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Abstract: The concept of hydrated ion [M@®)n, ] has been used to describe interactions of highly charged
monatomic cations in water. Ab initio interaction potentials fofAMg?", and B&" have been developed on

the basis of that previously applied to the*Chydration study (Mafhez et al.J. Chem. Phys1998 109,

1445). Transferability of the different contributions to the intermolecular potentials that describe the interactions
between the central cation and the first hydration shelt;-MH-0),, and the hydrate with bulk water molecules,

[M(H 20)m 1" —(H20)ui, have been examined. Results indicate that a reduced number of ped@tggantum
chemical computations) are enough to get the basic and differential features of each cation. MD simulations
(200 ps) for the hydrate of each cation plus 512 TIP4P Have been performed. Structural properties such

as RDFs among different pairs of atoms in the system and orientational parameter are presented. Likewise,
dynamical properties such as self-diffusion coefficients, reorientational and mean residence times, and power
spectra have been obtained and analyzed. The comparative study of the properties derived from the hydration
of each cation and the degree of transferability of the intermolecular potentials based on their main features
is thoroughly discussed. Prospectives and benefits introduced by this type of flexible hydratedaien
interaction potential in molecular simulations are pointed out.

Introduction the design of improving strategi@sAgainst this fundamental
) ) o ) advantage, the computational cost and the many-body terms that
The study of metal ions in solution is one of the most active gre 45s0ciated with the iersolvent interactions made difficult,
areas in solution chemistry due to the large number of 5n4 sometimes unpractical, their determination when compared
physicochemical and biochemical properties directly controlled , gmpirically fitted potential@1° A representative example of
or indirectly conditioned by ionic effects in many fields of s sjtyation is that of salt effects on conformational changes
chemistry, biochemistry, and chemical engineefiry. and binding reactions involving nucleic acids and other impor-
Due to the large number of particles forming these systems tant biomolecule$! 16 Several sophisticated general force fields
and to the variety of different interactions established, computer have been developed and largely tested in the literature, allowing
simulations represent a particularly adequate theoretical tool for successful modeling of complex biomolecular problé#is.
understanding and predicting at the microscopical level the However, effects due to the largely microscopic heterogeneity
physicochemical properties of these solutiérisintermolecular  of hydrated counterions are, in general, poorly described, and
potentials are a key point of these computations, and their some empirical corrections are usually introduced to modulate
determination appears, consequently, as one of the mosttheir role in these solution$:1° The more highly charged
important activities in the field. The possibility of obtaining  counterions are, the more complicated the situation becomes.
these potentials from quantum-chemical calculations allows first-  An old electrochemical concept recognizes that some ions,
principles-based statistical simulations which usually facilitates mainly metal and highly charged monatomic cationg"(Min
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aqueous and other polar solvent solutions (S), behave as moref Cr—O bonding has a much larger covalent character than
complex entities than expectéliThe representative aggregate that of Al-0.2028The second cation, Mg, retains a coordina-
in solution, [M(S)™*, was called solvated ion (hydrated ion tion number of six in the first shell, but charge is decreased
when S= H;0). This idea has been employed in computer with respect to the chromium case. Finally,2Behanges its
simulations of proteins in solution to justify the large ionic hydration sphere with respect to the previous ones, adopting a
effective radii for monatomic cations which accounted for the tetrahedral coordinatio®. For the divalent cations, several
effect of aqueous hydratidf. authors have performed simulations in order to get a microscopic

Our group used this concept within statistical simulations by description of the hydration of these small i¢fs3” These are
considering that the ion interacts in aqueous solution via its representative systems where the pairwise additivity in the
hydrated forn®' Thus, ab initio [M(HO)s ]"*—H0 inter- interactions is lost? On the contrary, and to our best knowledge,
molecular potentials were developed for’Zrand C#*. This there is only one MD simulation of At in water, based on an
was called the hydrated iewater potential (HIW) and tested 41, jnitio hexahydratewater interaction potentid® Apart from
by Monte Carlo (MC}'"2* and molecular dynamics (MB) methodological reasons, #l and B&* are recognized to be
simulations. Hydration of these difficult cations has been active toxicological agents in solutiGf;° whereas Mg" is
satisfactorily described, as energetic, structural, and dynamicalone of the most important oligoelements present in a living
properties were simultaneously fairly reproduced without inclu- being#142 Several groups have also proposed in several ways,
sion of any co.rr.e(.:tlng terms in the proposed potentials. Mgre applications of the hydrated ion concept, to build intermolecular
recently2> the rigidity of the hydrate has been released by adding - - . .

L . . .~ potentials of metal cations. Their results also point out the

to the orlglr_lal HIW potentlal_a complementary potential. This advantages of this approach in describing equilibrium physi-
new potential, the ioawater first shell (IW1), accounts for the cochemical properties of ionic solutiofs6:334345 Al of these

inner dynamics of the first-shell water molecules and th& Cr o o L .
cation. Nevertheless, there is a double limitation in the method applications can be classified within the framework of effective
i potentials in classical statistical models. There is a rather

to obtain the HIW and IW1 potentials. The first one is the large . ; o
different perspective which is connected to the use of an

number of quantum chemical single points100) that are ) ; o .
needed to properly sample the potential energy surface thatnStantaneous quantum chemical description of the hydration

comes from the interaction between the hydrate and a probePY means of ab initic MD simulatioi$ (AIMD) or hybrid
water molecule. A second limitation is the finding of a reliable Methods such as quantum mechanics/molecular mechanics

fit for a given functional form that reproduces as close as technique&=*® which combine the advantages of a precise
possible the ab initio interaction energies. A priori this fact is description of the solute’s environment with statistical informa-
never guaranteed. Dissemination of such a type of effective abtion derived from classical statistical techniques. However, a
initio potentials depends on the finding of a low-cost technique crucial limitation of these strategies is the computational cost
to build reliable potentials for other cations. In this sense, the that limits, in particular the more rigorous AIMD, the system
finding of transferable contributions in the HIW and IW1  size and simulation time. Marx et &.have recently applied
potentials among cations retaining their peculiar features is of the Carr—Parrinello method to describe Behydration. Due
great interest. This is the main goal of this work: to check if to the high computational cost of this technique, the system
the already developed potential for*Cion can be easily reused, was formed by a B¥ cation and 32 KD, and 1 ps was the
for a given set of cations saving as much as possible additional

computational and analytical efforts.
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total simulation time. An example of the hybrid methodology
is the DFT/MC study of bromide hydration by Tom et al>°

In this sense, the type of potentials we propose may contribute
to satisfy the actual requirement for describing ion interactions
in solution accurately enough, but maintaining the computational
cost low enough to carry out representative simulations.

