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Abstract An infinitely diluted aqueous solution of Rb?

was studied using ab initio-based model potentials in

classical Monte Carlo simulations to describe its structural

and thermodynamic features. An existing flexible and

polarizable model [Saint-Martin et al. in J Chem Phys

113(24) 10899, 2000] was used for water–water inter-

actions, and the parameters of the Rb?–water potential

were fitted to reproduce the polarizability of the cation and

a sample of ab initio pair interaction energies. It was

necessary to calibrate the basis set to be employed as a

reference, which resulted in a new determination of the

complete basis set (CBS) limit energy of the optimal Rb?–

OH2 configuration. Good agreement was found for the

values produced by the model with ab initio calculations of

three- and four-body nonadditive contributions to the

energy, as well as with ab initio and experimental data for

the energies, the enthalpies and the geometric parameters

of Rb?(H2O)n clusters, with n = 1, 2,…, 8. Thus vali-

dated, the potential was used for simulations of the aqueous

solution with three versions of the MCDHO water model;

this allowed to assess the relative importance of including

flexibility and polarizability in the molecular model. In

agreement with experimental data, the Rb?–O radial dis-

tribution function (RDF) showed three maxima, and hence

three hydration shells. The average coordination number

was found to be 6.9, with a broad distribution from 4 to 12.

The dipole moment of the water molecules in the first

hydration shell was tilted to 55� with respect to the ion’s

electric field and had a lower value than the average in bulk

water; this latter value was recovered at the second shell.

The use of the nonpolarizable version of the MCDHO

water model resulted in an enhanced alignment to the ion’s

electric field, not only in the first, but also in the second

hydration shell. The hydration enthalpy was determined

from the numerical simulation, taking into account cor-

rections to the interfacial potential and to the spurious

effects due to the periodicity imposed by the Ewald sums;

the resulting value lied within the range of the various

different experimental data. An analysis of the interaction

energies between the ion and the water molecules in the

different hydration shells and the bulk showed the same

partition of the hydration enthalpy as for K?. The reason

for this similarity is that at distances longer than 3 Å, the

ion–water interaction is dominated by the charge-

(enhanced) dipole term. Thus, it was concluded that start-

ing at K?, the hydration properties of the heavier alkali

metal cations should be very similar.
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1 Introduction

Although most of rubidium’s chemistry is the same as that

of the lighter alkali metals [1], its behavior in solution

shows some peculiarities [2–11] that are ascribed to its low

charge-to-radius ratio, with consequent more important

water–water versus ion–water interactions [12], leading to

favorable ion pairing [13–15]. As the hydration of Rb?

involves both hydrophilic and hydrophobic effects [16], it is

intrinsically interesting to attain a reliable molecular image

of hydrated Rb?. Because the experimental determination

of single ion hydration properties implies the extrapolation

to a hypothetical standard state of infinite dilution of data

obtained from solutions of various different concentrations

of salts [17], a complementary self-consistent theoretical

approach is required to discriminate one type of effect from

the other. In the case of Rb?, the previously mentioned ion

pairing hinders the experimental resolution of the hydration

properties of individual atoms by 87Rb-NMR [14, 18]. Even

the neutron diffraction and X-ray techniques that have been

used to study the hydration of Rb? [19–34] are limited

because it reacts by strong fluorescence to irradiation by

beams of the most frequently used wavelengths [35].

No major biological role is known for Rb?, but the

selectivity of some ion channels to Rb? is similar to K?

[36–38]. Selectivity for larger alkali cations is also found in

compact smectite clays [39, 40]. Of course, one of the major

interests in ion selectivity is to understand the molecular

basis of the exquisite selectivity that biological channels

present. Several models have been advanced: the snug-fit

mechanism [41, 42], the action of the carbonyl’s field [43],

and particular thermodynamics arising from the coordina-

tion properties of the ions [44–49]. These models have been

recently tested by comparison to experiment and molecular

dynamics calculation of channels in membranes [50, 51]

and found that those related to singular behavior due to the

coordination properties of the ions are the more viable.

Furthermore, selectivity is a result of a fine balance, and

therefore accurate description of the coordination proper-

ties, including effects such as polarization, is required. As a

matter of fact, a comparison of the different descriptions

obtained for ion channel simulations with two common

force fields, CHARMM [52] and GROMOS96 [53], shows

that their differences, E(CHARMM)–E(GROMOS96), are

of the same size as the difference in energy that accounts

for selectivity [51]. It is therefore necessary to develop

potentials that yield an accurate description of the ion’s

hydration.

The theoretical approach by means of classical numerical

simulations with empirical models strongly depends on the

available experimental data [54–63]. These problems may be

overcome by the alternative of using an approximate method

to compute the quantum potential ‘‘on-the-fly’’ during the

simulation. In this approach, a fictitious mass is assigned to

the electronic wave function, which is described with a

density functional and expanded in plane waves [64].

Because the electrons of all the molecules in the system are

included in the quantum calculation, the computational cost

limits its size to less than 100 water molecules, and the length

of the simulation to less than 60 ps. This strategy has been

used in simulations of aqueous solutions of the lighter alkali

metals [65–68] (see Ref. [69] for a recent review), but not yet

for Rb?. Besides the limitations in system size and simula-

tion length, this approach has been criticized [70] for the

dependency of the results on the choice of density functional

for the approximate quantum calculations, which may lead to

significant disagreement with experimental results [67, 71].

A different strategy is to treat only a region of the sys-

tem quantum mechanically and the rest classically [72].

The hybrid quantum mechanical/molecular mechanical

(QM/MM) method allows for the inclusion of much more

water molecules and for the use of more refined ab initio

methods than density functional theory (DFT) [70]. The

length of the simulation is still limited to less than 60 ps,

and the crucial choices include the size of the region to be

treated quantum-mechanically, the classical force field to

treat the rest of the system, and the coupling between the

two descriptions. This strategy has been used in simula-

tions of aqueous solutions of Na? and K? [73], Cs? [71]

and of Rb? [74], where the ab initio calculations of the

ion–water interactions were performed at the double-zeta

Hartree-Fock (HF) level, with effective-core potentials

(ECP) for the ions. A more refined description of the

quantum–classical coupling has been recently reported and

christened as quantum mechanical charge field (QMCF)

molecular dynamics [75]. It was employed in further sim-

ulations of Na? and K? in aqueous solution [76], resulting

in small differences with regard to the previous QM/MM

simulations [73], and in disagreement with DFT-based

molecular dynamics [66, 69]. This discrepancy has been

ascribed [69] to the lack of correlation energy in the

ab initio calculations of Ref. [73].

