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The Cluster—Continuum Model for the Calculation of the Solvation Free Energy of lonic
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A hybrid approach using a combination of explicit solvent molecules and the isodensity polarizable continuum
model (IPCM) method is proposed for the calculation of the solvation thermodynamic properties of ions.
This model, denominated clustecontinuum, has been applied to the calculation of the solvation free energy
of 14 univalent ions, mainly organic species, and compared with the results obtained with the IPCM, polarizable
continuum solvation model (PCM), and SM5.42R continuum methods. The average error in our calculated
solvation free energies with respect to experimental data is 8.7 kcal nktdwever, the great merit of our
model resides in the homogeneous treatment for different ions, resulting in a standard deviation of only 2.9
kcal mol™ for the average error. Our results suggest that the clastartinuum model must be superior to

the IPCM, PCM, and SM5.42R methods for studying chemical reactions in the liquid phase, because these
continuum methods present a standard deviation®kcal mol™ for the average error for the species studied

in this work. The model can also be used to calculate the solvation entropy of ions. Predicted solvation
entropies for five ionic species are in good agreement with available experimental data.

Introduction The definition of cavity or solutesolvent boundary is not

Solvati h K | K lei i unigue, and there is no consensus about the best choice.
olvation phenomena are known to play a key role ina wide ., tharmore, solvent molecules in the first coordination shell

variety of chemical processes. For the particular case of ionic . may account for strong and specific sotselvent
systems, solvent effects can have a dramatic influence on the; ..o ~tions are not considered in a continuum model. The

rﬁte anq elqunll;rlﬁm offclhemollcarll reacuﬁns..Asl a CoNSequence, . ntinyym approach is also based on the assumption of linear
theoretical modeling of liquid-phase chemical reactions must response, which is not always corréef! Finally, continuum

i_nclude the sc_)lvent for quantitative.’ or even qu_alita_lti_ve, predi_c- behavior is not observed at small distances from the solute
tions of chemical behavior. To attain this objective, it is essential ., 1o le. It has indeed been shdwihat in aqueous solution

to develop tr;eoretl;:al [larot(')coI]:s with the qapablllty of calculating o screening of charged ions predicted by the polarizable
accurate values of solvation free energies. continuum is only correct beyond 7 A.

In the past 20 years, considerable theoretical effort has been 5, approach that improves part of the continuum deficiency

devoted to the development of methods for calculating the ¢qngists of adding explicitly some solvent molecules to interact
solvation free energy of neutral and ionic species. Liquid it the solute. This supermolecule is then embedded in the

simulations are regarded as the most accurate approach to thigjiejectric continuum. Such a method has been used by several
problem because solvent molecules are explicitly included and g ,thord2-50 under different denominations: discrete-con-

good accuracy can be obtained with the help of an adequatejn,ym4249 supermolecule-reaction-fiefd, and semicontinu-
intermolecular potentiai-2* Continuum-based or implicit sol- |, 41\while these ideas have been explored a number of times,

vation models constitute attractive alternatives, and their easype actyal calculation of the solvation free energy is performed
and practical utilization makes these methods the most widely ,y ing different procedures. Yet, regardless of how the explicit
used approaches tod#y>° Among these models, we can single  soent and continuum models are combined, the calculation
out the polarizable continuum solvation model (PCMyj-*6.%9 methodology must be based on sound theoretical grounds. Thus,

and its isodensity-based variations (IPCM and S7g1ISP@MD|d two questions must be specifically addressed once the model is
the SMx solvation models of Cramer and Trutfg#’***These ggtaplished: (a) how to calculate correctly the solvation free

methods consider the solvent as a dielectric continuum and theenergy using this model or other relevant thermodynamic

sqlute as a molecule imbedded in a cavity in the corllti.n'uum. properties: (b) how many explicit solvent molecules should be
Differences among these methods range from the definition of j,~juded. In this work, we present a theoretical approach for a

the cavity to how the solute dielectric continuum interaction is hybrid model and define a criterion for the choice of the number
considered. Additional contributions to the solvation free energy 4 <qjvent molecules to be explicitly included. We refer to this
such as cavitation and dispersierepulsion terms are also approach as the clustecontinuum model.

mflu_deld b_y t:]ese different faﬁproallchesh NevErt_h%Iess,b thlt(ase We first outline the theoretical foundations of our method
relatively simple treatments of the solvent have their drawbacks. ;g hen proceed to illustrate its applications for several

. g - ouid be add o Add o d univalent ions. We believe that a detailed study of the
* To whom correspondence should be addressed. Address: Instituto de ; ; ;
Quimica, University of Sa Paulo, Caixa Postal 26077, GRaulo, Brazil, performance of this approach will prove useful for studying

CEP 05513-970. Phoneffax: 55-11-3818-3888. E-mail for J.M.R.. chemical reactions in the liquid phase and be capable of
jmrnigra@ig.usp.br. E-mail for J.R.P.: josef@iq.usp.br. providing accurate results. The present model evolves from our
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Here, AG} (A*(S)) stands for the clustering free energy

and a new method for obtaining accurate free energies of (1 mol L~ standard state) in the gas phase and

solvationla

The Cluster—Continuum Model

AGus(AT(S)) = g(A(S)) — ug(A™) — nug(S)  (9)