Methodology

Outline of the Hydrated lon Model. The key point for such
a model is to consider the water molecules closer to the ion as
forming part of the solute and not of the solvent bulk. These
molecules are so highly perturbed by the ion that they must no
longer be considered solvent molecules, but rather forming part
of the solute in a supermolecule entity called the hydrated ion
(HI1). Keeping that in mind, if one wants to perform an statistical
simulation to study the hydration of a given ion, two steps must
be completed. In the first one, the hydrated ion may be envisage
like a rigid unit which evolves through the solution without
changing its internal geometry. This approach needs the
development of an interaction potential between such a unit and
the solvent molecules, i.e., the HIW potential. The details about
the building of the [M(HO)n]""—H-0 intermolecular potential
can be found in references 21 and 22. The HIW expression,
built on the basis of sitesite distancesrj, contains two
contributions: one of them accounts for long-range interactions,

and the other for short-range interactions that are described by

a linear combination of " (n > 3) terms:

HI sites W site(:i‘jL

=y 3

! I

Ci Ch

1)

To obtain reliable potentials, a large numberl@00 points)
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Figure 1. Schematic representation of the regions where the twe ion
water interaction potentials are defined: IW1, iomater of the first
shell, and HIW, hydrated iohwater of the bulk.

building of IW1 can be found in reference 25. Its construction

dfor the case of the cations here considered will be outlined

below. The interactions between the hydrated (and now flexible)
ion and the solvent molecules will be described by the original
HIW interaction potential. Figure 1 shows the solution model
defined and the physical regions around the cation in which
the HIW and IW1 potentials are applied. Within the inner region,
water molecules of the first shell, which are strongly polarized
and with a partial charge transferred, interact with the cation
by means of the IW1 and among them by a standard water
model (in our case TIP4P but where the charges and geometry
are those derived from the quantum chemical computations of
the hydrate. In the outer region, the water molecule interacts
with the hydrate by the HIW potential and among them by the
chosen standard water model (TIP4P). It may be thought
whether the influence of the hydrated ion on the structure of
second-shell water molecules may force the use of a flexible
water model. However, quantum chemical computations for
large water clusters of several divalent cations have shown that

of quantum mechanical structures of the hydrate and the probethe changes of the OH bonds and HOH angles for molecules in
water molecule have to be computed. This approach allows usthe second shell are less than 2 mA and beldw réspec-

to extract statistical information of the aqua ion when the

tively.53.54

simulation is performed and, in the case of the solvent, properties Quantum Chemical Computations. Once the hydration

beyond the first hydration shell. The lack of information
regarding the dynamics of the first solvation sphere as well as
the rigidity effects of the aggregate on the rest of the solution
has been criticized by some authét4351To avoid it, one can
afford the second step, flexible hydrated ion modeln this

number for a given cation is known3205556the reference
structure for its hydrate is obtained by an optimization of the
corresponding cluster [M(#D)n, ]"* under the density func-
tional theory formalism using the hybrid exchange correlation
Becke 3-Lee-Yang—Parr functional (B3LYPY¥? Correlation

case, the use of interaction potentials among the componentsconsistent polarized valence basis ¥&tof triple-¢ quality,

of the hydrate is mandatory, which should describe properly
the dynamics of their interactions. At the same time, it is

cc-pVTZ, were used for the metal ions, while water molecules
were described by basis sets of doublguality increased with

desirable to keep the accuracy reached in the solvation descrip-diffuse functions, aug-cc-pVDZ:% Calculations were carried

tion of the aquaion by means of the HIW potential. The strategy
we propose, previously applied to the [Cp(®)s ] case?® is
based on the development of an effective bare-iwater pair
interaction potential, built from first principles. It has to take
into account the important many-body effects present in the
nearest neighborhood of the cation. This new potential, IW1,
will not impose any translational or rotational constraints to the
water molecules of the first shell (Figure 1). The functional form
that describes the interactiong'™-H,0 is similar to that used
for the HIW potential: a Coulombic part plus a linear combina-
tion of r=" terms which represent the short-range contribution.
It is worth pointing out that waterwater interactions are present
as well in the description of the aqua ion and are taken into
account in the extraction process of IW1. Details about the
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Table 1. Optimized Geometry and Binding EnergkF, at the B3LYP Leved

hydrate symmetry R(M—-0) R(O—H) (JHOH AE
[AL(H20)e)]3* Th 1.934 (1.911) 0.977 (0.972) 107.0 (106.6) —703.3 723.7)
[Mg(H20)g)]?" Th 2.094 (2.08) 0.968 (0.978) 106.2 (110.3) —320.3 (-303.9)
[Be(H0)4)]%+ S, 1.646 (1.65) 0.973 (0.982) 107.8 (110.7) —397.6 (-384.4)

aDistances in A, angles in deg, and energies in kcal moP Values in parentheses are recent quantum chemical computations obtained by
Wasserman et &.for aluminum and by Pavlov et &.for magnesium and beryllium.