A substantial increase in the length of the simulation can

be obtained if the quantum treatment is reduced to include

only the ion and its first hydration shell, thus defining a

hydrated ion complex [77–79], and the coupling to the

classical simulation is done through an analytical potential

of the hydrated ion with the water molecules [80]. This

strategy allows an even higher level of ab initio calcula-

tions for the region of interest, but does not permit the

exchange of water molecules from the first hydration shell.

Therefore, it can only be applied when the residence time

of a water molecule in the first hydration shell is substan-

tially long, as is the case for some highly charged cations.

Yet another strategy to include the ‘‘correct’’ quantum

interactions in the classical simulation is the design of
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ab initio-based analytical model potentials, whose

parameters are fitted to reproduce high quality ab initio

calculations. The early attempts [81, 82] accounted only

for pair interactions, but the more modern potentials

include many-body nonadditive contributions [83–85].

The main shortcomings in this case include the accuracy

with which the analytical potential can reproduce the

ab initio data used to fit its parameters and its contingent

inability to reproduce some quantum effects that might

happen in condensed phases. The approach with ab initio-

based models has also been used to study aqeuous solu-

tions of Na? and K? [86, 87], resulting in agreement with

the QM/MM simulations of Refs. [73, 76], and of Li?

[88], yielding agreement with the DFT-based molecular

dynamics of Refs. [65, 68].

The parameters of polarizable models have also been

fitted to reproduce simultaneously the experimental

enthalpies of gas-phase monohydrates and the hydration

free energies in the bulk liquid [89]. Besides the spread of

experimental data for the hydration free energies [17, 90–

94], this approach has the problem of finding the appro-

priate theoretical calculation of free energies [95–101].

The aim of this work is thus to generate a theoretical

model for Rb?–water interactions that can be used in

classical numerical simulations, and can provide a reliable

molecular picture of the relevant effects in Rb? hydration.

In line with previous studies of lighter alkali metals [87,

88], the parameters of the analytical potential are fitted

solely to reproduce single atom properties and high-quality

ab initio calculations of small clusters.

2 Methods

2.1 Analytical model potentials

As in previous studies [87, 88] of Li?, Na? and K?, the

MCDHO [83] analytical potential was used for the water–

water interactions.

The water molecule is modeled with an effective posi-

tive charge Zi on each nucleus i (ZO = ?2.66e, ZH =

?0.62e), and a negative charge density with a radial

exponential decay, qM(r) = (qM/pkM
3 ) exp(-2r/kM) refer-

red to as a shell (M), with its center attached to the oxygen

atom with a harmonic spring kM. The molecule is neutral,

thus $qM(r)ds = qM = -3.90e. In addition to the electro-

static terms, the analytical intramolecular potential com-

prises Morse potentials for the O–H bonds,

Ub ¼ DOH exp �2cOH rOH � req
OH

� �� ��

� exp �cOH rOH � req
OH

� �� ��
;

and a quartic polynomial for the HOH bond angle,

Uh ¼ aHOH hHOH � heq
HOH

� �
þ bHOH hHOH � heq

HOH

� �2

þcHOH hHOH � heq
HOH

� �3þdHOH hHOH � heq
HOH

� �4
;

thus producing an intramolecular energy US.

For the intermolecular energy, the shells interact with

the cores in other molecules with a different decay length

kM

0
, and with the other shells as point charges. Additional

Lennard-Jones terms are added to the interaction between

cores and shells in different molecules,

Uij ¼
Aij

rij

� 	12

� Bij

rij

� 	6

;

where rij = ||ri - rj|| is the distance between the corre-

sponding sites. The sum of all interactions yields the

energy UN of a cluster with N molecules; subtraction of the

intramolecular energies of the isolated molecules, US
0,

yields the interaction energy DUN = UN - N 9 US
0.

A more general description of the MCDHO-type model has

been presented elsewhere [87, 102].

The same functional form had been used for the lighter

alkali metals [87, 88]. In this case, the relatively weaker

Rb?–water interaction allowed some simplification: a point

charge qRb = -2.0e could be used instead of a shell, whence

the core charge was ZRb = ?3.0e. The experimental [17]

polarizability aRb = 1.62524 Å3 thus determined the har-

monic spring force constant k = 0.364709 Hartree a0
-2

(1 Hartree = 627.51 kcal mol-1, a0 = 0.52917726 Å):

the dipole induced by a weak electric field E is obtained from

the displacement Dr = qE/k of the charge, whence Dl = q2

E/k = aE.

Instead of the common 12-6 Lennard-Jones terms that

were used for the smaller alkali metals, a sum of two

exponentials

URb;i ¼ CRb;i exp � rRb;i

sRb;i

� 	
þ C0Rb;i exp � rRb;i

s0Rb;i

 !

;

acting between the cores was found to produce a better fit

to the ab initio pair interactions. A single exponential could

have been used, but it yielded a slightly reduced quality of

the fit; however, since the use of one or two exponential

terms has an identical cost in the potential since it is

tabulated, the two-term expression was used. The final

parameters of the Rb?–water intermolecular potential are

shown in Table 1. They were fitted to reproduce ab initio

calculations of interaction energies performed in this work

with the strategy described in the next subsections.

2.2 Quantum calculations

The models, the parameters of which have been fitted to

reproduce ab initio data are at most as accurate as the

underlying quantum calculations. Thus, a level of the
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theory, as reliable as possible, has to be chosen, which can

be extrapolated to condensed phases by means of numeri-

cal simulations, through the analytical model potential. The

first task is to find the adequate level of theory to compute

the sample points in the ab initio potential energy surfaces.

The Rb?–(H2O) interaction has been studied extensively

with the ab initio method, using various different levels of

the theory.

Glendening and Feller [103, 104] employed Dunning’s

[105] family of aug-cc-pVxZ (x = D, T, Q) basis functions

for H and O, and the Hay and Wadt [106] relativistic ECP

for the 1s through 3d electrons of Rb?. The associated

basis set for the valence electrons [107, 108] was aug-

mented with additional diffuse and polarization functions

to allow for a larger polarizability of the cation, resulting in

aRb = 1.131 Å3. Their estimate of the complete basis set

limit (CBS) yielded a dimerization enthalpy of DH =

-14.7 kcal mol-1, which is 1.2 kcal mol-1 short of the

experimental data [109], DH = -15.9 kcal mol-1.

Park et al. [110] also used the aug-cc-pVxZ family (that

will be abbreviated as aVxZ henceforth) for H and O, but

only with x = D, T. For Rb? they employed the Stuttgart

relativistic small-core effective-core potential RSC97 ECP

[111] and added a diffuse d function to the associated basis

[107, 108] for the valence electrons, resulting in a better

estimate of the polarizability, aRb = 1.267 Å3, and in

enthalpies and free energies for Rb?(H2O)n clusters, in

good agreement with experiment [109] for n = 1, 2,…, 5.

