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A strategy to build interaction potentials for describing ionic hydration of highly charged
monoatomic cations by computer simulations, including the polarizable character of the solvent, is
proposed. The method is based on the hydrated ion concept that has been previously tested for the
case of Ct" aqueous solutiong). Phys. Chem100, 11748(1996]. In the present work, the
interaction potential ofCr(H,0g)]>" with water has been adapted to a water model that accounts for
the polarizable character of the solvent by means of a mobile charge harmonic oscillator
representatioiMCHO mode) [J. Chem. Phys93, 6448(1990]. Monte Carlo simulations of the

Cr*" hexahydrate plus 512 water molecules have been performed to study the energetics and
structure of the ionic solution. The results show a significant improvement in the estimate of the
hydration enthaIpy[Athd,(Cr3+)=—1109.6t70 kcal/mo] that now matches the experimental
value within the uncertainty of this magnitude. The use of the polarizable water model lowers by
~ 140 kcal/mol the statistical estimation of ther(H,0g)]*" hydration enthalpy compared to the
nonpolarizable model(—573 kcal/mol for the polarizable model vs714kcal/mol for the
nonpolarizable ong.This improvement reflects a more accurate treatment of the many-body
nonadditive effects. €2000 American Institute of Physids$0021-96080)50804-§

I. INTRODUCTION tentials that do not introduce empirical factors into the sta-
. i o tistical calculations. However, this approach implies a high
lonic solutions are systems of special interest due to th@,mntational cost and its ability to produce results in good
large number of physicochemical processes they are injgreement with experimental data depends on various fac-
volved in. Fields ranging from biochemistry to chemical eN-tors, especially when complex systems are modeled: the

ineering benefit from the detailed understanding of their_ . I . .
gehavior%‘E’ Rationalization of their properties has Igd to the quality of theab initio calculations, the adequate sampling of

the interaction hypersurfaces and the explicit inclusion of

search for microscopical interpretations where the extratherﬁonadditive collective effects. Consideration of these factors

modynamical assumptions of ionic contributions could be . o .
y P and their inclusion in the model potentials should generally

reasonably handled. Among the most popular techniques to - )
address the study of this topic are classical computeﬂnprove the modellzatlon and lead to more accurate descrip-
simulations®’ Monte Carlo(MC) and molecular dynamics t|o_n_s of the 3|mul_ated _systems. In the present work we ex-
(MD), which are able to consider the system at a moIecuIaPIICItIy address this point. . .

level. However, the success of the results strongly depends, ©On€ Of the most usual assumptions to describe the par-
apart from other factors, such as number of particles, bounélcle.mteractlons is thgt of the pairwise additivity. In the case
ary conditions, etc., on the interaction potentials used to de?f highly charged cations immersed in polar solvents, like
scribe the forces acting among the components of the mod¥/ater, such a premise faﬂg.'!'hre_e main aspects should be
system The model potentials are usually derived eitherconsidered to understand this failure:

from experimental data or from quantum-mechanical comput1) The neglect of the nonadditive behavior of the classical
tations. Our strategy relies on first-principles interaction po-  gjectric polarizatiot!~*3and, to a lesser extent, due to
exchange  contributions and charge transfer
dE|ectronic mail: sanchez@mozart.us.es phenomené‘,“le leads to an overestimation of the pair
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binding energy. This problem has been addressed by impreviously mentioned. This fact is reflected in the overesti-
cluding three- and four-body terms, as well as the use ofation by ~13% (—150kcal/mol) of the hydration en-
polarizable water models, and quite reasonable reSU|tﬂ1aIpyAthdr(Cr3+), obtained from Monte Carlo simulations
have been obtained on singly charged catfdn&!inthe  with a HIW potential for the trivalent ion—water
case of doubly charged ones, a clear improvement ifnteractions®® Additional quantum-mechanical calculations
observed?~*" especially on structural parameters. Fur-gyer a set of clusters led us to conclude that although most of
thermore, for several I?Znthani_de ioftsn®") in"aqueous  the many-body effects are associated with the first hydration
solutions, Kowall et al”* applied a polarizable water sphere, which is correctly treated by the HIW approach, a

model tha:] enables theLdes(;:rlc?tlon o;hehdep(jrease n th|":r‘on-negligible contribution is still present in the second hy-
water-exchange rate, Ln—O distanCtanthanide con- g ion™ “spel®®  Ab  iniio  calculations on  the

traction”) and the coordination number along the series
(2) The second problem associated with the de?/elopment ngr(HZO)G]”(HZO)lz cluster showed that almost half of the
. . . . . . overestimationabout 65 kcal/mglis due to the many-body
first-principles ion—water interaction potentials stems ) . .
from the fact that the correct dissociation limit for a effects present in the second hydration shell. In the simula-
tions performed for this cation, water—water interactions

[M(H,O)]™* cluster is the charge transfer state X i v
[MM D+ 4 H.0*] instead of the expectedM™" were described by nonpolarizable water models: d