Table 2. Summary of the Transferable or Specific Character of the

out with Gaussian94 packa§e.Table 1 collects the main Different Contributions in the Interaction Potentfals

geometrical parameters for the three hydrates and their corre —
sponding formation energies, potential transferable specific

HIW short range 1200 electrostatics
AE= E[M(Hzo)m]'ﬂ - mEHzo — Byt (2) w1 short-ran%e(lz%iz)Hzo 0 electrostatics
short range M-H,0 40

For the sake of comparison, our results are compared in the aNumber of quantum chemical computations needed for each
same table with others recently obtained by other authors with contribution are specified as well.
larger basis sets, at different levels of computations. Stationary . . . - . .
points on the potential energy hypersurface were characterizedcatIons IS s_enou;ly limited by the high computational cost
by harmonic frequency analysis and found to be minimums. needed for its bUIIdIng.. ) )

In our previous C¥* hydration statistical studie@245the ~ HIW and IW1 potentials, as mentioned before, can be split
hydrate was optimized inside a cavity using the self-consistent INt0 two different terms: electrostat|c§ and short range. Table
reaction field (SCRF) methodology developed by the Nancy 2 shows tr_le_l_wumberofquantum chemical computations r_lee_ded
group®? In this way, bulk effects (present in polar and ionic for the definition of each term. The success in the generalization
condensed media) on the hydrated ion were included. This Of the potentials will be based on a good choice for what can
approximation has been successfully applied to the energeticsPe transferable when going from €rto other ions and what
of the cation hydratioi3 However, a recent stuy on ion cannot be. Regarding electrostatics, both potentials use the set
solvation has shown that continuum models, when only the first 0f charges derived from the molecular wave function of the
hydration sphere is present inside the cavity, cause an increasdlydrate. Taking into account that the total charge of the hydrate
in the M—0 distance. This should be counterbalanced by the depends on the ion, it is obvious that this contribution cannot
specific first-second hydration shells interactions, leading to a be transferable. The nature of the chemical bonding between
nearly complete cancellation of both effects. Thus, to avoid such the bare ion and the first-shell water molecules is projected, in
a model-dependent tendency for the cations considered in thissome way, in the short-range contribution of IW1, so this is
work, full geometry optimizations were performed in gas phase. again very specific for each ion. The short-range contribution
Nonetheless, the wave function that describes the ground statd0 the HIW potential basically defines the van der Waals surface
of the relaxed geometry was polarized by the effects of the of the hydrate, which is more dependent on the water molecules
continuum, following the PCM method of Tomasi’'s grotip.  than on the cation. Although this topological consideration is
Both (HIW and IW1) potentials use effective atomic electrostatic known to be very important for a proper description of the
charges derived from a fitting procedure to reproduce the hydrate surrounding:®® it may be considered as transferable
molecular electrostatic potential generated by the solute’s waveamong aqua ions, specially if it is implicitly modified by specific
function, which is already polarized by the bulk solvent. The features of the hydrate that are taken into account during the
recommendation recently given by Sigfridsson and R§Has potential building: M-O, distance, first-shell water molecule

1
1

been followed: charges were obtained using the M&alman geometry, number of water molecules, and shrinkage or
method” 88 with a high point density-£2000 points/atom). expansion of the surface due to the electrostatic contribution.
Extending the Flexible HI Model to Al3*, Mg2*, and Be*. It is obvious (Table 2) that this is the most desirable part to be

The results obtained with the flexible HI model developed for transferable.
Cr3* show a well-balanced combination between the internal  Following these assumptions, the steps needed for the

and external potentials of the hydr&tddowever, as mentioned development of A", Mg2t, and B&' IW1 and HIW potentials
in the Introduction, the extension of the model, as it is, to other gre the following: (1) optimization of the hydrate in gas phase;

(61) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W; (2).single-point CompUt?‘ti_On of the hydfate aF the gas-phase
Johnson, B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G. optimized geometry within a dielectric continuum (SCRF
C-: gontog?megy, \J/ AE Raghavathag, K-C:,Al-lLahif_n'hM- Sﬁ\.;fZakrzeévslg, calculation); (3) fitting of effective charges on the atoms using

. i riz, J. V.; Foresman, J. b.; CIOSIOWSKI, J.; eranov, b. b.; . . . .
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.. Ayala, P. Y.; Chen, W.; the wave functlon pqlarlzed by the solyent contlnuum. model;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; (4) sampling of the intracluster potential energy moving one
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- water molecule of the hydrate along the metakygen axis;

ﬁgrqog'i’n'\sﬂgu?;hnZP"’XeZl'gcg';sPOp'e' J. Baussian 94, Résion E.2; Gaussian ) fiting of the coefficients that describe the short-range term

(62) Rinaldi, D.; Rivail, J. L.; Rguini, NJ. Comput. Cheml992 13, ?n IW1,_ once the electrostatic and watevater short-range
675. . | ek . interactions are subtracted.
195?13%53‘%%2%% Marcos, E.; Pappalardo, R. R.; RinaldiJDPhys. Chem. For the three cases here considered, scans were performed
(64) Martnez, J. M.; Pappalardo, R. R.; Sanchez Marcos).BRhys. with 40 single-point computations which covered the interval [
Chem. A1997, 101, 4444. pt o _ pt o
(65) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. Ri-o — 0.2 .A’.R'?"*O + 02 AJ. In all cases, fair flttlngs,
(66) Sigfridsson, E.; Ryde, Ul. Comput. Cherr1998 19, 377. standard deviations below 0.02 kcal/mol, were found using the
(67) Sing, U. C.; Kollman, P. AJ. Comput. Cheml984 5, 129.
(68) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen1.990 (69) Martnez, J. M.; Pappalardo, R. R./18&ez Marcos, EJ. Chem.