Thus, in this work it was decided to use the same ECP and

basis set for Rb?, with the aVQZ basis for H and O.

The Rb?–(H2O) dimer was optimized using the

GAUSSIAN 03 code [112], which was employed in this

work for all quantum calculations. The second-order many-

body perturbation theory (MP2) [113] was used to account

for the correlation energy. At first, no correction was made

for the basis set superposition error (BSSE). The resulting

interaction energies DEe and r(Rb–O) distances are plotted

in Fig. 1 as a function of the basis set size and compared to

those obtained in Refs. [104, 110] (open symbols are used

for uncorrected values). The progression x = D, T, Q in

the aVxZ basis allows for estimates of the CBS limit,

following the procedure described in Ref. [104], for various

quantities: r(Rb–O) = 2.763 Å, DEe = -20.8 kcal mol-1,

and DH298 = -20.2 kcal mol-1 (computed as in Ref.

[110]). This latter value is exaggerated by 4.1 kcal mol-1

relative to the experiment. Such exaggeration can be

ascribed to the BSSE, and thus the full counterpoise cor-

rection (FCP) [114] was applied. It resulted in a CBS limit

for the interaction energy in agreement with that calcu-

lated without CP correction in Ref. [104] (DEe =

-15.2 kcal mol-1) (black symbols are used for FCP

energies in Fig. 1), and in a theoretical DH298 =

-14.4 kcal mol-1. It is thus unclear what value to use as

the reference for the analytical model potential. The reli-

ability of the ab initio method can be assessed by com-

paring the calculated enthalpy to the experimental data.

However, as previously mentioned, the enthalpies com-

puted by Park et al. [110] at the uncorrected MP2/aVTZ

level were in good agreement with that of the experiment.

It is clear from Fig. 1 that this agreement was fortuitous.

The average of the MP2/aVQZ and the MP2/aVQZ(FCP)

enthalpies found in this work also yielded good agree-

ment with the experimental value: DHHCP
298 = (-17.0 -

14.4)/2 = -15.7 kcal mol-1. Therefore, the parameters of

the ion–water potential were fitted to MP2/aVQZ(HCP)

energies (HCP stands for half-counterpoise), which resul-

ted in agreement of the hydration enthalpy with the

experiment, as will be discussed in Sect. 3.2.6. It is to be

noted that in a recent study of the water–water pair-inter-

action energies [115], a weighted average DE(w) =

DE ? w (DE(FCP) - DE) between the uncorrected DE

and the DE(FCP) values was made to reproduce the

Table 1 Parameters of the exponential terms for the Rb, O and Rb, H

interactions

C s C0 s0

Rb, O 599.609179 0.722630 -534.793796 0.7331174

Rb, H 1,671.373669 0.636208 -1,716.334083 0.633584

All quantities in atomic units: C and C0 in Hartree, and s and s0 in a0
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benchmark of the dimerization energy and a value of

w = 0.52 was found.

Nonetheless, it can be seen in Fig. 1 that for the series of

RSC97 aVxZ energies the FCP values diverge from the

uncorrected ones, so that the agreement might also be

fortuitous. To better assess the reliability of the MP2/

aVQZ(HCP) interaction energies, further calculations were

performed with a more recent version of the Stuttgart ECP

[116] and with the set of xZVP(P) basis sets for Rb? that

were designed to be consistent with the aVxZ for H and O

[117] (these sets are labelled as Def2 in [107, 108], and can

be downloaded from http://bse.pnl.gov/bse/portal or from

http://www.theochem.uni-stuttgart.de/pseudopotentials/

clickpse.en.html under the name ECP28MDF). The results

of these calculations are represented by diamonds in Fig. 1.

It can be seen that at the MP2/aVQZ level, the optimal

distance r(Rb–O) = 2.763 Å is the same as that of MP2/

QZVP and MP2/QZVPP calculations. The BSSE of the

corresponding interaction energies is consistently reduced,

and the MP2/aVQZ(HCP) value, DEe = -16.3 kcal

mol-1, is close to the MP2/QZVPP result, DEe =

-16.1 kcal mol-1. An additional test of the validity of the

MP2/aVQZ(HCP) approximation is discussed in the next

section.

2.3 The fitting procedure

Quantum calculations at the MP2/aVQZ(HCP) level were

performed with the GAUSSIAN 03 code [112] to generate

a sample of 1971 Rb?–H2O pair interactions, which served

to fit the parameters shown in Table 1. No further adjust-

ment was made on the charges and spring constant of the

Rb? cation.

The model was then compared to the sample of 1971 pair

interaction energies, and to another set of 171 three-body and

62 four-body nonadditive contributions that were computed

at the RHF/aVQZ(HCP) level for various Rb?(H2O)2 and

Rb?(H2O)3 clusters, chosen at first from the optimal

Rb?(H2O)n clusters, with n = 2, 3,…, 8 (vide infra), and

then from configurations found in preliminary simulations.

The second-order many-body perturbation theory (MP2)

[113] was used to account for the correlation energy solely

for the pair interactions, because it is almost entirely additive

[87, 118]. This first test of the ability of the model to repro-

duce the ab initio calculations can be seen from the quality of

the adjustment to the ab initio values. The corresponding

standard errors are: erms = 0.51 kcal mol-1 for the pair

interactions, erms = 0.19 kcal mol-1 for the three-body

nonadditive contributions, and erms = 0.02 kcal mol-1 for

the four-body nonadditive contributions. It is worth to

emphasize that only the total charge and the experimental

polarizability of Rb?, and the MP2/aVQZ(HCP) pair inter-

actions were used in the parametrization.

As mentioned in the previous section, a further com-

parison to MP2/QZVPP calculations is needed to ensure

the exactness of the ab initio energies. This is done in

Fig. 2, where the pair energies are plotted as a function of

the r(Rb–O) distance, along the line of the optimal dimer. It

is apparent that after 4 Å the difference between the model

and either set of ab inito calculations is virtually null,

which also corroborates the reliability of the MP2/

aVQZ(HCP) energies. The larger positive differences of

the model occur at distances shorter than 2.5 Å, and the

negative ones occur around the minimum. This might

produce a somewhat exaggerated height of the first peak in

the radial distribution function (RDF) of the ion in aqueous

solution.

