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Model

JoseM. Marti’'nez, Rafael R. Pappalardo, and Enriqgue Sachez Marcos**
Departamento de Qmica Fsica, Facultad de Qunica, Uniersidad de Salla, 41012-Seilla, Spain

Receied: January 8, 1997; In Final Form: April 3, 1997

The changes in the distance between the cation and the oxygen of the first water sh@l) (Rduced by

the rest of the solvent and the hydration structure of Agve been theoretically studied using a mixed
discrete-continuum model of solvation. Ab initio calculations at the MP2 level for [A@QJKIT clusters

=1, 2, 4, and 12, the last one formed by two water shells-(8)) in gas phase and solution were carried

out with DZ+polarization basis sets and Stevens et al.’s pseudopotentials. The bulk solvent was simulated
by means of Nancy’s group continuum solvation model. The clusters were placed in a cavity surrounded by
a continuum with the static dielectric permittivity of the water. Geometry optimization was performed in all
cases. Calculations allow the examination of the specific interaction effects on the first solvation shell due
to the hydrogen-bonded water molecules of the second shell as well as the long-range interactions of the bulk
solvent, described as a dielectric continuum. Likewise, the combination of both effects is studied by the
explicit consideration of a Ag polyhydrate containing two hydration shells, [Ag(®):2]*, inmersed in a

cavity. Opposite effects on the A@, distance were observed by the specific and long-range (continuum)
solvent interactions. Specific interactions, mainly hydrogen bonding, shorten the bond, whereas long-range
interactions lengthen it, leading to a mutual partial cancellation of the effects when the two types of interactions

are jointly considered. Contributions to the Agydration enthalpy have also been examined in terms of the
semicontinuum model.

1. Introduction of the R(IM—0O)) distance induced by the inclusion of one or
. . several water molecules coordinated to the hydrated cluster,
The structure.ar.ld dynamlcs of hydrated 1ons hgs long beenwhich represents partially the effect of a second shell. The
an important topic in chemical physics and biochemistry. There specific interactions associated to the second hydration shell

is a large number of physicochemical phenomena and technicalare dominated by the hydrogen-bonded medium and lead to a

processes in solution where these species are involved. Theydecrease of thB(M-O)) distanceé-1! On the contrary, we had
play either a central role, as in many electron transfer processe :

i . ! S€S%hown that when the hydrated ion is relaxed within a cavity
or enzymatic reactions, or a _secon(_jary rolg, as In the.salt'ngembedded in a dielectric continuum, the long-range selute
effect or the floculation of colloid particlés Since the earliest solvent interactions lead to an increase of tRE&M—O)

ieore, e loni aduswas a1 mportant conceptiode W dstance® Turon et i fnd the same behavir o
y X port, sp PIC, Y PIOPEr- 0 ntinuum approach in the solvation study of thgH cation.

gﬁfeOfﬁfr(étﬂglﬁef}igﬂ??Q\,@; g}a%?étgﬂ%;%%sa?hgfhegv' These opposite trends of the supermolecule and continuum
rimér source of information for ionic radii is the interparticle models are well understood on the basis of both approaches. In
P y P the discrete description the first-shell water molecules become

distance. A large number of data from both experimental ; X
. . more polarized when they get closer to the central cation. As
techniques (X-ray and neutron scattering, and EXAFS) and .
a consequence, hydrogen bonds with water molecules of the

computer simulations (Monte Carlo and molecular dynamics) : .
. . second hydration shell are strondérin the continuum model
have been collected mainly during the past three decades. - . . . L
the interaction of the solute with the solvent reaction field is

Excellent compilations can be found in the reviews of Matcus . . : .
and Ohtaki and Radrfnd the book of Magini et &1. Quantum enhanced with the augmentation of the intermolecular distances.
) This is a consequence of the increase of solute’s multipoles

chemical studies of hydrated ions have also been useful for hich interact with the solvent reaction field. as has been shown
understanding solvated systems and in determining nonempiricalW Ichi Wi 16 v lon field, W
by several author¥:

intermolecular potentials or related properties involved in the

statistical simulations of the solutiofisThus, the first estimate The representation of the solvent by means of a dielectric
of the ion-water distance uses to come from quantum- continuum eliminates detailed structural properties of the
mechanical calculations where the structure of & #,0), solution which are important in polar and protic solvents, such