11, 431. Phys.1999 110, 1669.
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Table 3. Fitted Parameters of the HIW and IW1 Potentials (Egs 1 and 3)

cation Om Jo OH A B C D
Al3t 2.3250 —1.0621 0.5873 —7581.68 67055.75 —82910.56 66666.02
Mg?*+ 2.2724 —1.1242 0.5394 3047.22 —29951.16 43033.97 —49135.97
Be?* 1.7208 —1.1344 0.6021 —1932.29 12687.27 —13094.02 4226.25
following expression for IW1: a
4 -
£ A B C D  Wsitesqyq; 3
=—+—+t—+—+ —
w1 = 7, 5 . 1 Z . ) sl
'mo Twmo 'mo mo b

Table 3 collects the parameters that define IW1 potentials ""O
developed for A", Mg?*, and B&". When these values are anl
used in eq 3 with distances in angstroms, the energy is given in
kilocalories per mole. The HIW potential for each cation is
defined by eq 1, where the charges are those of Table 3 and the
C coefficients are those previously used foPCsimulations
(these values can be found in Table S1 of the Supporting 0
Information of ref 24). 0

MD Simulation Details. Molecular dynamics simulations
were performed in the microcanonical ensemble (NVE) using
periodic boundary conditions. Each ionic aqueous solution 25f b
contained one of the cations, six first-shell water molecules,
(H20),, for the cases of A and Mg", and four in the 20k
simulation containing B& and 512 TIP4P water molecules
acting as solvent. The basic cell was a cubic box with 24.8 A 15k
a side. Simulations were run with the MOLDY progrétyhich =
is efficiently parallelized, on the HP X-Class SPP 2000 computer
at CICA (Centro Informtco y Cientfico de Andaluta). A
modified form of the Beeman algorithm was used as integrator.
Orientations of solvent molecules, which were assumed to be 951
rigid, were described by the quaternion formali&hThe time -
step was set up to 0.25 fs. The thermalization time wa$ 0.0 . Ll
ps, and the temperature during the following 200 ps (production 0 2 oy A 6 8 10
period) was 298t 6 K. Trajectories and velocities were saved Figure 2. M—0 (a) and M-H (b) RDFs for the three simulations.
every 40 time steps.

Coulombic interactions were computed by the Edwald sum
techniqué including the charged system tefdSeveral authors
have shown the importance of its use to obtain reliable energetic,
structural, and, particularly, dynamical results in the case of ionic
aqueous solution¥-7> More details of simulation protocol can
be found in previous work&'2>

T
=
D 10+

oxygen vector and the water dipole moment) of the first- and
second-shell water molecules. Given the volume of information
available on these ionic aqueous solutions, to simplify the
comparison of the obtained results with experimental or previous
theoretical data, in the same table a summary of this information
has been included in parentheses. It should be pointed out that
agreement with precedent available information is extremely
satisfactory. This represents a support of the validity of the new
developed potentials and, as a consequence, a first test of the
Structural Properties. Figure 2 shows the MO (a) and  good transferability of the potentials. The largest discrepancy
M—H (b) RDFs for solutions of the different cations. Given is found forROﬁO“ in the case of M@*’ where an underestima-
that simulations contain two different types of water molecules tion of 0.1-0.15 A is observed. However, given the average
(first shell and bulk), the represented functions are the results half-width of the peaks and the approaches assumed in simula-
of overimposing two RDFs for each pair. Nevertheless, these tions and in models used to analyze experimental ¥f56
two functions describe two different regions around cations, so the comparison has at least an uncertainty-6f05 A. Magini
that the final distribution can be formally considered as the usual et al5¢in their excellent review on XRD study of ions in aqueous
function. Table 4 collects the values corresponding to the splutions stress the difficulties in obtaining oxygesxygen
maximums of the RDFs, the hydration number for the second distances between hydration shells as accurately as for other
hydration shell, and tilt angles (the angle formed by the-on  pairs. M-O and M—H RDFs show that the peak width
(70) Refson, K. MOLDY User's Manual Rev. 2.11, Moldy code can be corresponding to the ﬁ'rSt shell fOHOWS. the trenq, Mg Be**
obtained from the CCP5 program library or by anonymous ftp from > Al3", reflecting the different degree in which first-shell water

Results and Discussion

ftp.earth.ox.ac.uk. molecules are bound to the cation. As expected, the trivalent
g%g gﬁ{jg{‘e'iﬁ'Pnysglgszigﬁgﬁgcﬁiﬁi336'an ed.. Addison-Wesley: AI>" defines the narrowest region, whereas the largest divalent
Reading, MA, 1980. Mg?" shows the widest one. A general trend is that Mpeaks
(73) Roberts, J. E.; Schnitker, J. Phys. Chem1995 99, 1322. are wider than the corresponding—D ones, even for those
10§7325(F)’_erera' L.; Essmann, U.; Berkowitz, M. L. Chem. Phys1995 peaks corresponding to the first shell. Itis as a consequence of
(75) Hummer, G.; Pratt, L. R.; Garcia, A. & Phys. Cheml996 100, the librational and rotational movements of water molecules

1206. which affect much more the instantaneous position of hydrogens
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Table 4. Structural Results. DistanceR,(A) for lon—Oxygen and lor-Hydrogen Maximums Corresponding to the First and Second
Hydration Shells, Second Shell Hydration Numbhli); Distance for Maximum of OxygerOxygen (Ro-o,), and Tilt Angles (deg) of Water
Molecules in the Firstf) and the Second Shellg\()

cation Rv-o, Rvi-H, Rv-o, Rvi—, Nji Ro-oy 0, 0
AIST 1.91(1.88-1.90F 2.60(2.47) 4.00 (3.98-4.04) 4.62 (4.51) 14 (12-14F 2.57 (2.6 11(28F 36
Mg2* 2.08 (2.06-2.15) 2.76 (2.67-2.8F' 4.25(4.1-4.28)  4.83 (4.90) 13 (12 2.65 (2.75-2.81) 15(14) 45(53)
Be*  1.65(1.67 2.36 (2.37—2.49) 3.87 (3.5-4.2)ik 4.49 (4.36-4.55) 9 (8) 2.60 (2.59-2.66)% 11(20] 34