The close agreement of the model with the ab initio

energies beyond 4 Å was analyzed in Ref. [87], where it

was shown that at a distance of approximately 3 Å, the

ion–water interaction is almost completely that of a point

charge with a dipole. A similar result had been reported in

Ref. [119].

3 Results

3.1 Small clusters

To test the reliability of the models and their parametriza-

tion, their predictions of the interaction energy for various
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Fig. 2 Comparison of the pair interaction energies as a function of

the r(Rb–O) distance, along the line of the optimal dimer. Top
DDEe = DEe (MCDHO) - DEe (ab initio). Bottom pair interaction

energies
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different Rb?(H2O)n clusters were compared to ab initio

calculations of stationary points with n = 1, 2,…, 8 in

Table 2. The geometries are represented in terms of the

number of water molecules in the first and second hydration

shells, n1 and n2, respectively, and they correspond to Fig. 1

of Ref. [110]. The ab initio results presented in this work

and those of the classical models were compared to the best

ab initio values of Ref. [110]. The configurations were

optimized with the corresponding version of the MCDHO

model in each case, whereas it was only possible to make

full MP2/aVQZ optimizations for clusters with up to n = 6

water molecules; for n = 7 the MP2/aVDZ(HCP) level was

used, and for n = 8 a single point MP2/aVDZ calculation

was performed with the configuration optimized with the

MCDHO flexible model (MCDHOff). The difference

between the (flexible) MCDHO and the MP2/aVQZ values

is less than 1.4 kcal mol-1 for n = 1–6; the larger dis-

crepancies for n = 7, 8 correspond to MP2/aVDZ calcu-

lations and amount to about 3%. Moreover, the model was

able to produce the same configurations as the ab initio

stable local minima, albeit with somewhat different geo-

metric parameters (distances and angles). The comparison

was extended to calculations with the largest basis in this

work, QZVPP ? aVQZ, made for n = 1–4, for which the

agreement with the flexible MCDHOff results is slightly

improved. The effects of flexibility and polarizability can be

judged from the results produced by the restricted versions

of the model, a polarizable one that uses the average

geometry of the water molecule in the liquid (rigid

MCDHO = MCDHOr), and a nonpolarizable one with the

same geometry and the mobile charge fixed at its average

position in the liquid (nonpolarizable MCDHO = MCD)

[102]. The total interaction energies are less negative, ca.

1 kcal mol-1 for MCDHOr and ca. 2 kcal mol-1 for MCD.

A further validation of the models can be made by

comparing their predictions of the enthalpies DHhyd
298 of

successively larger clusters at T = 298 K, to the theoretical

[110] and experimental [109] data reported in literature.

This was done by performing Monte Carlo simulations of

the clusters and using the ideal-gas formula [120–122]

DH ¼ DU þ PDV ¼ DU � nRT

where P = 1 atm is the pressure, n is the number of water

molecules in the cluster, R is the gas constant, and

T = 298.15 K the temperature. A correction of 3
2

RT per

molecule was added to correct for the classical sampling of

the intramolecular degrees of freedom in MCDHOff. The

results are presented in Table 3. The difference between

the MCDHOff and the experimental values is less than 1

kcal mol-1 for n = 1–4 and increases to 1.7 kcal mol-1

(2.7%) for n = 5. The discrepancies of the MCDHOr and

MCD results are slightly higher, mainly due to the

Table 2 Comparison of the total interaction energies (in kcal mol-1) for stationary Rb?–(H2O)n clusters

n Geometry aVTZ

(aVDZ)

aVQZ(HCP)

(aVDZ(HCP))

QZVPP MCDHOff MCDHOr MCD SWM4-

DP

1 1?0 (C2v) -16.8 -16.3 -16.1 -16.2 -16.1 -15.5 -15.9

2 1?1 (Cs) -29.8 -29.0 -29.2 -29.4 -29.0 -27.2 -27.8

2?0 (C2) (-29.9) -31.0 -30.6 -30.6 -30.2 -28.7 -30.2

2?0 (Cs) -31.9 -30.6 -30.6 -30.2

2?0 (D2d) (-29.6) -30.1 -30.3 -30.4a -29.6a -29.7a

3 2?1 (C2v) -47.4 -45.9 -45.8 -45.3 -44.7 -42.6 -44.1

3?0 (C3) -47.4 -45.8 -45.7 -43.2 -42.5 -39.2

3?0 (D3) -45.6 -44.2 -43.4 -43.3 -42.6 -41.5 -43.2

4 3?1 (C1) -60.2 -56.6 -57.2 -56.3 -54.7 -56.4

4?0 (C4) -62.9 -59.1 -61.4 -58.0 -57.3 -55.2

4?0 (S4) (-53.8) -53.9 -54.6 -53.4 -50.9 -54.8

5 4?1h (C1) (-73.8) -72.6 -71.3 -70.4 -68.0

5?0 (C2) (-71.9) -71.0 -69.7 -68.7 -67.2

6 4?2h (C2) (-87.2) -85.2 -83.9 -82.7 -80.6 -80.4

5?1h (C1) (-85.1) -83.6 -82.3 -81.0 -78.9

7 5?2h (C1) (-97.5) (-92.1) -94.1 -92.5 -89.7

4?3h (C1) (-94.4) -96.7 -95.7 -93.2

8 8?0 (C4) (-110.7) (-103.7b) -105.6 -103.9 -101.5

All quantum calculations include the correlation energy at the MP2 level. aVDZ and aVTZ from Ref. [110]. SWM4-DP from Ref. [89]
a Oxygen positions fixed
b Single-point calculation on the MCDHO optimized geometry
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restraints imposed on the molecular geometry of both

versions and on the dipole moment of MCD.

For a more refined analysis, the enthalpies of the

detachment reactions

RbþðH2OÞn ! RbþðH2OÞn�1 þ H2O

are plotted in Fig. 3. For n = 1 and 2, the models’ values

were somewhat higher than the experimental data, but after

n = 3 the situation was reversed. The largest deviation

from the experiment occurs for MCD.

The relatively weak Rb?–water interactions lead to

structures where the stability is mostly due to the formation

of hydrogen bonds among water molecules (Fig. 4). This

behavior is reproduced by the three versions of the model.

The previous comparison led to the conclusion that the

three versions of the MCDHO model were suitable for

numerical simulations of the aqueous solution under

ambient conditions.