49
+H,0]. This avoided crossing is due to the relative TIP4P- o o .

tion potential of the metal—**Nevertheless, this behav- rately reproduce all the properties of the system being simu-
ior does not occur for larger complexes; sometimes thdated; the validation against the available experimental data
addition of a second water molecule is enough and thdés a requirement to assess the reliability of the model in de-
dissociation limit HO+[M(H,0)]"" applies®® scribing properties that have not been determined experimen-
(3) Finally, a third aspect has to be considered for the intertally, and in providing an explanation in terms of intermo-
esting case of transition metal cations. Perturbation ofecular interactions. In the case of the hydration of ions, the
the metal ion induced by the probe water molecule maycorrect reproduction of energetics is crucial. The nonempiri-
easily change its electronic state: the set of partiallycal character of the HIW interaction potential allows its re-
filled d orbitals defines a narrow energy spectrum wherginement in several ways that can lead to improvements of its
several electronic arrangements are defined. predictions. Thus, using a polarizable water model should

A strategy that overcomes to a great extent the preViougertalnly produce a more accurate description of hydration.

difficulties is the use of the hydrated oM (H,0), ™, as For instance, Rus'tSalelt gl.5° conlbined their owr] polarizaple
the representative entity in solution, instead of the bare ionVater modelHHR)**with a Fe “—H,0 interaction potential
M™* . In this case, the bare ion—water interaction potential idn their study of the F& solvation and its hydrolysis prod-
replaced by the hydrated ion—watét!W) one. The Sevilla UCts in aqueous solution, obtaining encouraging results and
group has developeab initio HIW potentials for ZA* and ~ concluding that their model could be improved by consider-
for Cr3* that were used in Monte Carlo simulations to obtaining the hydrated forms of the Feand its hydrolysis prod-
energetic and structural informatiin®® to study the dy- ucts to build theab initio interaction potentials. This is pre-
namics, additional molecular dynamics simulations were pereisely the issue in this work: a coupling between the original
formed in the latter cast:*! Also, the methodology has re- HIW potential and a model of water that is consistent with it,
cently been extended by proposing a low-cost technique foie., built from first-principles, and with the ability to include
the generalization of the HIW potential to other small andexplicitly nonadditive effects. The water—water interaction
highly charged cations like Bé, Mg?*, and AP".** The  potential chosen incorporates the polarizable character of the
validity of this approach has also recently been tested byg|yent molecule by means of mobile charges joined to the

-46 ; ; 47
other grpup?’ and was pointed out by Cordeiet al.""in - 4t4ms by harmonic oscillators. This model has been devel-
an earlier C&" hydration study. In particular, Bleuzen

et al*® have studied the water-exchange mechanism for th

second hydration shell of the @r,_ assuming in the ion-— modeling the hydration of quite different solut@s®>*%*To
water interaction potential the existence of the hexahydrate

: : . fest the validity of this coupling, a set of cluster computa-
and selecting the nonelectrostatic parameters of the ion- ) . i _ ) .
solvent potential in such a way that MD simulations pr0_t|ons .|s performed_wnh different analytical potentlgls, with
duced the closer results to experimental properties. Wassei?€ aim of evaluating whether or not the energetic aspects
manet al. have studied the Af hydration by considering an €an beé improved when the polarizable water model is in-
aluminum—water potential based on tieinitio information ~ cluded without severely affecting other properties of the so-
(structure and vibrational spectriinof the [Al(H,0)q)*" lution, such as the structural ones that are already fairly de-
cluster and using a flexible, but nonpolarizable, water modelscribed. In a second stage, Monte Carlo simulations are
The case of Gi' hydration is particularly involved be- performed to study the effects of the coupling between both
cause the development of a first-principles ion—water interpotentials when the solvent is fully considered in thé*Cr

action potential suffers to a large extent all the difficultieshydration description.
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Il. METHODOLOGY
A. Outline of the HIW and MCHO potentials

A short overview of these models is presented here to
facilitate the understanding of the strategy followed in this
work. The details of the HIW and MCHO interaction poten-
tials can be found in the original works, Refs. 39 and 52,
respectively.

The basic assumption underlying the HIW model is to
consider the water molecules in the first hydration shell dis-
tinct from the rest of the solvent molecules, hence permitting™'C- 1. Picture describing the MCHO modél.and J correspond to the
a different treatment for their description, the origin of this atomic nuclei, ands; and §; to their respective mobile net charges.
idea being the high perturbation induced by the cation on the

closest solvent moleculés.In the particular case of &F :
) _ : _ ' H,0)1ct.shei- (H2O)1ipap; and Ry_o is 2.75 A for
there are six water molecules in the first hydration shell anéHZO)TIP4P_(H20)T|P4P and 255 A for (HyO)iepenel

they have a mean residence time on the order of 24 hr’Burs._(Hzo)TMP_ As expected, the first-second shell water inter-