a X-ray diffraction: (i) Bol, W.; Welzen, TChem. Phys. Lettl977, 49, 189. (ii) Caminiti, R.; Licheri, G. Piccaluga, G.; Pinna, G.; Radnai, T.
J. Chem. Physl1979 71, 2473. (iii) Caminiti, R.; Radnai, TZ. Naturforsch198Q 35a 1368.° MD simulation: ref 38.° IR spectroscopy: ref 76
d X-ray and neutron diffraction: see compilation in ref 5Meutron diffraction: Skipper, N. T.; Neilson, G. W.; Cummings, S.JCPhys.:
Condens. Matted989 1, 3489. MD simulations: Dietz, W.; Riede, W. O.; Heinzinger, K. Naturforsch.1982 37A 1038.9 X-ray diffraction
and MD simulation: ref 29" MD simulation: ref 37 MD simulation: ref 30J Quantum mechanics computations: ref 5Quantum mechanics
computations: ref 53.Different experimental techniques: ref 20, p 129.

a o —Al
3t 600 - ______ Mg
e Be
2k 400 I ;
q i
o [} H
o o !
o !
1k 200
0 > s %0 4.0 45 5.0
r (A)
Figure 3. First-shell oxyger-bulk oxygen (—0) RDF of the aqueous
solutions of the three cations. 0l b
than that of oxygens. It is also noticeable that a second hydration
shell is well defined in all cases. Moreover, the order around wh
the cation extends beyond this second shell &t Aind Bé*,
where a quite well-defined third hydration shell is observed from
M—0 and M—H RDFs. Regarding tilt angle for firs®() and =0T
second @u) hydration shell water molecules, Table 4 shows =
how the appearance of a tilt angle for the molecules of the first 20
shell is a direct consequence of the condensed medium, given
that optimization of the hydrate in a vacuum leads in all cases ol
to solvent molecules whose molecular plane contain the cation
(6, = 0°). As expected, the compromise among-ievater and . ,
water—water interactions leads to larger tilt angles for molecules 2 4,
in the second hydration shell, and the valuédpffor Mg+ is r(A)
the largest one. The previous®rstudy?® yielded 11 and 3% Figure 4. O—0 (a) and H—H, (b) RDFs. Vertical lines in (a) indicate
for 6, and 0,, respectively, at the ionoxygen distances the oxygen-oxygen distances for the quantum-mechanically optimized
corresponding to the RDF maximums. Aver&ye-M—0, angle structure of the hydrates (see Chart 1).

determination indicates that &l and Mg+ hexahydrates adopt
an octahedral disposition whereas?Behydrate is nearly a  Be?*, it becomes almost a depletion zone, whereas the minimum
tetrahedron witiOBeQ1= 109.35. value for Mg?" is smaller than for Att. This order is reflecting
Adopting a less Copernican perspective of the ionic solution, something more than the direct iewater interactions, since
Figure 3 displays the @O RDF for the three simulations. This  the trivalent cation aluminum presents a lesser isolated shell
function shows the distribution of water molecules around the than the divalent magnesium. The order observed is fairly well
first-shell oxygen atoms (® The well-defined first peaks  correlated with the density number (water molecules)%of
integrate to about two oxygen atoms, indicating two second- the spherical crown of this seconthird hydration shell
shell water molecules hydrogen bonded to each one of the firstregion: 0.27 (B&"), 0.33 (Mg*), and 0.37 A (A¥"). When
shell. The strong interaction between these two shells is reflecteddensity increases, the watewater repulsions within the shell
in the shorRo,—o, (see Table 4 and first peak in RDFs of Figure increase and as a consequence the rigidity and arrangement of
3) when compared with the typical value in pure water (a MD water molecules around the acidic hydrogen atoms of the first
simulatior?* of TIP4P water liquid yields 2.80 A and the shell are more compromised by a large number of interactions.
experimental value is~2.85 A). Beyond this region, the To get more detailed information about the structure of the
presence of a third hydration shell is observed fof*Adnd first hydration shell around these cations~@, and H—H,
Be?t, the corresponding maximums centeree-atA, whereas RDFs are shown in Figure 4. To facilitate the understanding of
for Mg?+ a more diffuse structure is observed in the region5.5  this figure, Chart 1 displays the distances that would be found
6.5. A. Although the minimums connecting these two regions if rigid clusters of the appropriate symmetry were considered.
are at~3 A, their depths are quite different. For the case of In Figure 4a, a systematic displacement of the-O RDF
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Chart 1 Dynamical Properties. To test the degree of transferability
of the flexible hydrated iorwater potential and to complement
the previous structural information, a set of dynamical properties
has also been analyzed. Table 5 collects the values for some of
these properties. Although there is some dispersion in the
experimental translational self-diffusion coefficiehtshe first
conclusion is that our estimate dd values for cations
(experimental estimates, in 10cn? s71, are 0.53-0.727 for

Al3T and 0.76-1.17879for Mg?") on the basis of the mobility

of the hydrate in aqueous solution is fairly good. This result
represents an additional support to the transferability of the
potentials and then to the generalization procedure. Likewise,
such a fair agreement reinforces the hypothesis of the benefits
that the inclusion of [M(HO)"" species has in describing
dynamical properties of highly charged monatomic cations in
aqueous solution. Although the present model of the hydrated
ion allows the independent motion of first-shell water molecules
around metal ion, these molecules stay within this first shell
during the whole simulation time and move with the cation
through the solution. Therefore, the relative success of our
strategy may also be cited as microscopic support of the role
played by the hydrated ion in determining cation mobility in

maximums with respect to the distances corresponding to theSolution. o _ _

isolated [M(HO).J™ (vertical lines) is observed. The trend is Ar} interesting point is the analysis of the relative order of