or Al=(H;0)y cluster is optimized. However, comparison of ~ as watei’ In this sense, this model may be envisaged as a
the structural parameters obtained from these calculations withcrude approximation for the solvation model. Nevertheless, its
the experimental ones needs the explicit consideration of the intrinsic simplicity allows an easy way to include the extremely
surrounding solvent which completes the condensed medium.important long range solutesolvent interactions within the
Quantum-chemical models of solvation via either the discrete quantum Hamiltonian of a solute. This facilitates the consid-
or the continuum approach have been used to investigate sucteration of solvent effects on solute’s properties as a standard

solvent effect$. Different authors have examined the change Option available to quantum chemidés?® On the contrary, a
discrete approach of the solvent should need a number of

t E-mail: sanchez@mozart.us.es. individual solvent particles much greater than that computa-
€ Abstract published ilAdvance ACS Abstractdfay 15, 1997. tionally accesible not only at the quantum chemical level but
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reliability of the result§:2° compelled us not to include such
corrections in our study. To test the effects of more extended
basis sets on the interaction energies, single-point calculations
on the optimized structures have been carried out with Ag basis
sets supplemented with (spf) functions & 0.0294, &, =
0.0195,& = 1.5000)3° such that TZP quality is reached for
Ag™, and for H and O atoms, the corresponding 6-311G** basis
sets are used. The MP2 interaction energies computed with
BSSE correction do not alter significantly the values presented
below. Full geometry optimization in gas phase and within the
cavity was performed for the clusters with= 1, 2, and 4.
When the first shell was completed, the-A@, distances were
optimized at the same value, so that the possibility of different
. G R Ag—0O, values due to second-order Jatireller effects was not
T considered. In the case of the cluster with twelve water
¢ molecules two discrete shells were formed (40Hirst shell
Z and 8 HO second shell). The large number of geometrical

/// - / parameters in [Ag(le)lg]J_r and, in pa_lrticular, the Iab_ility of
// / / 7 the force constants associated to the mtermqlecglar d!heQraI _and

iz 7z bond angles, compelled us to relax the optimization criteria with
Figure 1. Schematic representation of the semicontinuum model of respect to the usual threshold: a full optimization was under-
solvation including two discrete hydration shells and a continuum one. taken up to energy changes lower than8u at the RHF level;
e . . 5 . afterwards only both AgO, and Ag-O, distances were
also at the statistical simulation o2 Thus, to attain correct optimized at the MP2 level. For the calculation of this large

deshcr_lptlon of 'zn'g or pr?lar Ec’“éte ls;lutlons k;]y S|mul_at|of_n IdC|USter within the cavity, only the 12 AgO distances were
techniques, methods such as the Ewald sum or the reaction fie optimized. The rest of geometrical parameters were kept at the
have to be include@® Therefore, a semicontinuum model seems

- . gas phase values.
to be an equilibrated approach to the problem. In this work, The average effect of the electrostatic interactions between
the modelization is completely performed within a quantum- the hydrate gnd the bulk solvent was taken into account b
mechanical framework, but interesting alternatives based on Y y

. . . . . means of the self-consistent reaction field (SCRF) method
g?gkz’ngeqzz;qngllgn;ergﬁlechamcs/classmal mechanics formalism Camdeveloped by Nancy’s group. The solute charge distribution

As far as the hydration of metallic cation is concerned, both Icsoﬁ;(puatg(tjig(rj]satshz :z:;gg \?V;ilfrit;'garggt;ﬁ%ee?& rt];\ec?rtje(rl)n tgeczed
Tunon et all® and Akesson et &P have pointed out that the P P

use of a mixed discrete-continuum model considering explicitly Ienlliasf)ci)gasllta(ljrg Z?]%rigmitﬁ tﬁiv(l:%éltgrosurmcsse?r V;’iirsrgﬂﬁggzl l? '
the first hydration shell is not sufficient to fulfill the requirement P P 9 y y y

of the surrounding hydrogen-bonded medium and the charge-a polarizable continuum dielectric (which was set up to the static
transfer process to the outer shells. The aim of this work is to d|el_ec_tr|c_ permittivity of water, 78.39). Eﬁ.'c'em geometry
extend our previous study on the hydration of metallic cafibns optimization proce_dgres have recently b.een |mplemented_based
in the way suggested by the above-mentioned authors in order®! analytlcal definition of the SOIV&.‘t'On energy gradient,
to clarify which is the global behavior when both factors allowing the use of a deformable cavity, which ao_lapts to the
hydrogen bonding and long-range interactions are simulta- zﬁllljé?ur%ezor'lr"r?g)éa?/ﬁnr\]/gcl)lJrrfess\?vzrr%hoEtrgi%zsdsbmrr:;sar?spgmﬁ?
neously considered. A semicontinuum quantum-chemical model accessibie moleculz;/r surface metFods im IZmented in
(Figure 1), where the hydrated ion is surrounded by a secondGEPOL92 roarard® The standard use of ap cavity for the
shell of quantum-mechanically described water molecules has program. . cavity