The cluster-continuum model introduced in this work and  1he free energy of process 6 corresponds then to the equilibrium

aimed at calculating the solvation free energy of ions is based
on two premises: (1) the cluster is considered to be a rigid
species having harmonic vibrational motion, and the energetics
associated with its formation are determined from ab initio

+
g AGHRT) — [AZ(Sh (sol)]

- - (10)
[A (g)] [S(sol)]

calculations; (2) the solvation free energies of the cluster and comparison of eq 10 with eq 5 leads to relationship 11

of the solvent molecules are then determined by a continuum
model. The isodensity polarizable continuum model (IPCM)
method has been chosen to model the second part even though

— AGE(AL)/(RT) _ — AGHI(R
e MAE)/(RT) [S(sol)]ne &/(RT) (11)

this may not necessarily be the most accurate approach.yhich can be also be written as

However, IPCM can be conveniently applied to any system and
its definition of cavity appears to be the most realistic one from AGL(AF) = AG}

our point of view.

The gas-phase and solution chemical potentials of a species

X can be, respectively, written as
1g(X) = ug(X) + RTIN[X o] 1)

#soX) = ug(X) + AGL(X) + RTIN[X (] (2)

Here, the standard state (*) for both phases refers to 1 mbl L

They can easily be transformed & 1 atm standard staté) (
through

#3<) = ugX) + RTI[RT] 3)

whereR = 0.082 053 K. The termAG,,(X) is the solvation

free energy defined by Bein-Nafhand is associated with the

1 mol L™1 (g) — 1 mol L1 (sol) process. Thus, for an iorfA
(cation or anion), solvation is represented by eq 4
Aé) - A(jgol) AGiow(Ai) 4)

and by the equilibrium relationship (eq 5)

+

—AGi(AL)/(RT) _ [A (sol)]

© = (5)
[Ag]

In the cluster-continuum model, we consider a process in which

jon A= first interacts withn solvent molecules S to form a

cluster, A(S), and this cluster is then solvated by the bulk
solvent to yield A (S)sol. The formal process can be repre-

sented by eq 6 where clustering occurs witB solvent
molecules initially solvated by the overall solvent.

Aé) + NSq) — A*(S), (sol) AGg (6)

(AE(S)) + AGL(AT(S)) —
NAGL(S) — NRTIN[S,)] (12)

clus

According to eq 12, the solvation free energy of & the
cluster-continuum model can be obtained from the clustering
free energy, the solvation free energy of the cluster, and the
solvation free energy and concentration of the solvent.

Use of 1 atm as Standard State for the Clustering and
Vaporization Free Energies.Equation 12 can be rewritten in
terms of more familiar data, i.e., the clustering free energy using
the 1 atm standard statAG, (A*(S))) and the vaporization
free energy of the solvemtG,aS). For the clustering process,
egs 3 and 9 lead to

AGzlusl(Ai(S)n) = AGqust(Ai(S)n) - nRTln(IQT) (13)
The vaporization free energy is defined by
AGvap(S) = /1;(8) - /’tsol(S)

or, alternatively, as

(14)

AGofS)= 15(S) ~ (S) + AGLS) + RTINS )
(15)

Use of eq 3 then yields
AG,(S)= —AG,(S)— RTIN[RT] — RTIN[S) (16)
The combination of egs 12, 13, and 16 finally results in

AGL(AF) = AG(AT(S)) + AGi(A*(S)) +

solV/
nAG,.(S) (17)

vap(

In summary, eq 17 shows that the solvation free energy of the
A% ion in the clustercontinuum model can be calculated from

The corresponding free energy for process 6 can then be writtenth® gas-phase clustering free energy at 1 atm, the solvation free
in terms of the chemical potentials for the different gas-phase energy of the cluster, and the vaporization free energy of the

species and the solvation energies of theolvent molecules
and of the cluster itself:

AG = pg(A*(S)) + AGg(A™(S)) — tg(A™) — nug(S) —
NAGW(S) (7)

or

AGg = AG(A™(S)) + AGL(A™(S)) — NAGL,(S) (8)

solvent. It is important to notice the fact that two very distinct
thermodynamics properties such as the solvation and vaporiza-
tion free energies of the solvent molecules are related by eq
16.