a shortening of the 3-O, average distance that reflects the Mobilities for this set of cations. Due to the adopted procedure,
global effect of shrinking induced by the condensed medium interaction potgntlals_ basically differ in spgcmc properties of
on the hydrate structures. This means that specific interactionsC&lions, and simulations have been identically performed for
are predominant and induce a shortening of the @ dis- gach cation, so thgt dlffer(.ance.s.among ionic properties must be
tanceg5:53640,—0y, distribution shows how oxygen atoms of |nterpretfed as having their origin in the nature of each cation
the first shell retain their relative positions, thus defining a @nd notin method-dependent artifacts. Table 5 shows that the
tetrahedral geometry for Be (only one peak integrating to 3) trlvqlent and hexacoordlnqted chromlgm and aluminum are those
or an octahedron for At and M@* (two peaks integrating to having the §ma||est mobility. Mggnesmm hydrate moves slower
4 and 1). The different flexibility of this first shell of oxygens ~ than beryllium, what may be interpreted as meaning that the
is apparent by the width of the peaks. RDFs for the hydrogen /arger size of the magnesium hydrate is more important in
atoms (Figure 4b) show in general an important loss of structure determiningD than the hydratewater interaction energ¥. This

with respect to the oxygen cases. It is easily understood as aiS consistent with a previous stutywhich showed that the
consequence of the rotational and librational movements of INcrease of the ion size is not compensated by the decrease of
water molecules and indicates that these movements mainlyth€ hydrated iorwater interaction energy, resulting in a larger
change the relative positions of hydrogen atoms. According to MoPility for the smaller ion. _ _
Chart 1, the possible distances may be grouped into two sets Once the hydrate has been proved to be a well-defined entity
for the hexahydrate pattern, a short distance includingnd in aqueous solutions fpr these small and highly charged cations,
d,, and a long distance fal; and ds. In the case of A, a Fhe rota}tlonal properties of the h.ydrate become. an additional
wide peak retaining a bit of structure corresponds to the original interesting feature of the dynamics of the solution. They are
set of “short” distances. Results previously obtained for the case "elated to correlation functions,

of chromium solution® are quite similar to those found for _

aluminum aqueous solutions. In the case of thé"Ben, one C(t) = P,(T,(0)-T,(t)) T 4

peak collects the two possible distances derived from the

tetrahedral rigid patterrd{ andd;). However, the shape of the  \ynerep is thelth Legendre polynomial arid is a unit vector
9n—+ function shows, as in the At case, that a relative order  ihat characterizes the orientation of the molec@é) values

is retained. For Mg’ this wide peak has completely lost its 516 computed using a coordinate frame based on the molecule.
structure, which may be attributed again to the higher degree peqrientational times were obtained by fitting t¢) functions

of flexibility for the first shell of th|s_ cation. B_ergstrom et &. _ to asingle-exponential form, i.eC(t) ~ e, These functions
have found, by means of double-difference infrared absorption 4re jnvolved in the definition of spectroscopic magnitudes, such
spectroscopy, evidence of a second hydration sphere in aqueouss |R and Raman line shapes (eorientational times) and NMR
solutions of AP", Cr*", and RR'. The structural data here yejaxation times #, reorientational times)? For practical
obtained for aluminum cation and those of chromium presented ga50ns, estimated reorientational times of hydrated ions and
in a previous work> at a similar level of theory and calcul_atlon, water molecules are computed by meandtdfand 70 NMR
conflrm the conclusmns.reache.d by these authors, which S_tatetechnique§.5 In this sense, the experimentally determined
that first=second shell interactions and structural properties
among these two cations are quite similar, even though the (77) Herdman, G. J.; Salmon, P.5.Am. Chem. Sod99], 113 2930.

; _ ; ; ; ; (78) Hertz, H. G. InWater—A Comprehense Treatise Franks, F., Ed.;
primary M—Q; distance is smaller in the aluminum case by more Plenum: New York, 1973: Vol. 3, Chapter 7.

than 0.1 A. (79) Hewish, N. A.; Enderby, J. E.; Howells, W. $.Phys. C.: Solid
State Phys1983 16, 1777.
(76) Bergstrom, P.-A.; Lindgren, J.; Read, M.; SandstromJVMPhys. (80) Kay, R. L. InWater—A Comprehense Treatise Franks, F., Ed.;

Chem.1991 95, 7650. Plenum: New York, 1973; Vol. 3, Chapter 4, p 191.
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Table 5. Dynamical Results. Translational Diffusion Coefficiedt(10-° cn? s7%), Reorientational Times; (ps) of [-Order { = 1 or 2) for
the Hydrate and the First-Shell Water Molecuteend Mean Residence Timegrr (ps) for Water Molecules in the Second Hydration Shell

ion hydraté (H.0)¢4 (H0)
cation D 2% o 75 ! 7 ™ 7 7 (4 75 TR TRl
Al3t 0.6-0.7 108 81 36 27 11.6 82.4 115 5.5 37.3 55 9.6 23.4
Cr3tb 0.62 108 81 36 27 14 58 14 12 40 11 4.6 21
Mg?* 0.7-0.8 96 84 32 28 18 100 19 9 31 9 3 14
Be?t 0.9-1.0 53 40 18 14 13 52 11.5 6.5 15 6 4 23

a Superscript denotes axis considered (see text for hydrates and Chart 2 for water mole#akss taken from ref 25.Estimated errors are
~25%. 9 Estimated errors are15%.