This allows us to consider the interaction potential between, i - is much stronger than the water—water interaction in
the [Cr(H,0)¢]>" unit and a water molecule, i.e., the HIW the bulk

potential, in computer statistical simulations. The develop- mong the possible polarizable water
ment of the HIW model starts by optimizing the geometry ofmOde|ss,19,22,32,51,59,58—6qhe MCHO potential was chosen
the hydrate using aab initio method, followed by a sam- ’
pling of the[ M(H,0),]™* —H,O potential energy surface. It
is worth pointing out that thECr(H,0)s]>* geometry used to
extract the interaction potential and for further statistical
simulations is that obtained b initio computations. Thus,
the geometrical structure of the first-shell water molecule
(do_y=0.967 A, <HOH=107.54°) is different from the

mainly because the underlying philosophy of its building and
the geometry of the water molecule are completely consis-
tent with the perspective used in the development of the
HIW model. The information source is a set of quantum-
mechanical computations and tiig (L=4, 6, 12 coeffi-
Tients of expressiofil) were obtained using the rigid MCY
water model, which has exactly the same nuclear relative
rest of the Waoter molecules of the bu"d.d*'*zo'%?’&' positions as MCHO, thus facilitating the coupling with the
<HOH=104.5°). The structural complexity of the hydrate, HIW potential. The MCHO water model is of atom—atom

unlike monoatomic ions, forces the evaluation of a Iargetype each atom having ascribed a ceritand a net mobile
number (~1200) of quantum-chemical structures of the hy'chargea (Fig. 1). The expression for the atom—atom poten-
drate and the probe water molecule. Ti®einitio pair inter- tial is !
action energies are then fitted to an analytical function built
on the basis of site-site distanceg,, MCHO__ CnR ChR 69
wseswes o o i 0 EVCMO=A; e MR+ B je ™ |,J+C—r”
4 6 12 i4j
Euw= 2 2 —z+ gt -mt-—
i T T i Tij Fij

(1) Kk
+air|2,i+ajr§’j+r73, 2

Two contributions may be distinguished in the previous b
equation. The first one accounts for the short-range interaawhere subscripts’ capital letters denote nuclear centers and
tions and is described by a linear combination rof" subscripts’ noncapital letters denote net charges. The first
(n>3) terms. The second contribution is Coulombic; thetwo terms define the short-range contribution, not appearing
charges on the water molecule are those of the model enin intramolecular interactions, i.e., no vibrations are allowed.
ployed, and for the hydrate they are derived from a fittingC is equal to 1 for intermolecular interactions, and in the
procedurg’ to reproduce thab initio molecular electrostatic case of intramolecular ones, its value depends oni thg
potential of the hydrate wave function polarized by a dielecpair. Thea; parameters are half the force constants corre-
tric continuum, in order to include the bulk solvent effects in sponding to the harmonic oscillator behavior adopted for the
an averaged manner. interaction of a given nucleuswith its respective net mobile

It is again convenient to underline how the first-shell electric charges;. The last term in Eq(2) avoids the col-
water molecules differ from the rest of water molecules inlapse of opposite sign charges. The parameters were fitted to
their charge distribution. Thus, they support a partial chargehe MCY pair interaction surface, and &b initio computed
transfer from the cation so that these water molecules are nsurfaces of three- and four-body nonadditive contributions to
electrically neutral {-0.09%) as bulk water molecules are. the interaction energy. Resembling the Born—Oppenheimer
The significant difference between the first-shell water mol-approximation, the mobile charges adjust their positions to
ecules and bulk ones can be illustrated by comparing thénhe local electric field for a given configuration of the nuclear
results of the optimization of two water dimers. One of themcenters. Thus whereas tRg ; distances are directly obtained
is formed by two TIP4P water molecules and the other ondrom nuclear positions, the; ; distances can only be com-
by a TIP4P water and a water molecule of the first shell ofputed after the positions of the mobile net charges have been
the hydrate. Interaction energies are26.1kJ/mol for obtained from solving the zero force equations by means of
(HO)1ipap— (H2O) 1ipap and —82.5 kJ/mol for an iterative, self-consistent procedure. The result is a model
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TABLE I. Fitted values for thé andn parameters. (and H denote centers
belonging to the hydrated ion. When values of the table are replaced in the
modified Eq.(1), energy is obtained in kcal/mol if distances and charges are
given in a.u.

Pair k n
O—-H 6375.9349 9.805 506
H,-O 196.879 62 3.278571

capable of including all the many-body nonadditive effects
in the system; it was explicitly adjusted up to only fourth
order because usually the contributions of higher order to the
intermolecular interaction are negligible. Therefore a site-site
formalism is kept that is simple enough to be effectively
used in numerical simulations.