been used. The whole cluster is immersed in a cavity embedde upermolecule obtained from th? smple_adc}mon of th? mo-
in a dieleétric continuum, which represents the bulk solvent ecular volumes of the monomers is not valid since some limited
For the present study We’have selected the silver cation Whic'hreglons of space external to 3glonomer surfaces are not accesible
it is accepted to have a first-shell hydration number 8f%, to the solvent mplecu|é§; and they should be better
which reduces to 12 the number of water molecules to be considered belonging to the supermolecule ensemble than to

explicitly considered in the two hydration shells. The fact that tlhe (S:gmer&tfat%i\gtzg\guk?; Zf] Lézergei:jagi tbvsi?r? t'ﬂg"édAeSégr:&e
AgT is a soft monovalent cation prevents the sotgelvent ) P

5 . . o
electrostatic interactions from concealing other weaker interac- 94 prograrff®and a set of independent lifsvhich implements

] H 8
tions. In this sense, geometrical relaxation of the—Ay the Nancy's solvation model up to the MP2 levef
distances under solvent perturbation should be significant.

7

3. Results and Discussion

2. Methodology The main optimized geometrical parameters at the MP2 level

MP2 calculations of the hydrated ion [Ag{&),]* for n = for all the clusters in gas phase and in solutien< 78.39)
1, 2, 4, and 12 have been carried out using Stevens et al.’'shave been included in Table 1. Considering the changes in the
pseudopotentials for Ag and O and double-zeta-polarization parameters for the different [Agg®),]* clusters in gas phase,
(DZP) basis set® Several tests with different basis sets on one notices that the main change is associated with theQ\g
the dihydrate were performed to estimate the order of magnitudedistance. Within the first hydration sheR(Ag—0O)) increases
of the BSSE, obtaining for the basis sets selected values aroundvith the number of water molecules in this shell (2.291 A for
4 kJ/mol, which are to be compared with a total interaction n = 1 and 2.433 A fom = 4). For the dimer a shortening is
energy of around 100 kJ/mol . The small error found, the partial observed due to the covalent component of this bond; the OAgO
cancellation of it, given our comparative goal, and the contro- angle in solution is 130and this arrangement is not yet affected
versy about to what extent BSSE corrections improve the by the waterwater repulsions. When the second hydration
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TABLE 1: MP2 Optimized Geometrical Parameters for [Ag(H2O,]* Clusters in Vacuum and in Solution, and the Cavity
Volume for the Optimized Geometry?

gas phase solutior & 78.39)
n RAg—O0) R(Ag—H) R(O—H) OHOH 0 R(Ag—0) R(Ag—H) ] Veavity

1 2.291 2.982 0.973 105.5 0 2.369 2.952 40.1 74.4
2 2.258 2.947 0.972 105.9 0 2.353 2.977 31.9 142.3
4 2.433 3.120 0.971 104.9 1.8 2.460 3.170 15.7 376.5
12 first shell (4) 2.400 3.08 0.972 105.9 25 2.430 3.1% 2.5 1250.9
second shell (8) 4,70 5.28 0.971 105.0 4.76 5.34
aBond lengths in A, angles in deg, and volumes ih BAverage value

shell is added to the tetrahydrate, this distance reduces to 2.400 EN H

A. This result agrees with previous theoretical studies where a T — H% AAAAAAAA ©

partial second shell of water molecules was consid&téd.
Likewise, intramolecular parameters of water molecules change
slightly with the specific interactions since an isolated water
molecule has a value of 0.969 A f&(O—H) and 103.4 for
the HOH angle. A slight increase in the-®l bond and in the
bond angle with the presence of a second shell of water
molecules had already been observed by other authétdt
geometrical relaxation of these clusters in the presence of a
polarizable continuum is considered, the -AQ distances
increase, in particular the AgO, one, as we had already Figure 2. Qualitative representation of the iemater dielectric
observed for other hydrates of multivalent catiéAsR(Ag— interaction in terms of ele_ctrlc moments in gas (top) and condensed
0)) increases about 0.08 & for the monomer and dimer. and (bottom) phqse as a function o_f the tilt water andlerepresents the