reorientational time is that obtained through the second-order €hart 2
function, 2. A previously proposed conclusion derived from
the study of chromium solutions was an alternative definition
of hydrated ion in terms of rotational dynamics. This was based
on the fact that the ratio;/r, was exactly 3 for the hydrate,
which implies that the rotation of this entity follows the Debye
rotational modef! ¢ values for the three new investigated
cations of Table 5 show that this behavior holds up. This is Y
verified either when the rotation is considered taken as internal

frame M—O, vectors ¢°) or M—H; vectors ¢"). According to Hydrogen atoms of first-shell water molecules are the most
the estimated error for this magnitude, the rotation for the three affected by the rotation of these molecules inside this Cosphere_
hexahydrates is quite similar, whereas the beryllium tetrahydrate Available experimental estimates for aluminum aqueous solution
rotates at higher angular velocity. Two partly overlapped reasons of reorientational times for water molecules have been deter-
may be invoked to explain this different behavior: the smaller mined by Fiat and Conniékto be in the range 2.345.75 ps.
size of this last hydrate and the lower number of firsecond Table 5 also includes mean residence times (MRT) for water
shell hydrogen bonds. Both factors should contribute 10 oecyles in the second hydration shell. Neither the intrinsic
minimize the distortion of the environment during rotation. nature of the studied hydrates nor the model employed and
Experimental estimates of for Al* is in the range of 53 simulation time allows the determination of first-shell water
44 ps from Ohtaki and Radnai’s reviesand 66.7 ps from an  molecule MRT. Calculation has been carried out by the method
early work of Fiat and Connick For Mg?*, the estimated value  proposed by Impey et & Within this modelt* represents the
found in the literature is 13 p¥.Calculated values for these  maximum transient period that a molecule can leave the region
two hexahydrates are the same within the estimated errors. Aynder study without losing its ascription to this region. Values
first interpretation is that intermolecular potentials Gomater of 2 p$3and 0 p& have been used in the literature and may be
and watet-water) and/or simulation time are not able to give a reasonably considered as values that define a significant range
fair deSCfiption of this magnitude. LikEWise, an alternative of MRT. Bearing in mind that these values Correspond to the
interpretation concerns the experimental estimate of this quan-second hydration shell, trivalent cations present high MRT
tity. It is based on an specific model of cluster, where thehi values, as well as the beryllium hydrate, in particularﬁ,@ﬁ%,
distance is fixed. According to the quite different dynamics of \yhereas in the case of magnesium the values obtained are
first-shell water molecules for these two cations, it is also ghorter, This last finding compels us to suggest th&Be a
possible that the disagreement comes, partially, from inadequa-gjyalent metal ion that has one of the longest lifetime for water
cies in the approaches employed in the experimental model. Atmolecules not only in the first shéff,but also in the second.
this point, it seems reasonable to compare only the order of Nonetheless, Mg second hydration shell lifetimes still are of
magnitude of this property. We think this is an open question the same order as typical first-shell MRT of many monovalent
to further experimental and theoretical research. The rotational -5tionss5 This is an a posteriori support of the validity of the
properties of first-shell water molecules have also been calcu- hyqrated ion approach employed for kg In addition, this
lated to give a quantitative measurement of the degree in whichfinging agrees with the magnesium hydration model recently
these molecules are affected by the close presence of the catioReported by BernatUruchurtu and OrtegaBlake which used

compared with a water molecule in the pure liquid. From a g pojarizable water model and nonadditivity corrections for the
previous simulation of 512 TIP4P water moleciiéseorien- ion—water interactiong?

tational times of a water molecule are in the ranges 3.7—

2.6 ps andr, = 2.0—1.6 ps. Definition of the internal frame
used for water molecules is depicted in Chart 2. Data from Table
5 show that the rotational motion of a molecule in this first
cosphere is highly restricted, mainly for thexis that contains

the molecular dipole moment. This fact shows that the main
motion of a first-shell water molecule is the rotation around its
dipole axis. This behavior is found to be more defined in the
hexahydrates than in the tetrahydrate. This preferred rotational
movement of first-shell water molecules allows the understand-

A final test for the intermolecular potentials developed has
been the determination of the power spectra for each cation and
its first-shell water molecules. These spectra are obtained by
applying a Fourier transform (FT) to the velocity autocorrelation
function (VAC) of particles. Dynamical variables associated
with the different maximums may be tentatively identified and
help in the index of the intermolecular region of vibrational
spectra for these electrolyte solutidis’ This is a representative
and sensitive test of the intermolecular potentials, since the

ing of the different shapes observed for-@, and H—H; RDFs. (83) Impey, R. W.; Madden, P. A.; McDonald, I. R.Phys. Chen1983
87, 5071.
(81) Hansen, J. P.; McDonald, I. Rheory of Simple Liquid®nd ed.; (84) Garcia, A. E.; Stiller, LJ. Comput. Chenl993 14, 1396.
Academic Press: London, 1900; pp 497-508. (85) Cusanelli, A.; Frey, U.; Richens, D. T.; Merbach, AJEAm. Chem.

(82) Fiat, D.; Connick, R. EJ. Am. Chem. S0d.968 90, 608. Soc.1996 118 5265.



First-Principles lon-Water Interaction Potentials J. Am. Chem. Soc., Vol. 121, No. 13, 199283

function
0.10 ;590
. EﬂRMo,(O) - RMOI)(RMOI(t) - RMOI)D (5)
0.08
whereRyo, is the mean value obtained for the whole simula-
2 006 tion time. The averagelindicates not only the usual time origin
[%)] . .
5 average but also an average over all possibteQvpairs. The
€ o004 maximums obtained with this function are collected in the
second column of Table 6, labeléd, and they confirm again
0.02 the index of the symmetric stretching mode presented in Figure
5, within a mean deviation o£5 cm 1. A second correlation
0.00 : : function has been computed to tentatively index possible
o 200 400 , 600 800 bending modes:
wavenumber (cm’)
Figure 5. Power spectra for the three cations in the modeled aqueous [{cosp(0) — cosp) (cosg(t) — cosp)U] (6)
solutions. ¢ is the angle between two MO bonds in the hydrate and
Table 6. Maximums Obtained from the FT of First-Shell Water cosp is the mean value for the whole simulation. Comparison
Molecules VAC, (HO), M—O Displacements Correlation Function between Figure 5 and Table 6 leads to the suggestion that the
or, and G—M—0, Bending Correlation Function peak appearing at lower frequency in the power spectra of
cation (HO), or bending cations may be associated with ar-M—0O bending mode.
Al3+ 413, 551 413, 545 403 .
Mg2* 307, 400 395 290 Concluding Remarks
Be* 430, 594 587 430, 588 The methodology based on the use of the flexible hydrated