] FIG. 2. Structure of the minimum corresponding to 12 water molecules
B. Development of the hydrated ion—water interacting with the CG¥ hydrate using the HIWand the MCHO potentials.
polarizable potential Drawn bonds between the cation and oxygens of the first-shell water mol-

. ecules represent the feature of the HIW8 consider the hydrate as a single
The simplest strategy to couple the HIW and the MCHO ;.

models would be their simple addition, that is, to use Egjs.
and(2) as they are, to compute ion—water and water—water
interactions. However, this approach is bound to fail due to
two different and independent reasons. The first one is rd-Cr(H,0)g]** —H,0 ab initio surface. Table | collects the
lated to the polarization of the water molecule interactingfitted parameters. Henceforth this new potential will be
with the hexahydrate. When the original HIW was devel-called HIW, (the subscript P denotes that this HIW po-
oped, the use of a nonpolarizable water model forced théential was set up to be used with Rolarizable water
fitting to include the polarization effects on ti@® coeffi- mode). The success of this strategy will be discussed on the
cients in Eq(1) in an averaged manner, because these effectgasis of the results presented in the next section.
are present in the interaction energies obtained fabrinitio
computations. On the other hand, the mobile charges on the
MCHO model explicitly include the induction effects on the |||. RESULTS AND DISCUSSION
Coulombic part. In this sense, the nonadditive contributions ) - )
to the interaction energy would be counted twice by the’: Many-body effects in the Cr* second hydration
simple addition of both models. The second factor agains?he”
this strategy is the excessive polarization induced on the As already pointed out in Sec. |, previous studies have
MCHO waters produced by the lack of polarizability of the shown that for systems formed by ions and polar solvents,
hydrate, thus causing an exaggerated reorganization of theuch as water, the nonadditivity of the interactions is particu-
mobile charges. This effect is further enhanced by the lack ofarly important in the closest environment of the ion. When
a repulsive term in the interactions for charges of differentthe hydrated ion approach is used, the many-body terms
sign between the HI and the MCHO water, unlike what hap-within the first hydration shell are implicitly taken into ac-
pens in the MCHO modélast term of Eq(2)]. Both factors  count by the quantum-mechanical computations; but beyond
lead to an exaggerated HI-MCHO water interaction. Kowallthis shell the trivalent cation field can still produce large
et al*2 have found the increagenore negative valug®fthe  cooperative phenomena in polar solvents. The first neighbors
solvation energy for a set of lanthanide ions in water wherexplicitly considered in the simulations using the HIW po-
an unpolarizable water model is changed by a polarizabléential are those of the second hydration sphere, so it is of
one. interest to examine to what extent the inclusion of the polar-
Once the failure of the simplest strategy has been ratioizable water model and the new fitting of the HIW potential
nalized, different options to perform the coupling come up.are able to deal with the remaining many-body contributions
In this work, a special effort is done to keep the short-rangef this region. To obtain this information, a cluster formed
terms of the HIW potential unaltered, due to the importantby the hydrate and a second hydration with 12 water mol-
role played by a correct description of the van der Waalsecules,[Cr(H,0)s]*"(H,0),,, has been optimized by using
envelopé® Bearing in mind this point and taking into ac- the HIW,+MCHO interaction potentials. Figure 2 shows
count the terms describing the water—water interactions, onthe optimized geometry of this cluster. A quite symmetric
of the easiest options by which to proceed is by adding to tharrangement around the hexahydrate is obtained, where the
original HIW expression a repulsive term between the elecsecond-shell water molecules bind by pairs to each one of
tric charges, in the same way as in the MCHO model, that isthe first-shell water molecules. The optimized geometrical
a new term of the typk/r". Thek andn parameters are then parameters, the total interaction energyg;(total), and its
fitted using the original single point calculations of the decomposition in hydrated ion—watéfl-W) and water—
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TABLE Il. Interaction energy, AE;,, between the CF hexahydrate and its hydration shell,
[Cr(H,0)g]"3-(H,0);, computed from different couples of analytical interaction potentialsamahitio meth-
ods, and its decomposition in hydrated ion—watéi—W) and water—watefWW—W) contributionsSE; _,oqy IS
the ab initio interaction energy assuming pairwise additivigfCr—Q,) and R(Cr—H,) are the optimized
distances using the different analytical potentié&nergies in kcal/mol and distances in)A.

Analytical potentials ab initio

Interaction energy HIW+MCHO HIW+MCY HIW +TIP4P

AEin‘( AEint AEint AEint 2E2-body
total —365.9 —394.4 —387.9 —328.9 —396.1
HI-W —433.7 —438.5 —428.2 —388.3 —459.2
W-W 67.8 44.1 40.3 59.4 63.1
Geometrical parameters
R(Cr-0Q,) 4.21 4.15 4.17 4.75 418
R(Cr—Hy) 4.86 4.80 4.82 4.80 4.80"

aThe geometry used was that optimized with the coupling HIMCY..