’ global electric moment of the ierwater ensemble anB represents
0.03 A for the [Ag(HO)] " and [Ag(H:O)2 " clusters. R(Ag— the solvent reaction field.
Oy) in the [Ag(H.O)12* cluster lengthens about 0.06 A. As

larger than on the first one. . _ force constant coupled to the A® bond is stronger than that
When one considers the combined effect of the specific gg5ociated to the Born solvation term.

interactions of a second hydration shell, mainly the hydrogen
bonding, and the long-range interactions due to the bulk solvent
on the Agd' tetrahydrate, a cancellation of both effects is found.

The Ag-O, distance is 2.43 A in gas phase as well as with the diffraction that the M-O, and M—H, distances are such that

whole solvation model, i.e., [Ag#D):2 " in the cavity. The . .
Ag—H, distances whose values are 3.12 A for the tetrahydrate itle \t/\r’]aetgi?gltﬁf:frlglz?f?eggesﬁgg: ;;r;tal;réi;he ergl;ﬁ“on’
in gas phase reduce to 3.11 A when the whole model is used.. =" ge, 9 ’ gp y

However, when more incomplete solvent representations are'mportant for mo_novalen_t and large catidnsQuantum-me-
used, that is, the two discrete shell model, [AgThho*, or chanical calculations of isolated hydrates do not account for

the [Ag(H,O)]* within the cavity, the Ag-Oy and Ag-H, tilt angl_e._ When these c_Iusters _are_consi_dered in the gas phase,
distances are less similar to the values of the whole model thanthe main intermolecular interaction is the edipole one which

to those of gas phase, i.e., 2.40 and 2.46 A, and 3.08 and 3.17S favored by a planar arrangement. Metakygen bonds
A, respectively. containing specific orbital interactions are discarded from this

One of the points stressed by Tamet al3 and Akkeson et purely electrostat_ic _reasonir)g Iin_e. The final geo_metry of the
al14is that the cavity size is crucial in determining the cation ~ SuP€rmolecule within a cavity will be a compromise between
oxygen distance within a mixed discrete-continuum model. th€ intermolecular iorwater interactions and the supermol-
Thus, a larger volume could be responsible for the lengthening €cule-polarized continuum ones. The total dipolar and quadru-
of the intermolecular distances, while smaller cavities should Polar components of the monohydrate (Supermolecule) increases
favor the opposite geometrical trend given that for charged With the increase of the tilt angle, and these stabilizing selute
systems the Born solvation term (monopole) highly increases Solvent reaction field interactions are more important than the
with the diminution of the effective cavity radius. To clarify ~intracluster ior-dipole water ones. Figure 2 gives a qualitative
this point, we have performed an additional geometry optimiza- Scheme of this interpretation. Therefore, the cavity model is
tion of the [Ag(HO)]* cluster within a cavity whose volume able to predict the appearance of the tilt angle. Figure 3 shows
was reduced to 90% of that used in Table 1. The-&y  the energy profile along the tilt angle for [AgfB)]* in gas
distance increases by 0.02 A and the tilt arijlgy 3°, compared phase and solution. One can observe that for gas phase there
to the values shown in Table 1 for this monohydrate in solution. is @ defined well centered at’ Obut for the monohydrate in
The basic requirement of the good convergence for the multi- cavity, the energy profile highly changes showing a minimum
polar expansion of the solutesolvent interaction energies was ~ at~40°. The height of the interconversion barrier is lower than
fulfilled in all cases. Therefore, when reducing the cavity size the KT value at room temperature. Thus, this geometrical
the trend observed with the continuum is reinforced. This can parameter becomes then almost free at room temperature,
be understood by realizing that when the cavity volume is although the minimum obtained should contribute to the tilt
reduced, solvent reaction field effects become greater, and theangle observet? Sandstim et al?” determine a 45tilt angle
structure of the monohydrate relaxes such that the multipolar in Ag(ClO,) aqueous solutions. It is worth pointing out that
contributions to the interaction energy increase. The reduction the tilt angle reduces when larger polyhydrates are considered,
of the Ag—0, distance to favor a decrease of the Born term (a in our opinion, due to the implicit symmetry which is introduced
consequence of the reduction in the cavity volume) does not when completing the first and second hydration shells. Like-
take place, since the energetic cost associated to the shrinkagavise, other factors which are not considered in our modelization

