-
ormers of the various hydrated alkali monohydroxides in the

eutral state, as obtained in the case of Li-containing species using
he AUG-cc-pVTZ basis sets for all of the atoms, and in the case
f Na-, K-, Rb-, and Cs-containing species using the 6-311++G(d,p)
asis sets for the O and H atoms along with the SDD ECP’s for metal
(H2O)m (M ———— Li, Na, K, Rb, Cs; m = 0–3) clusters, as calculated at the mPW1PW91
er each structure. The M OH bond lengths (in angstroms) and the atom-charge

boldface and in brackets, respectively.

atoms. The use of distinct basis sets for LiOH(H2O)m clusters is based
on the agreement between the present mPW1PW91/AUG-cc-pVTZ

results and previous predictions of the geometry and quasilinearity
for ground-state LiOH+, resulting from CCSD(T) calculations com-
bined with large basis sets [20]. Here the bare, ground-state LiOH+

radical is found at the mPW1PW91/AUG-cc-pVTZ level to have a
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ent equilibrium geometry (bond angle of 148.5◦) with a ZPE of
76 meV, which is higher than the barrier to linearity, of 6 meV  [the
nergy barrier is 5 meV  at the CCSD(T,Full) level]. The use of either
he SDD ECP/valence basis set or the 6-311++G(d,p) basis set on Li
eads to the same types of most stable LiOH(H2O)0–3 conformers as
hose of Figure 4, but instead results in equilibrium geometries for
iOH+ that are linear and bent, respectively, the latter featuring a
ond angle of 173.5◦ (see Supporting Information), which deviates
rom those in the range of 145–150◦ resulting from the previous
igher-level theoretical study [20].

The size dependence of the theoretical IE’s for the MOH(H2O)1–3
M = Li, Na, K, Rb, Cs) clusters shows up that the energetics of
he corresponding hydration processes are dominated by elec-
rostatic interactions between MOH/MOH+ species and water

olecules. In agreement with the MP2  calculations by Kim and
o-workers [4–7], it is found here at the mPW1PW91 level that
he vertical IE’s for the most stable cluster isomers increase
ith the number of water molecules (see Figure 3 and Table

2 of the Supporting Information). The results are consistent
ith a previous rationalization [2] that the ionization process

n these closed-shell clusters corresponds to removal of one of
he electrons located chiefly on the OH− moieties of the MOH
ores, i.e., [M+OH− (H2O)m] + IE → [M+OH(H2O)m]+ + e−. Because of
harge–charge interactions between the M+ and OH− (H2O)m cores
n the neutral clusters, which are absent in their ionic states, the lat-
er are less stabilized than the former with increasing cluster size,
hereby resulting in an increase in IEv’s with m.

The above rationalization seems valid in the case of the corre-
ponding adiabatic IE’s, which are generally found here to increase
ith m, except for hydrated LiOH species (Figure 3). The atom-

harge distributions on the lowest-lying MOHx(H2O)m conformers
f the two lightest alkali monohydroxides, LiOH and NaOH (cf.
igure 4 and Figure S3 of the Supporting Information), support the
dea of electron removal from OH−. Notwithstanding, the rational-
zation of the opposite IEa vs. m behavior for hydrated LiOH likely
equires the consideration of a different, more delicate balance
etween the electrostatic contributions to its hydration. The rel-
tively high charge-to-radius ratio of the Li+ cation, as compared to
he remaining alkali ions, is expected to result in relatively strong
harge–dipole interactions with the surrounding water molecules,
nd for neutral clusters, also in stronger charge–charge interactions
etween their Li+ and OH− moieties. The former effect apparently

eads to a stronger stabilization of the ionic cluster states than that
or the neutral states, which results in larger binding energies for
ydration of LiOH+ than that for LiOH (Table S3 of the Supporting

nformation), and in a decrease of the IEa’s for LiOH(H2O)m with
ncreasing cluster size. This is conceivable considering the struc-
ures of the LiOH+(H2O)1–3 clusters (Figure S3 of the Supporting
nformation), where the direct coordination of water molecules to
i+ is expected to maximize the relevant charge–dipole interac-
ions, as compared to the LiOH(H2O)1–3 clusters (Figure 4) where
oncurrent coordination of their Li+ and OH− moieties by water
olecules results in a reduced strength of charge–dipole interac-

ions, as well as in inefficient charge–charge interactions.

. Conclusions

The theoretical investigation by the DFT/mPW1PW91 method
f the lowest-lying energy conformers for the smallest hydrated
lkaline-earth monohydroxides consistently reveals that both elec-
rostatic and inductive interactions between their MOH  cores and
he water molecules are major contributions to the initial steps of

he corresponding hydration processes. Electrostatic interactions
re important because of the significant M+(OH−) ionic charac-
er of the relevant MOH  radicals in all of the clusters except
eOH(H2O)0–3, whereas inductive effects play a role in avoiding

[
[

[
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for the corresponding unpaired electron density distributions to
effectively delocalize over the entire clusters. The latter is particu-
larly true for BeOH(H2O)0–3 clusters, where the sizable covalent
character of the Be OH bond results in a polarization of sol-
vent molecules on the opposite side of the Be atom from the
OH− moiety in order to delocalize the unpaired electron density
distribution. The computed binding energies for MOH  hydration,
adiabatic and vertical IE’s, and atom-charge and valence-electron
distributions for the most stable MOH(H2O)0–3 isomers (M = Be,
Mg,  Ca, Sr, Ba) are all compatible with this picture. Similar results
have been obtained for the lowest-lying energy conformers of
the MOH0/+(H2O)0–3 clusters (M = Li, Na, K, Rb, Cs), and the pre-
dictions reinforces suggestions made previously that electrostatic
contributions dominate the interactions between the alkali mono-
hydroxides and the surrounding water molecules within such small
cluster sizes. Additional, more accurate computations at the post-
Hartree-Fock/CCSD(T,Full) level of �E  and IEa/IEv for MOH(H2O)1–3
(M = Li, Be) clusters, are consistent with predictions made using the
DFT/mPW1PW91 approach.

The present results show up the significant role that the
unpaired electrons on the alkaline-earth monohydroxides play
in the initial steps of their hydration processes, as compared to
the case for closed-shell alkali monohydroxides, which ultimately
account for the opposite trends that are generally found in the
cluster size dependence of the theoretical IEv/IEa for both series
of systems. The latter predictions will hopefully stimulate future
experiments through the laser photoionization technique, to study
the stepwise hydration behavior of all of the relevant species.
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