3.2 Aqueous solution

3.2.1 Numerical simulations

The insertion of Rb? in an equilibrated system of liquid

water required the removal of five water molecules (the

partial molar volume is positive and large [17],

V?(Rb?, aq) = 8.6 cm3 mol-1) and a subsequent relaxation

of its size to avoid spurious effects from short-range repul-

sion. Thus, a first set of Monte Carlo simulations with the

Metropolis algorithm [123, 124] was performed on the iso-

thermal–isobaric NPT ensemble at T = 298.15 K and P = 1

atm, for a system of 995 water molecules and one Rb? ion in

a cubic cell. The intramolecular vibrations were sampled

classically for MCDHOff; single update of the polarization

was used. A spherical cutoff radius of Rc = 15.35 Å was

used for the intermolecular interactions, as well as periodic

boundary conditions with Ewald sums [125], to account for

long-range electrostatics. The resulting average box length,

hLi = 30.85 Å (with a density hqi = 1,014 kg m-3), was

then used in three simulations of the same system on the

canonical NVT ensemble, one with each of the three versions

of the MCDHO model. In all cases, the rubidium ion was

considered polarizable.

3.2.2 Structure

Because the Rb?–water interaction is relatively weak, the

water molecules in its surroundings can assume a wide

range of hydration distances [15, 19, 33]; however, a well-

defined hydration shell has been found even at high tem-

peratures [22, 24] and pressures [29]. The partial radial

Table 3 Comparison to experimental data [109] (HPMS: high-pres-

sure mass spectrometry) and to theoretical ab initio estimates (aVTZ

from Ref. [110]) of the cumulative enthalpies (in kcal mol-1) pro-

duced by the model in gas-phase simulations for Rb?–(H2O)n clusters

at T = 298.15 K, as described in the text

n HPMS aVTZ MCDHOff MCDHOr MCD

1 -15.9 -16.2 -16.0 -15.8 -15.1

2 -29.5 -29.9 -29.8 -29.4 -28.6

3 -41.7 -42.1 -41.7 -41.0 -39.5

4 -52.9 -53.4 -52.2 -50.9 -48.8

5 -63.4 -61.7 -60.4 -57.8

1 2 3 4 5

# of water molecules (n)

8

10

12

14

16

ΔH
29

8 (n
n-

1)
 / 

kc
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ol
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aVTZ
MCDHO
MCDHOr
MCD

Fig. 3 Enthalpies of the detachment reactions Rb?(H2O)n ?
Rb?(H2O)n-1 ? H2O, n = 1, 2,…, 5, in kcal mol-1. HPMS high-

pressure mass spectrometry [109]. aVTZ from Ref. [110]

Fig. 4 Superposition of the optimal Rb?(H2O)8 cluster found with

the model on the ab initio optimum. The eight water molecules

surrounding the Rb? ion arrange as two separate water tetramers
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distribution functions (rdf’s) gRbO(r) and gRbH(r) have been

deduced from neutron and X-ray diffraction structure fac-

tors [33, 34], through a combined molecular dynamics

(MD) and reverse Monte Carlo (RMC) approach [62, 63],

with a rigid, nonpolarizable model potential. The reverse

Monte Carlo technique involves refining a starting inter-

atomic potential energy function in a way that produces the

best possible agreement between the simulated and mea-

sured site-site partial structure factors [126]. But to be

successful, the rdf’s must uniquely determine the higher

order correlation functions. This, in turn, can only occur in

a pairwise additive system [126, 127].

The rdf’s resulting from the simulations in this work are

shown in Fig. 5, and compared to the data derived from

those experiments. While the agreement is very good for

the first peak of gRbO(r), the models fail to reproduce the

depth of the first minimum. For the three models the first

maximum is located at 2.9 Å, in agreement with the

experimental data [19, 24, 26, 28–30, 32], which range

from 2.83 to 3.05 Å and depend on the concentration. The

figure from previous classical simulations [54, 55, 61–63,

119] ranges from 2.9 to 3.15 Å, and from QM/MM [74] is

2.95 Å. In agreement with the experimental data, the

models predict two more maxima for gRbO(r), but shifted to

about 0.2 Å for shorter distances and narrower by the same

amount. Though the correctness of the rdfs deduced from

experimental data is debatable, these discrepancies cast

some doubt on the correctness of the theoretical results

found in this work about the second and third hydration

shells. A simulation of the RbBr solution would be needed

to validate the models by direct comparison to the mea-

sured structure factors; but this goes beyond the aims of the

present work.

On the other hand, the agreement with experiment is

better for the simulated gRbH(r), with exception made of the

height of the first maximum. A possible explanation of this

behavior is that classical simulations with ab initio-based

models do not take into account the quantum delocalization

of the proton, which affects both the interactions and the

structure of aqueous solutions [128–130]. The size of the

effects is proportional to the reduced mass m between

the proton and the atom with which it interacts [131–133],

thus larger for the Rb?–H interaction than for the O–H. Of

course, to fully test the possible effect on gRbH(r), a path-

integral method would be required, but a coarse approxi-

mation suffices to show the general trend. In this case, the

classical rdf was deconvoluted with a Gaussian packet

[131]:

gq
RbOðrÞ �

6m

p�h2b

� 	1=2
1

r

Z1

0

ugRbOðuÞ

� e�6mðr�uÞ2=b�h2 � e�6mðrþuÞ2=b�h2
n o

du;

where �h is Planck’s constant, kB is Boltzmann’s constant,

and b = 1/kB T. The resulting gRbO
q (r) is compared to the

classical and to the experimental gRbO(r) in the inset of

Fig. 5. As expected, a better agreement with experiment

was attained. This result suggests the possible need to take

into account the delocalization of the proton in all ab inito-

based simulations.

Thus, the RbO rdf’s resulting from the simulations in

this work show three hydration shells: the first one up to

3.6 Å; the second one up to 5.6 Å, and the third one up to

8.1 Å. These values define the three hydration shells that
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Fig. 5 Comparison to

experimental data of the radial

distribution functions produced

by the models. Inset the dotted
line includes an approximate

correction to account for the

delocalization of the H atom

(see Ref. [131])
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will be discussed in the next subsections and are subject to

the inaccuracies mentioned in the previous paragraphs.

3.2.3 Coordination

The coordination number (CN) derived from different

experimental techniques for Rb? ranges from 6 to 8 [18,

19, 22, 24, 26, 28, 30], with a most likely value of

CN = 6.9 at low concentration [26, 27, 32, 34]. The CN

can be obtained from a simulation by integrating gRbO(r),

or by computing the distribution of the number of Rb?-O

neighbors at distances up to the first minimum of gRbO(r)

(Fig. 6). The results in this work were CN = 6.84 for

MCDHOff and MCD, and CN = 6.93 for MCDHOr. Early

simulations with empirical model potentials [54–59]

reported CN to be between 8 and 9; the same result was

obtained by fitting the Rb?–water interaction to ab initio

calculations, with a nonpolarizable water model [119], and

from fitting the gas-phase monohydrate and the hydration

free energy in bulk water with polarizable models [89].