water(W-W) contributions are given in Table Il. The polar- S E, pogytotal) = 12{E([Cr(H,0)6]*" (H,0))
izable character of the water molecules forces the evaluation

of these two contributions retaining the polarization acquired —E([Cr(H0)6*")— E(H,0)}

in the whole cluster. For the sake of comparison with previ- 12 12

ous unpolarizable models, geometries obtained for the > {E(H,0);(H0);— 2E(H,0)}.
[Cr(H,0)*"(H,0);, cluster with the previous couples of 1=1j>i

potentials, HIWFMCY*® and HIW+TIP4P have also (4)

been included.
Likewise, theab initio energies corresponding to the in- Comparison of the twab initio total interaction ener-

teraction between the hydrate_and the second shell o_f Wat%ﬁes (Table 1)) shows a many-body correction of 67.2 kcall
moleculesAE;,, and that obtained under the assumption ofmol [AE;(total)— 3 E.peqftotal)]. To get insight into the

. . e i
pairwise additivity among the hydrate and the 12 water moliqin of this amount some decomposition has to be envis-
ecules,%E; 04, have been included in Table II. These re-

. . - aged. The self-consistent character of the quantum-
sults were already obtained to test the behavior of the origi g d

| CB* ial th led with th mechanical computations leads to the definition of a given
nal Cr™ HIW potential that was coupled with the MCY partition scheme foA E;(total) that partially clouds the ac-

water potentlaf. The geo_metry used for thab Initio tual contributions in the whole cluster. That is, according to
guantum-chemical calculations was that obtained by the OPeq. (3), AE, {(W=W) is computed for a cluster of water mol-

. . . . - . 1 n

timization of the cluster with the HIWMCY potentials. The .. a5 that is not being polarized by the hydrated cation,

level O.f calculation is the same as _that used to_g_enerate tr}ﬁerefore the value included in Table(B9.4 kcal/mo) is a
potential energy surface which fitted the original HIW |0 jimit to the water—water contribution in the whole

potential.® As usual, the total interaction energy, cluster. As a consequence, the hydrated ion—water interac-

AEi”t(tOtiD'hwash clom?uted asdthhe d|fffeLence between thetion, which is obtained by subtracting the water—water con-
energy of the whole cluster and that of the components i, tion to the total interaction energyAE;(HI-W)

= AE;(tota) — AE;(W-W)], is an upper limit to this con-

AE,(tota) = E([Cr(H,0)¢** (H,0)1,) tributiop (“exact” EH,__W< —388.3 kcal/mo_l)_. The same
- reasoning can be applied to the decomposition in the case of

—E([Cr(H0)¢]"") — 12E(H0) the two-body approacty, E, poqy, but it should be noted that
= AE(HI-W)+ AE(W—-W), 3 water—water repulsions should be less affected by not in-

cluding the ionic polarization, given that the considered

structures only involved two water molecules. As already
beingA E(W—W)=E([H,0];,)— 12E(H,0), andAE(HI-W)  pointed out by Prob& and Curtisset al,® it is observed
being obtained by difference. For the calculation ofthat many-body contributions are more important in the hy-
2 Ez-pody, theab initio interaction energy is computed on the drated ion-water interactions than in the water—water ones.
basis of the pairwise additivity approximation. However, for Comparison of theab initio energies with the results
clarity reasons it is convenient to underline that the hydratedlerived from the application of the analytical potentials em-
ion is still considered as a unique entity. As a consequencegghasizes two points: the first one concerns the total interac-
any pair interaction involving the hydrate contains implicitly tion energies and the second its components. As expected,
interactions with seven molecular species, thé"Gration  the inclusion of polarization in water molecules with the
and six highly perturbed water molecules. Due to the symHIW—MCHO coupled potentials accounts for a part of the
metry of the structure, the 12 hydrated ion—water interacmany-body terms reducing the difference with respect to the
tions were considered equivalent, ab initio AE;(total) to only 37 kcal/mol. Therefore, the ref-
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erence is not any longer the two-body results, 61
2 E;pogftotal), as it is the case for the two previous couples
of potentials HIWA-MCY and HIW+TIP4P. Regarding the 51
second point, the value for the hydrated ion—water interac-
tion energies computed by means of the HMMCHO po- 47
tentials is similar to the previous values obtained from the
HIW +MCY and HIW+TIP4P potentials, given that the new = 31
hydrate—water potential HIWfits the same set ddb initio
points. However, the MCHO water—water potential de- 21
scribes a more repulsive situation among water molecules ir
the second hydration shell than that obtained by the nonpo 1A
larizable MCY and TIP4P models. This leads to a better 1
value for water—water repulsions given that for this compu- @
tation (67.8 kcal/mol the second hydration shell has retained
the polarization induced by the hydrate. It is clear that
ab initio values are lower limits of the actual water—water FIG. 3. Cr—O(solid line) and Cr—H(dashed lingradial distribution func-
repu'sions in the whole cluster [“exact” tions for the Monte Carlo simulation of tt[@r(HZO)e]3+ with 512 HO.
AE;«(W-W)>59.4 kcal/mo]. On the contrary, the water—
water interaction energies computed by the TIP4P and MC\%
water models are less repulsive than #ieinitio value by
about 20 kcal/mol. However, a fortuitousind favorablg
partial cancellation with the corresponding HIW potentials
leads to total interaction energies close to B, ,qqy(total
in these two cases. Therefore, it may be concluded that th
new couple of interaction potentials, HWA MCHO, is able
to improve the estimation of the total interaction energy of
the CP* hexahydrate with its hydration shell, by supplying a
more equilibrated description of the hydrated ion—water an
water—water interactions.