One striking finding arising from Table 1 concerns the tilt
water angled, which has a noticeable value in solution for the
small clusters. It has long been observed by X-ray neutron



Ag™ Hydration Structure J. Phys. Chem. A, Vol. 101, No. 24, 199¥447

TABLE 2: Solvation Enthalpy for the Different
Gas Phase [Ag(H20),]* Clusters and Its Components within the
Solution Semicontinuum Model of Solvation (in kJ/mol)

N AHngar AHsyp  AHcont  AHcav  AHdisprep  NAHyag(H20)

1 —383.0 —117.5 —294.8 5.0 —-17.5 41.8
2 —407.2 —225.9 —241.4 6.9 —30.5 83.7
4 —411.1 —3455 —-190.9 10.8 —52.9 167.4
12 —342.6 —592.0 —145.0 26.3 -—134.0 502.1

n
o

a
o
Y

.
o
T

of the fortuitous agreement which may be found when hydrate

, structures are calculated in gas phase and compared with the
o experimental values obtained in solution due, at least in part,

/ to the mutual cancellation between specific and long range

solute-solvent interactions.

' Table 2 gives the predicted Aghydration energy for the
different polyhydrates calculated within the semicontinuum
model of solvatiord? adapted to the particular case of the ion

Figure 3. Energy (kJ/mol) vs tilt angl® (deg) for the Ag(HO)* in solvation!248 On this basis, the hydration enthalpy is calculated
gas phase and in solutioa € 78.39). by the expression

Relative Energy (kJ/mol)

o
I
T

-60

6 (degrees)

such as outer-sphere ion-pair formation in concentrated solution AHpy 4 = AHg,+ AHgo + AH
can contribute to the observed water tilt angle.
Seward et at! have recently studied by EXAFS the hydration whereAHsyyis the formation enthalpy of the cluster, which is
of Ag* in hydrothermal solutions from 25 to 35C and have calculated from the difference between the gas phase ab initio
observed a decrease of the A@, bond length when passing energies of each cluster and its components, including ZPE,
from room temperature to 35€. These authors point outthat thermal corrections, and the tetkmRTto deal with the enthalpy
based on previous high-temperature EXAFS measurements ormagnitude AHcont is the solvation energy corresponding to the
other ions such as Br, Cd", In3*, and Rb,*14243the first long-range interactions of the hydrated cluster embedded in a
shell contraction of hydrated cations with increasing temperature cavity with a dielectric continuum of = 78.39, the entropic
is a fundamental property. Among the possible phenomenacontribution to the solvation free energy has been subtracted
responsible of this shortening in the-\MD; distance the large  according to the procedure given by Tomasi et al. elsewtfere;
decrease of the dielectric permittivity of the medium with the AHcay is the enthalpy needed to create the cavity inside the
temperatur should be invoked as a fundamental factor. The continuum, which is calculated by means of Pierotti’'s fornfdla;
results obtained by the use of the continuum model in our AHgisp-rep is the hydrate-continuum dispersion contribution
previous work on multivalent hydrated catidéAsand those which is calculated by the method of Tomasi et“&f! and
presented here on the silver cation seem to give theoreticalnAH,4pis the enthalpy needed to brimgvater molecules from
support to Seward et al.’s findings. Thus, we have shown that the liquid pure solvent to the gas phase, in order to form the
the presence of a dielectric continuum leads to a systematiccluster (the experimental value of water vaporization enthalpy,
lengthening of the cationoxygen distance, and consequently, —41.8 kJ/mol has been used). The *Apydration enthalpy
the previous distance reduces when thermal effects lead to apredicted for the different clusters suggests that calculations
decrease of dielectric properties. It is worth mentioning that, derived from the three-shell model, i.e., results fio= 12 in
if the local hydrogen bonding structure aroundAgas mainly the continuum, are not satisfactory; the error in the estimation
responsible for the AgO, distance, when the temperature of this magnitude is about 130 kJ/mol. This seems to indicate
increased an opposite effect on the distance would have beerthat the usual scheme to calculate the solvation energy based
observed, i.e., a lengthening. Therefore, it seems that thison the semicontinuum approach does not work when more than
temperature-dependent property is caused by a global and long-one solvation shell is explicitly considered. Evaluatiom\éfs,,
range behavior of the solvent. Another factor invoked by implies the calculation of differences among absolute energies
Seward et al. to explain the shortening of this distance concernsthat are always affected by uncertainties which increase with
the large kinetic energy of solvent molecules associated with the number of water molecules; in other words, this magnitude
high temperature of solution. Collisions of these molecules with is an error source foAHnyqr that increases with the size of the
hydrate would allow a closer approach of water molecules to hydrate. The application of statistical formulas to convert
the cation. Nevertheless, according to previous reSutts energies to enthalpies for large supermolecules may be as well
deformation of [Zn(HO)s]?", the energetic cost of this hydrate an error source. In this sense, it seems that these factors can
shrinking is much greater than the transferred energy involved be more efficiently treated by means of statistical metHi8ds.