More recent quantum calculations of isolated hydrates

[134] yielded CN = 6; QM/MM molecular dynamics [74]

predicted CN = 7.1, and recent simulations with model

potentials parametrized through reverse Monte Carlo [62,

63] produced a lower value, CN = 5.52. The CN

distributions in this work are narrower than those reported

in Ref. [63] and very similar to those in Ref. [74], though

with a maximum at CN = 7, instead of 8, and skewed to

the left, instead of to the right.

3.2.4 Effects of the ion on the structure of water

The main effect to be expected from an ion is the alignment

of the water dipole to the ion’s electric field; but it has been

shown from neutron diffraction data [135] and simulations

of lighter alkali metal ions [87, 88] that the average angle /
between the water dipole and the ion’s electric field is not

null. The distributions over the sphere of / for the three

models used in this work are depicted in Fig. 7, for

molecules in the three previously mentioned hydration

shells and in bulk (i.e., for Rb?–water distances longer than

8.1 Å). The distribution of an angle over the sphere is

weighed by its corresponding area on the surface. For the

first shell, the three models produce asymmetric distribu-

tions, with maxima at / = 54�, MCDHOff and MCDHOr,

and at / = 51� for MCD. A more dramatic difference of

MCD was found for the second and third shells; both

polarizable models produced such a damping of the ion’s

field, that the corresponding distributions of / become

rather flat, whereas the nonpolarizable model keeps a more
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significant alignment. The three models show uniform

distributions for bulk water molecules.

3.2.5 Effect of the ion’s electric field on individual water

molecules

To analyze the effect of the ion’s electric field on the

individual water molecules, the per-molecule dipole

moment was computed at each region for MCDHOff and

MCDHOr. The corresponding distributions are presented in

Fig. 8. The bulk value was obtained from simulations of

liquid water under the same conditions described above

(Sect. 3.2.1), resulting in hl(H2O)i = 3.02 and 2.97

Debye, for MCDHOff and MCDHOr, respectively. In

contrast to the case of Li? [88], a lower dipole was found

for the water molecules in the first hydration shell with

both polarizable models, hl(H2O)i = 2.92 and 2.89 Debye.

The bulk value was recovered from the second shell

onward. A similar result was found for K? by Whitfield

et al. [67], whereas in previous simulations of Na? and K?

with MCDHOff, the same dipole was found in all hydration

shells and the bulk [87]. The reduction of the water dipole

in the first shell, compared to liquid water, can be under-

stood in the following terms. The lack of orientation

toward the ion, which would induce a larger dipole, and

also a lack of hydrogen bonding, responsible for increased

dipole in liquid water, with the second shell water mole-

cules were produced by the clathrate-like structure.

The effect of the ion’s field on the intramolecular

geometry was even lower. The distribution of the r(O–H)

bond length and the dHOH angle of the water molecules in

the first, second and third hydration shells are very similar

to those of bulk water molecules, and the same applies to

the two bond lengths of the water molecule. This negligible

effect on the geometric properties of the water molecules

explains the good performance of the rigid MCDHOr

model. Though noticeable, the effect on the polarization is

a mere 4%, thus the MCD model performs reasonably well.

3.2.6 Thermodynamics

The experimentally determined hydration enthalpy

DHhyd[Rb?] should provide a benchmark to validate the

results from the simulations. However, the experimental

estimates of the hydration enthalpies of individual ions

may vary by as much as 15 kcal mol-1 from one another,

because they depend on the partition scheme used to dis-

tribute the hydration enthalpy of the salt among the

resulting solvated ions [136, 137]. The estimates from

experimental data are mainly affected by the value of the

absolute hydration enthalpy of the proton, Dhyd H�[H?]

used as a reference: The quantity that can be determined

from direct experimental measurements is the enthalpy to

place a pair of oppositely charged, gas phase ions into

water at 298 K, Dhyd H[XY], which is obtained in most

cases from the difference of the standard heat of solution

and lattice energy for the corresponding electrolyte [91].

The average differences between two cations, X1
z? and X2

z?,

in salts with the same anions can then be used to assign the

conventional hydration enthalpies, Dhyd Hconv
� [Xz?]; the

absolute enthalpies can be calculated from the conventional

ones if the absolute hydration enthalpy of at least one

cation is known. Though there has been an attempt to use

Na? as a Ref. [91], most compilations refer to the proton,

thus

Dhyd H�½Xzþ� ¼ Dhyd H�conv½Xzþ� þ zDhyd H�½Hþ�:

Several experimental approaches to determine Dhyd H�[H?]

have been reported, the most recent of which are:

1. The tetraphenylarsonium-tetraphenylborate (TATB)

extrathermodynamic assumption [17, 90] that Dhyd

H�[(C6H5)4As?] = Dhyd H�[(C6H5)4B-], resulting in

Dhyd H�[H?] = -261.5 kcal mol-1.

2. The ‘‘cluster pair-based approximation’’ [91, 92, 94]

that is good for a specific pair of oppositely charged

ions. This consideration assumes that plots of the

cluster pair-based approximation for the proton solva-

tion enthalpy versus cluster solvation enthalpy
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difference for the various pairs of oppositely charged

ions at specific cluster sizes will intersect at the true

value (i.e., a common point) where the approximation

is best. This leads to Dhyd H�[H?] = -274.9 kcal

mol-1.

3. The ‘‘enthalpy–entropy compensation’’ [93], based on

the thermodynamics of the dissociation of water,

which results in an entropy of S�[Haq
? ] = -1.3 cal

K-1 mol-1 and an absolute hydration enthalpy of Dhyd

H�[H?] = -257.6 kcal mol -1.

In a recent work, Warren and Patel [101] favor the

cluster-pair assumption and claim that on correcting the

standard states, the free energies reported under the TATB

assumption by Marcus [17, 90] are in agreement (within

*2 kcal mol-1) with those by Kelly et al. [94]. Moreover,

the quantum calculations by Zhan and Dixon [138] of the

hydration free energy of the proton also agree within 2 kcal

mol-1 with the result from the cluster-pair assumption.

Thus, the value deduced from the cluster-pair assumption

for the hydration enthalpy for Rb? is [92, 94, 139, 140]

DHhyd[Rb?] = -85.0 kcal mol-1, whereas that reported

by Marcus [17, 90] is DHhyd[Rb?] = -72.9 kcal mol-1,

and the consideration of the enthalpy–entropy compensa-

tion leads to [93] DHhyd[Rb?] = -67.6 kcal mol-1.