Possible origins of the discrepancy of 37 kcal/mol in
AE;(total) between theab initio and HIWs+ MCHO values

r/A

een performed under periodic boundary conditions in the
NVT ensemble using the algorithm of Metropoésal®® as
implemented in theMONTECUERNA®* code. A cubic box of
24.8 A was used in both cases. The program, which uses the
MCHO water model, has been modified to include the HIW
Sotential and the Ewald sum techni§ddor the evaluation
of Coulomb interactions. For the simulation containing the
ion, the Ewald sum procedure included the charge system
(ierm.%'esA spherical molecular cutoff of /2 was applied to

he real space part of the Ewald energy as well as the short-
range potentials. The system was equilibrated at 298 K with
20 million configurations and 40 million configurations were
additionally produced for statistical analysis. The pure sol-

mbqlst bef rr;}engoneld to(?et a mprle Ic::'ompl:cate”wiw gf the re“'\/ent reference was obtained from a 512 MCHO water mol-
ability of the developed potential. First of all, the basis sets, o5 simulation under the same conditions. Equilibration

used f_or the quantum Chemlca_l computations of the HIWand production runs were obtained with 20 and 34 million
potential energy surface are different from those used t

. ! _ (?:onfigurations, respectively.
build the MCHO potential. Second, some many-body inter- The resulting radial distribution functiod®DF) for the

?cu:)nls Tﬁve nbotdbeentmcll:'clied Irt] the Zaframebtn(zjatloni Paley_0 and Cr—H pairs have been plotted in Fig. 3. Obvi-
Icularly three-body water—rl-water and four-body wa er_ously, since our modeling of the ionic solution considers the

water—HI-water contrlbutl_o ns. The lack c-)f. 'nStan.t"’m.wUS[Cr(HQO)ﬁ]3+ cluster as a single cationic entity, the structural
polarization of the hydrate is partially the origin of this limi- information obtained is concerned with the second hydration
tation. Finally, the intrinsic error associated with the fitting .p .1 ohward. The Cr—O RDF shows a well-defined peak
0{ the |nte;tr)act|cin (;ne(rjgy by the potentials employed MUStentered at 4.08 A followed by a significant depletion zone
also contribute to the Iscrepancy. . . with a minimum at 4.5 A. The integration of this peak leads

The trend observed IR(Cr—Q,) andR(Cr—H) is easily to 12.3+0.1 water molecules. The Cr—H RDF confirms the

understood on the basis of the inclusion of the pOIarizabl%resence of a well-defined second hydration shell: a peak

character fo? w_ater ”_‘O'eC“'es- If the same hydrated IONGentered at 4.48 A is the main characteristic of this function.
water potential is retained, the water molecule at the seco

. . . o . ) r'plowever, this peak is about three times broader than the one
shell will be polarized mainly by its interaction with the

. : corresponding to the Cr—O RDF. This reflects the permitted
triply charged hydrate and the repulsion among solvent mol P v P

les(due 1o dinole—dinole int tiongads to | di motions of water molecules in the second shell: those involv-
ecules(due to dipo e—dipole interac iongea s lo larger dis- ing rotational and librational modes, whereas those related to
tances from the cation, e.g., 4.21 A for Cr-@istance, than

those previously observed for the nonpolarizable water mo jarge changes of Crodistances are highly restricted. Pre-
vious dynamics results with a nonpolarizable water model
els, MCY (4.15 A) and TIP4P(4.17 A). y P

support this findind®4* Comparison of these two RDFs with
those obtained by the application of the HIW potential and
nonpolarizable water models, such as M&¥nd TIP4P*

MC simulation conditions were the same as in the presshows that although the main features of the curves are re-
vious work® in order to make the comparison as direct asproduced, some differences are worth being pointed out.
possible. Thus, the system was formed by fBEH,0)¢]*"  There is a shortening in the CryQlistance when going
cation and 512 water molecules. Numerical simulations havérom the isolated clusters[Cr(H,0)s]>*(H,0);,, to the

B. Monte Carlo simulations
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TABLE lIl. Average dipole moment of water molecules in different spheri- 354
cal regions around the hexahydrate and in pure water.
3.0 —— 0,-01in Cr” solution
Type of water molecule Spherical region || (Debye 25 P 0-0 in pure water
2nd shell reo<4.6 A 3.20+0.03 20
3rd shell 4.65rc,0<6.5A 2.93+0.02 _
Bulk reo>6.5A 2.89+0.01 154
Pure 2.89+0.01
1.0
0.54
. . . . 0.0 .
maxima in the peak of the corresponding Cr—O RDFs. This 2

shortening is more pronounced for the HIWMCHO case

(0.13 A) than for the HIW-TIP4R0.10 A) or HIW-MCY FIG. 4. Oxygen of the hydrate (-oxygen of the solvent water molecules