+ AHggp rep T NAH

sup cont cav vap

in the collision. A second point is the small difference observed between the
The main experimental distances of silver salt aqueous hydration energy,AHnyq, Obtained for the dimer and the
solutions are 2.322.43 A for the Ag-O,, 2.97-3.1 A for the tetramer, which in fact does not allow an energetic discrimina-

Ag—H,, 246and 2.9 A for the @-0;,4” and also evidence for  tion of the coordination number based on this criteria, as have

a second shell of water molecules with A@, in the range been previously shown for other multivalent cations by Tomasi

4—5 A has been give® From Table 1 it is concluded that et al#8and by usl2 Moreover, the error in estimating the Ag

theoretical distances are largely similar to the experimental oneshydration enthalpyAHnya{exptl)= —474 kJ/mol) is of the same

within the error bars. (Although not shown in TableR(O,— order as that found for other multivalent catiddg? ~60 kJ/

Oy) for the cluster withn = 12 in solution is 2.89 A.) This mol, although due to the small absolute value for this monova-

agreement is quite satisfactory even at the quantitative level. lent cation, the relative error is increased by a factor of 3. Given
Paradoxically, the more complete solvation model of three the number of contributions tAHnyqy it is a difficult task to

shells (two hydration shells- continuum) predicts almost the  point out the larger source of this discrepancy.

same Ag-O, and Ag—H; distances as those obtained in the case  In contrast, theAGpyq estimation for Li hydration calculated

of the tetrahydrate in gas phase. This represents an exampléoy Tomasi et af® on the basis of the tetrahydrated cation, with



4448 J. Phys. Chem. A, Vol. 101, No. 24, 1997

a similar model to that employed here,-2184.9 kJ/mol, the
experimental one being489 kJ/mol. We have performed an
estimation of the L hydration enthalpy from the [Li(kD)4] ™
following the same methodology used for the’Acpse. DZP
basis sets were chosen for Li. +O, distance was found to be
1.99 A and the cavity volume was 242.£ AThe result is
AHnyar = —533.8 kJ/mol AHsyp = —440.9,AHcont = —212.0;
AHgay= 9.8, AHgisp-rep = —48.11, anchAH,aH,0) = 167.4
kJ/mol) which is quite close to the experimental value-&20
kd/mol. This seems to indicate that the evaluation of the
hydration energies for Ag a larger and softer monovalent
cation than LT, is less accurate. In our opinion, a significant
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guantum-mechanical methodology has to be employed. But,
its generalization to a quantum solvent model which is

(30) Langhoff, S. R.; Pettersson, L. G. M.; Bauschlicher, C. W. Jr,;
rtridge HJ. Chem. Physl1987, 86, 268.
(31) Rivail, J. L.; Rinaldi, DChem. Phys1976 18, 233. Rinaldi, D.;
Ruiz-Lopez, M. F.; Rivall, J. LJ. Chem. Phys1983 78, 834.
(32) Rinaldi, D.; Rivail, J. L.; Rguini, NJ. Comput. Cheml992 13,
(33) Lee, B.; Richards, F. Ml. Mol. Biol. 1971, 55, 379.
(34) Silla, E.; Tumn, |.; Pascual-Ahuir, J. LJ. Comput. Chenil 991,
12, 1077. Pascual-Ahuir, J. L.; Silla, E.; Tom, |. QCPE Bull.1992 12,

Pal

completely discrete seems to present a deeper and intrinsic63. QCPE program 554.

limitation than the computational cost: the physics of the
condensed medium cannot be well represented without including

statistical factors. From this, strategies such as the semicon-

tinuum approach or hybrid quantum mechanics/classical me-
chanics techniques are revealed as useful tools in the under
standing of the solvation phenomenon.
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