As it was done previously [87, 88] for the lighter alkali

metals, an estimate of DHhyd[Rb?] was obtained in this

work from the difference between the average of the total

interaction energy of the system hESi and n times the

average energy of a single water molecule, hEH2Oi, i.e.,

MhydE ¼ ESh i � n EH2Oh i;

where n = 995 is the number of water molecules in the

system. The effect of constant pressure was taken into

account indirectly as described in Sect. 3.2.1. The blocking

method of Flyvbjerg and Petersen [141] was used in all

cases to make sure that convergence was attained and

statistical sampling was significant. The resulting hydration

energies were Dhyd E[Rb?] = -61.0, -58.6 and

-61.1 kcal mol-1 for MCDHOff, MCHDOr and MCD,

respectively. The same value was obtained previously

[119] with model potentials that were also fitted to

counterpoise corrected ab initio calculations. That

hydration energy corresponds to a 10% underestimation

with regard to the lowest reported experimental hydration

enthalpy, and in that work such underestimation was

ascribed to the overcorrection of the pair interaction energy

resulting from applying the full counterpoise method.

However, in this work, the comparison to the experimental

enthalpies of gas-phase clusters (Table 3) validated the

interaction energies predicted by the MCDHO models.

Thus, the comparison to experimental data requires taking

into account the finite-size limitations of the simulation

methods. The most significant correction to be added is

DH/W
, to remove the ion–ion self-potential due to

Coulombic interactions between the ion and its periodic

replicas, which appear when Ewald sums are used with a

neutralizing background charge density and tinfoil

boundary conditions [95], i.e., the Wigner potential /W

of the ion. The correction depends on the ionic charge z, on

the box length L and on the electric permittivity of the

solvent, eS and that of vacuum e0; thus

DH/W
¼ z2

8pe0

1 � 1

eS

� 	
nEw

L
;

where nEw = -2.837297 [95, 97, 98, 100]. Strictly

speaking, the correction should include the change in box

length when sampling the isobaric–isothermal ensemble

[101]. Instead, the NVT ensemble was used in this work.

For MCDHO water eS = 110 [102], thus in this work

DH/W
¼ �15:2 kcal mol�1, whence the resulting hydration

enthalpies of Rb? turn out to be Dhyd H[Rb?] = -76.5,

-74.1 and -76.6 kcal mol-1, values that lie between those

derived from the cluster-pair and the TATB assumptions.

Various other different corrections have been proposed

in the last decade [95–100], and a recent revision can be

found in Ref. [101], where five contributions to the real

free energy of hydration are added to those derived from

standard thermodynamic integration (TI) [142]:

Dhyd Greal ¼ Dhyd GTI þ DG/W
þ DGe þ DGj þ DGLRC

þ DG/lþ/Q
:

The term DG/W corresponds to the Wigner potential

mentioned in the previous paragraph, whereas the term DGe

is necessary to correct for inappropriate polarization of the

solvent within the unit cell [96, 99–101] and depends on

the ionic radius RI:

DGe ¼
z2

6e0L
1� 1

eS

� 	
RI

L

� 	2

� RI

L

� 	5
" #

:

In this case (RI/L) & 0.08, thus DGe = 0.14 kcal mol-1.

The finite volume correction DGj corresponds to the

mean of the Ewald potential [98, 101] and depends on the

screening charge parameter j:

DGj ¼ �
z2

8e0 j2 L3
;

which in this work turns out to be DGj =

-0.3 kcal mol-1.

The long range correction DGLRC was neglected in this

work because a large cutoff radius was employed.

Finally, the term DG/lþ/Q
is added to take into account

the interfacial potential jump resulting from the orienta-

tional disorder of the molecules at the air–water boundary

[89–101]; the potential can be divided into a dipolar /l and
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a quadrupolar /Q contributions. An assessment of /l

would require a simulation of a water slab [68, 101] that

has not been done for the MCDHO model, whereas /Q can

be computed from the quadrupole trace c =
P

i
Ns Zi ri

2 of

orientationally disordered solvent molecules, where Ns is

the total number of interacting sites in the molecular

model, Zi is the respective (core) charge, and ri is the

respective distance to the center of the shell (in the

MCDHO water model), whence /Q = -27.72 kcal mol-1

e-1. The reported dipolar contribution found for a number

of water models ranges from 13.5 to 17.0 kcal mol-1 e-1

[99–101], therefore the total potential jump of MCDHO

can be expected to lie between -14.2 and -10.7 kcal

mol-1 e-1, in agreement with the values obtained for other

water models [68, 89]. Upon applying these additional

corrections to the results of this work, the hydration

enthalpies of Rb? attain values between -90.8 and

-85 kcal mol-1, closer to that from the cluster-pair

assumption.

In line with Ref. [87], a further analysis was made of the

interaction energies between the ion and the water mole-

cules in the different shells and the bulk for MCDHOff

(Table 4). Obviously, this partition of energies cannot take

into account the contributions from the reciprocal space

and the screening of charges used for the Ewald sums.

Thus, the hydration energy DhydE* [Rb?] to be used as a

reference was obtained by re-calculating without the Ewald

method, from the simulations already performed, the

average energy hES
*i of the aqueous solution and the total

energy hEliqi of the system of 995 water molecules without

the Rb? ion. The reference hydration energy was obtained

from the difference hES
*i - hEliqi and turned out to be

DhydE* [Rb?] = -83.2 kcal mol-1.

The energetic cost d of polarizing and deforming the

molecule relative to the gas-phase polarization and geo-

metry was considered separately from the other contribu-

tions to the energy. The results for Rb? turned out almost

equal to those reported for K? in Ref. [87] (Table 5). The

total interaction of the ion with water is distributed as

follows: 52% with the water molecules in the first hydra-

tion shell, 21.6% with those in the second hydration shell,

14.5% with the third-shell molecules, and 11.9% with the

bulk (for a comparison, it has to be noted that in Ref. [87],

d was included in the corresponding interaction and the

energies were displayed horizontally). For first-shell water

molecules, the interaction with the ion pays for 86% of d.

A similar analysis was performed in Ref. [55], where the

SPC/E water model [143] was used with the nonadditive

ion–water potentials of Liem X. Dang [120]; the reported

Rb?–water interaction is almost twice as much as found

here, the same as their results for Na? and K? compared to

Ref. [87]. Though in Ref. [55] no specific calculation is

made of the hydration enthalpy, their reported ion–water

interaction energies suggest a gross overestimation.

4 Concluding remarks

For this study, a Rb?-H2O analytical potential was fitted

to ab initio calculations and to the experimentally deter-

mined polarizability of the ion. In the process, a new

assessment of the correct ab initio Rb?–water interaction

was obtained, through the use of successively larger basis

sets, which allowed a new determination of the CBS limit.