(0.09 A) cases. This can be ascribed to the additional polaroy radial distribution function of théCr(H,0)s** +512 HO simulation
ization effects induced on the second hydration shell mol<solid ling), and O-O radial distribution function of the pure watéashed

ecules by the third hydration shell. A similar effect, associ-iine)-
ated with specific interactions between first and second
hydration shells, has already been observed in two quantum-

chemicgl Gsstudies on the hydration of several monoatomigne nyre water simulation with the same water potential. The
57,

cations: ' . _ _ first peak of the @-O RDF appears shifted toward shorter
Another difference coming from the inclusion of actual | 5),es ¢0.25A) with respect to the O—O RDF of pure
polarization for the water molecules is that the minimum Ofyater. All these structural results compare well with spectro-
the Cr-O RDF after the second hydration shell is closer (Qcqpic measurements of severallty agqueous solutions ob-
zero for the polarizable model than for the nonpolarizablegineq by large-angle x-ray scatteriigAXS),” x-ray dif-
one (see Fig. 3 This can be interpreted as a result of afaction (XRD),” neutron diffraction(ND),”® extended x-ray

tighter bound shell around the hydrate, which becomes MOrghsorption fine structuEXAFS)™ and the infrared absorp-
isolated from the rest of the solution. This is a consequencgon double-difference techniqd’é.

of the polarization induced on the water molecules of the A final comment concerning the structure is the influ-

second shell by the close presence of a highly chargednce that the Ewald summation treatment has on the pure
hexahydrate. The same effect can also explain the presengfcHo water simulation. O—0O. H—O and H—H RDFs de-

of a broad, but quite defined, shell in the Cr-O RDF goingyjyed from the simulation with 512 molecules using the

from~5.0t0 5.8 A that suggests a third hydration sphere. Ing,y 414 treatment have been compared with those correspond-
short, the actual polarizable water model is favoring the CONing to a previous simulatiGh with 343 molecules that did

centric shell model of dilute ionic. aqueous solutions,.as i”'not employ this treatment for long-range interactions. The
voked by Franks and Evafi$.In ionic aqueous solutions f;nctions match each other, in agreement with other com-

containing highly charged cations, the ion—solvent interacyarative studies in which it was concluded that the Ewald
tions are clearly dominant in a widespread region around thgestment does not change significantly the atomic pair-
cation, determining a large part of the polarization effects on. g rejation functions of polar liquitf

the water molecule$’***?Because the dipole moment of the Besides structure, another important point to be exam-
MCHO model responds to polarization, we can look into thejnaq in this work is the hydration enthalpy of Tr

value of this magnitude at different distances from theAthd,J(ClS+) when a polarizable water model is used. The
hexahydrateTable Ill). The dipole of the second-shell wa- 1,y qrated ion approach allows the statistical evaluation of the
ters is much larger than the dipole of bulk waters, reﬂec“”%ydration enthalpy of the hexahydrate, as the difference be-

the strong ionic field to which the former molecules are subyyeen the average energies of the simulations containing the
ject. It is also worthwhile noticing that in spite of the large hydrated ion and the pure solvent, that is

induced dipole on second-shell waters, the third-shell mol- -
ecules recover a value close to that of the bulk, showing thé Hnya{[Cr(H20)e]*")

well-known buffering capacity of watéP. The change of di- = (Ev)— (Eyare)
pole moment value can be seen as a kind of labeling of water Hl wate
molecules following concentric shells of similar degree of =(—5596+ 25) — (— 5023+ 20) kcal/mol

electric field perturbation.
An additional interesting parameter to be examined in =—573t45kcal/mol. )

these systems is the mean distance between oxygen atoms[iie to the use of the same volume for the pure water and the

the first (Q) and outer(O) hydration shells. The correspond- solution, there is an additional terfw(PV) corresponding to

ing RDF reflects how different the interaction between thethe density change in the system when the hydrate is in-

waters of the first and second hydration shells is with respeatiuded. Nevertheless, this term can be evaluated and leads to

to the typical interaction among water molecules either ina change of the density value small enough-6(

pure water or in the bulk of the ionic solution. Figure 4 x10 3gcm 3 to consider this contribution to the