ion can be considered as the statistical implementation of what

position of these bands must reflect the compromise between aHenEI;rg/“Taube experimentally observed more than forty years
refined description of the intermolecular potentials within the @90°° “The point ofview which has guided the work is this:
first hydration shell, i.e., mainly the IW1 potential, and those Cations, perhaps all the simple ones, exert forces sufficiently
ones dealing with interactions between the hydrate and the res$Strong on water molecules held in the first sphere of hydration,
of the solvent molecules, i.e., HIW and TIP4P potentials. Figure to make these distinguishable from other water molecules, which

5 shows the power spectra of the three cations in the modeledMay also be affected. A general goal is to learn the limits for
aqueous solution. According to the experimental values of which such a distinction betweéfirst spheré and remaining

Raman spectroscopy, the possible normal modes involving theSOlventis possible."This old statement emphasizes the different
cation, and our precedent analysis of the chromium aqueoustYP€S of water molecules that are present in aqueous solutions
solution simulatior? the peak at highest wavenumber can be containing small charged species. Monatomic and highly

assigned to the 4 stretching mode for the hexahydrates (545 charged ions are paradigmatic examples of such a type of
cmT for A3+ and 398 cmt for Mg2+) and to the A for the system, and the combination of the IWLHIW potentials to

Be2+ tetrahydrate (590 cm). This polarized band is well deal with their interactions in water is the proposal developed
reported in the literature for these cations: 58254220 cm! by our group to provide a first-principles-based answer. By
for aluminum, 3626 cm-! for magnesium, and 53§ cm 1 means of the IW1 potential, a detailed quantum mechanical
for beryllium. The agreement is fairly good in view of the low- description of the intrinsic structural and dynamical properties
frequency band studied. Deviations lower than 50 trare of the hydrate itself is reached. It is done in such a way that

strong support for the general purpose intermolecular potentials Many-body interactions, up to the number of particles forming
here developed. the hydrate, are implicitly taken into account. The HIW potential

With the aim of confirming the previous index of the is responsible for providing effective hydrated ielulk water

stretching frequency and to supply additional information on Molecule interactions. In this way, we achieve an accurate
this intermolecular region of the vibrational spectra, three desScription of the interactions among the ion and the second-

additional computations have been carried out. These latter Shell water molecules and betvveen_the first_ar_1d second hydration
results are collected in Table 6. The first column, labeled)H spheres. The nuclear and electronic description of the first-shell
shows the maximums derived from the FT of the VAC Water molecules includes polarization and charge-transfer ef-
corresponding to the first-shell water molecules. In all cases, f?CtS' derived from the appropriat_e quantum chemical_ computa-
the maximum at higher wavenumber is withi¥ cnit of the tion. Many-body terms are also implicitly included within the

same value than the peak previously assigned to the Symmetriceffective potential, as the probe water molecule interacts with
stretching mode in Figure 5. A useful way to shed light on the th€ Whole of the hydrate. .
assignment of bands appearing in a power spectrum is the This work h_as estabhsheq and tested aprocedure to generahze
generation of correlation functions associated with dynamical the construction of the flexible hyc}rated rowater .potentlals
variables. If they are connected with a given peak of power (IW1 + HIW) based on the an.aly5|s of the potential term§ that
spectra, FT of these correlation functions must yield out values '€ transferable)&'[ransfzarmatlogz +°f the*Chydrate potential
close to the previous ones. Thus, the evolution of the metal to those of the AT, Mg™", or B&™ hydrate only lies on the

first-shell oxygen distances can be analyzed by the correlationchange of the charge and structure of the hydrate, which can

be easily obtained by means of a reduced number of quantum-

(86) Irish, D. E.; Brooker, M. H. InPAdvances in Infrared and Raman  mechanical calculations. The transferability found indicates that
\S/glecgoéﬁ‘;%gfg“k' R.J.H. Hester, R.E., Eds.; Heyden: London, 1976, the partition adopted by this definition of the potential is
(87) Lilley, T. H. In Water—A Comprehense TreatiseFranks, F., Ed.; particularly appropriate to facilitate its dissemination. Its low-

Plenum Press: New York, 1973; Vol. 3, Chapter 6. cost allows an easy way to generate new potentials for whatever
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ion that satisfies the requirement of forming a relatively stable MM methods such that the environment may be represented
hydrate in aqueous solution. The intrinsic nature of the potential by the type of potentials here proposed whereas the zone of the
here proposed is that of an effective one. Its simplicity joined solution where the processes take place is quantum mechanically
to its first-principles quality guarantees a high performance in described. In a second line of developments, we will seek to
the time-averaged description of systems where many-body overcome the limitation imposed on water molecules to belong
contributions are important. These potentials may facilitate the either to the first shell or to the bulk. This will open the door
modeling of systems with a significant number of particles and to investigate the mechanism of important reactions for many
long time simulations. Thus, salting effects and the counterion’s highly charged and transition metal cations in solution by means
role in the structure and dynamics of biomolecufe¥charge, of MD simulations with reasonable computational effort, as has
or mass transport in electrolyte or ionic strength effects on very recently been pointed out by Kowall et88lin an ab
chemical reaction in solution are fair examples of those kinds initio study on the water-exchange reaction ofAlG&", and

of physicochemical phenomena where the potentials hereIn3t in aqueous solutions.

described may be of great interest. In this line, the building of . . .
new potentials to describe the hydration of a set of other /Acknowledgment. We thank Spanish DGICYT for financial
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