It was also found that the adequate procedure for correcting

the BSSE with the smaller basis involved the average of

uncorrected and fully CP corrected energies, in agreement

with other studies [115].

Care was taken in this work to validate the interaction

energies produced by the models by comparing them to

high-quality ab initio calculations of small clusters

Table 4 Average interaction energy (kcal mol-1) of the cation Rb?

or a water molecule in a specific hydration shell Wi (columns), with

the cation Rb? and with all the water molecules in Wj (rows), where

i, j = 1, 2, 3 or b (bulk)

hni Rb? W1 W2 W3 Wb

1 6.84 17.90 52.75 917.51

W1 -39.56 0.03 -3.22 -0.33 -0.01

W2 -16.43 -7.83 -4.44 -2.51 -0.04

W3 -11.03 -2.45 -7.74 -7.31 -0.46

Wb -9.05 -0.73 -1.99 -7.94 -17.79

W -76.06 -10.98 -17.40 -18.09 -18.29

d 0.08 6.58 7.60 7.66 7.68

Rb? 0.00 -5.68 -0.96 -0.21 -0.01

Total -75.98 -10.08 -10.75 -10.63 -10.62

(Wi,Wj) = (Wj,Wi) because the number of molecules hni is different

in each layer.The sum of the corresponding column yields the inter-

action with all the water molecules in the system (W). Total includes

the energetic cost d of polarizing and deforming the molecule relative

to the gas-phase polarization and geometry as well as the interaction

with Rb?

Table 5 Contributions to the hydration energy DEhyd (kcal mol-1)

from the three hydration shells, obtained by subtracting the total for

Wb from the total for Wi in Table 4, and multiplying by the number of

water molecules in i

Rb? K?

W1 3.70 1.78

W2 -2.33 1.32

W3 0.53 -3.97

(X?, W) -75.98 -75.96

DEhyd -74.08 -76.83

The results for K? are taken from Ref. [87]
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(Table 3) and to the corresponding experimentally deter-

mined enthalpies (Table 3). Moreover, it can be seen in

Table 2 that the MCDHO energies also agree with those of

Lamoureux and Roux [89] who attempted to fit simulta-

neously the experimental enthalpies of gas-phase mono-

hydrates and the hydration free energies in the bulk liquid.

The Rb?-H2O analytical potential was employed with

three versions of the MCDHO model for water [83, 102] in

numerical simulations of the diluted aqueous solution

under ambient conditions. Validation of the simulation was

done by comparing with the experimental thermodynamic

and structural data. There is agreement with the first peak

of the RbO rdf, but not with the second one. This could be

taken as an indication of weakness of the potential, in spite

of the agreement mentioned previously, or a dependency of

the experimental curve on the potential used in the RMC

method. The raw hydration enthalpy obtained from the

simulation and the values obtained, when the corrections

proposed in literature [95–101] were applied, fell within

the range of the experimental values [17, 90, 92–94, 139,

140].

With regard to the coordination number (CN) of Li?,

there is consensus with different theoretical approaches

[65, 68, 69, 88] that CN(Li?) = 4. On the other hand, there

is still a debate concerning Na? and K?. Results from

DFT-based calculations of ion-water clusters [134] and

molecular dynamics simulations of aqueous solutions [66,

69] led to conclude that CN(K?) = CN(Na?) = 4; but, as

mentioned in the introduction, this conclusion has been

criticized as a possible artifact due to the inability of

density functionals to properly describe hydrogen-bonded

liquids [70, 71]. On the other hand, the results from QM/

MM [73] and QMCF [76] simulations are CN(Na?) = 5.5

and CN(K?) = 6.8, with a broad distribution for this latter

ion. The discrepancy was ascribed to the lack of correlation

energy in these simulations [69]. However, further DFT-

based simulations [67] of the aqueous solution of K?

arrived at values for CN(K?) between 5.9 and 6.6, with

broad distributions. The figure obtained from simulations

with an empirical polarizable model [67] is between 6.5

and 6.8 for K?, whereas from simulations with ab initio-

based polarizable models [87], CN(K?) = 7.8 and

CN(Na?) = 5.6. In the case of Rb?, the results in this work

show a clear convergence with other sophisticated theo-

retical methods [74] that predict a hydration number of

seven, which is the value determined from experiments in

diluted solutions [26, 27, 32, 34].

The analysis of the energies in Table 5 showed an

enhancement of the water–water interactions in the second

hydration shell relative to the bulk, somewhat different

from the findings for K? in Ref. [87], where the

enhancement was found to occur at the third hydration

shell. Apart from that, the energy partition turned out to be

very similar to that of K?, as well as the overall structure

deduced from gRbO(r) and gRbH(r). These similarities can

be explained by the fact that at distances longer than 3 Å

the monocation–water interaction is dominated by the point

charge-(enhanced) dipole term [87, 119]. This fact can also

explain why the first hydration shells [32] of K?, Rb? and

Cs? are all located at ca. 3 Å. This seems incongruous with

the observed stepwise hydration of Rb? where the ion field

does not command the arrangement of the water molecules

in the clusters, opposite to K?. However, when the com-

plete solute is considered, the energetic advantage of

alignment to the ion’s field is superseded by that of forming

a hydrogen-bonded network in the first hydration shell.

Thus, the results suggest that the hydrated cations of

group IA can be divided into: hydrated Li? , with CN = 4

in a rigid tetrahedron; hydrated Na?, with CN = 6 in a

rigid octahedron; and the rest, with a broad distribution of

the number of water molecules in the first hydration shell,

and an average hCNi * 7.
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119. Tóth G (1996) J Chem Phys 105(13):5518

120. Dang LX (1992) J Chem Phys 96(9):6970

121. Ayala R, Martı́nez JM, Pappalardo RR, Saint-Martin H, Ortega-

Blake I, Sánchez-Marcos E (2002) J Chem Phys 117(23):10512

122. Spångberg D, Hermansson K (2003) J Chem Phys 119(14):7263

123. Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AH,

Teller E (1953) J Chem Phys 21:1087

124. Hastings WK (1970) Biometrika 57:92

125. Ewald PP (1921) Ann Phys 64:253

126. Soper AK (2001) Mol Phys 99(17):1503

127. Evans R (1998) Mol Sim 4:409

128. Stern HA, Berne BJ (2001) J Chem Phys 115(16):7622

129. Guillot B (2002) J Mol Liq 101(1–3):219

130. Paesani F, Voth GA (2009) J Phys Chem B 113:5702
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