shows the @-O RDF of the ionic solution and the O-0O for AthdH(Cr“) negligible.
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To estimateAthdl(Cr“), two additional contributions the combination of the potentials presented in this work are
have to be considereda) the energy to transfer six water able to supply a fairly good description of the energetics of
molecules from the pure liquid water to the gas phase, @he CP" ionic solution.
magnitude usually identified with the vaporization enthalpy =~ The previous evaluatidn of Athdr(Cr“) using the
AH,4p. In our model this quantity is the average water—HIW+MCY potentials and the same computational condi-
water interaction energy of the pure water simulation withtions was —1259.1 kcal/mol, that is an overestimation of
opposite sigrifrom Eq. (5)—(Eyae/512=9.8 kcal/mol. (b) ~140kcal/mol. The main difference between the previous
The second contribution is the formation enthalpy of the hy-value and that obtained here comes from the statistical esti-
drate at 298 K,AHm([Cr(H,0)s*"), which has already mation of the hydration for the hydrated ion,
been quantum mechanically computed including the zerm\thdg([Cr(Hzo)s]%), which goes from~ —710 kcal/mol
point energy and thermal correctiotistherefore, with the HIW+MCY potentials to— 573 kcal/mol with the
HIWp+MCHO ones. The improvement reached may be in-

Athdf(CrH) terpreted as a consequence of the importance that nonaddi-
= AHya([Cr(H,0)6PH)+ 6AH,, tive and polarization terms beyond the first hydration shell
Y . P do have for highly charged ions. A first indication of the
+ AHom([Cr(H0)6]°") improvement can be obtained from the better estimation of
— 573+ 58.8-595.4 kcal/mok —1109.6 kcal/mol. the many-body terms directly joined to the second hydration

shell in the C?" isolated cluster. However, this value is es-
(6)  timated to be~40kcal/mol whereas the results from the

The experimental estimation of the hydration enthalpy Ofsmul.atl(.)n of the SOIUUO".‘ Iegds the value-tdl40 kcal/m.ol.
Cr* is — 1116 kcal/mol’® As shown in Eq.(6), the value This indicates that polarization effects, although less intense

computed with the polarizable water model agrees prett)}han for the first and second shell phenomena, affect a large

well with the experimental estimation. Nevertheless, such Qumber .Of solvent moilecules of the sy;tem. Likewise, slight
close agreement must be regarded with some caution. W%eometrlcal changes in the average distances of the succes-
can estimate an uncertainty of at leas?0 kcal/mol due to swe_solvation shells as a consequence of the incre_asing re-
the model employe®5 kcal/mol derived from the statistical puls_lon among the polarized water molecules of a given h_y-
estimate of thdCr(H,0)s]** enthalpy and 25 kcal/mol de- dration shell, lead to the modification of the electrostatic
rived from the quantum-chemical estimation of the*Cr contribution to the total interaction energy. Their consider-

hexahydrate formation enthalpyBesides, the model em- ation in this_work has been a _key point to carefglly improve
ployed in the statistical part is lacking two factors tha’[the descnpuoq of the energetics of the’Chydration. .

a priori should improve the modelization. The first one is the .In conclusion, the ability of the prgsented model to give
unpolarizable character of the hydrate, which neglects théaUsfactc.)ry' structgral and energetl_c answers on h!ghly
actual response of the first-shell water molecules to the peﬁhargeq lonic SOIU.“O”S sgpports t.he idea thf'ﬂ fwst-prmmplgs
turbation produced mainly by the second-shell waters. Ney/Nteraction potentials which are improved in a systematic

ertheless, this shortcoming should not be too important peStepwise procedure hold up. In fact, the adaptation of the

cause this effect has been partially taken into account, in aFydrated lon—water interaction potential to be used in a po-

averaged way, by polarizing the hydrate with a solvent reac_anzable environment has been easily done and no spurious

tion field when the HIW potential was developed. A secondeffeCtS have appeared. This seems to ingicate_ thg sou-ndness
limitation of our modelization is the consideration of rigid of the hydrated ion approach to develop first-principles inter-

body for both the hydrate and water molecules. This factoegCtlon potelnt(;als. leel\llesel, thedMCI(;I? \;vatetr rr;odzl ha_sb
limits the type of properties which can be investigated by th een reveale "’,:S a wet -ba anc$h mo ?tﬁ water grh edsctrll )
implicit rigid approach. Intramolecular dynamic propertiesIng environments as strong as those of the second nydration
would need further developments. In any case, the main ge hell of a trivalent monoatomic cation. Future developments
metrical distortions affecting the intermolecular interactionsShOUId be addressed in a double sense, on one hand toward
have been considered in the present modelization. Thus tﬁge prospect of methods to generalize the inclusion of polar-
distance between the cation and the first-shell water rr’loll_zation effects to others cations without needing the refitting

ecules, as well as the whole molecular geometry of thes8f the potential surface, and on the other hand, toward in-

waters, has been quantum mechanically computed. Ivla&reasing the properties accessible to this method by the in-

et al, using theab initio molecular dynamics method, have clusiqn of flexible models for_ Watgr anq hydrate, and their
observed that the geometrical structure for water molecule%Oupllng to molecular dynamics simulations.

beyond the first hydration shell of Beis very similar to that
of pure bulk water obtained with the same methodol&/. ACKNOWLEDGMENTS
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