Number of Explicit Solvent Molecules and the Variational
Principle. Once the number of solvent molecules to be included
in the cluster has been defined, eq 12 or 17 can be used to
determine the solvation free energy of the ion. But how is the
number of solvent molecules in the cluster to be determined?
The answer to this question lies in eq 17. If each term is
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calculated exactly, this equation leads to the solvation free  While the clustering enthalpy and entropy can be determined
energy of the A ion for any value ofn. Whenn is small, the from ab initio calculations, the continuum IPCM model only
value of AG,(A%(S)) can be obtained from ab initio yields the solvation free energy of the cluster. To evaluate the
calculations with a high level of accuracy. In the gas phase, enthalpy and entropy of solvation, the Born model can be used
these small clusters will be relativelygid. By comparison, by assuming an effective cavity radius that yields the same
interaction of the cluster with solvent molecules in solution can solvation free energy as the IPCM model. Then, by considering
give rise to a weak potential of mean force for iesplvent this radius as fixed and by taking into account the variation of
interaction inside the cluster and consequently confer high the dielectric constant as a function of temperature, we can
mobility to some of the solvent molecules. This feature is not obtain the enthalpy and entropy of solvation of the cluster.
properly described by the theoretical approach that considers The Born model states that
the cluster asigid. As a result, it is likely that the final solvation
free energy would be too positive even if we calculate exactly
the solvation free energy of thegid A*(S), cluster. On the
other hand, ifh corresponds to the number of solvent molecules
that are strongly bound to the central ion, then the solvation From this, the enthalpy can be obtained as
free energy calculated by eq 17 using an exact solvation free
energy for therigid A=(S), cluster will be close to the real AGZOIV) ! qz(l 1 Taln E)
4mrey 2R € € dT

% d
solvation free energy of the®Aion. Because thAG., (A*(S)) AHY, =T = (—
specific interactions, the clustering free energy will contribute (26)

term is calculated by a continuum model that ignores strong o\ T
to give a good description of the first solvation shell and addition q( T 9lne
=)

2

" 1 1
AG‘solv = 4.7'[_60 S_R(l - E) (25)

of the first solvent molecules should decrease the solvation free AHL,, = AGL,

energy. Asn increases, thestepwise clustering enthalpyill

become less negative with a corresponding increase of thegnd the entropy as

stepwise clustering free energht the same time, the solvation

free energy of the cluster will also increase. Thus, a minimum NG, 1 ¢ (lolne
in the AG,,(A*) as a function ofn will occur. Then that AS,, = — T2 ﬁ(_ T )
minimizes AG},(A*) is the ideal number of explicit solvent g ¢
molecules, and the solvation free energy for this value of 1 9lne
would be the best calculated value for this property based on AS,, = —AG;,V( i )
the cluster-continuum model. Thus, a variational principle can €
be established for the choice of the number of solvent molecules, quations 27 and 29 provide a simple relationship for calculating
i.e., the value oh that produces the lowest solvation free energy. the electrostatic contribution to the enthalpy and entropy of

Extension of the Theory to the Enthalpy and Entropy of solvation of the cluster that only requires knowledge of the
Solvation. Standard thermodynamic relationships can be used ygariation of the dielectric constant with temperature.

to derive the enthalpy and entropy of solvation within the
cluster-continuum model from eqs 16 and 17. For the enthalpy, Ab Initio Calculations

e—1 oT

(28)

(29)

18) optimization at the HartreeFock (HF) level using the 6-3#
T G(d,p) basis set. Single point energy calculations were then
performed at the MP2 level using the 6-8G(d,p) and
6-311+G(2df,2p) basis sets. The stationary points were con-

A(3*o|v('°~i)) Equilibrium structures were obtained by full geometry
oT

iy = 12|

AH(A™) = AHg(AT(S)) + AH(AT(S)) +

NAH,,((S) (19) firmed to be minima by analysis of the harmonic frequencies,
which were also used in the calculation of the thermodynamic
and similarly for the vaporization enthalpy, properties of clustering.
For comparison purposes, the solvation free energy of several
AH,.((S) = —AHg(S) + RT (20) ions was calculated by the following methods: the isodensity
surface polarizable continuum model (IPC¥)sing the MP2/
It should be noted thaAHZ (S) ~ AGZ,(S) in our model. 6-31+G(d,p) wave function, an isodensity of 0.0004, and a
The solvation entropy can be obtained from dielectric constant of 78.0; the polarizable continuum model
(PCM)? as implemented in GAMESS using the HF/6431
+ BAG:OIV(Ai) G(d,p) wave function and including only electrostatic contribu-
ASAT) =~ aT (21) tions; the SM5.42R/HF/6-31G* solvation moéeavailable in

GAMESOL 2.2.4. In the meantime, the clust@ontinuum
Aiol\,(Ai) = A%usn(Ai(S)n) + A%olv(Ai(S)n) + nAS,ap(S) model was applied to the calculation of solvation free energies
(22) using the IPCM method.
All gas-phase ab initio calculations as well as the IPCM

and calculations were done with the GAUSSIAN 94 program
_ systen®? The PCM calculations were done with the GAMESS
AS,((S)= RIn(RT) + R+ RIn[S] (23) program®? and the SM5.42R method was carried out using the
o GAMESOL progran?
under the approximation that Anharmonic Correction to Some Vibrational Levels. The

harmonic approximation was used for all cases with the
AS\(S)~ 0 (24) exception of the CI(H,O), cluster. For this species, the
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TABLE 1: Calculated Thermodynamic Data for Gas-Phase Clustering Processés

cluster MP2/6-3+G(d,p)  MP2/6-31+G(2df,2p)  AZPE AE AH° AS AG®
OH~(H.0), —51.44 —50.37 4.74 —45.63 —47.28 —48.26 —32.89
OH~(H.0)s ~71.63 ~70.07 7.71 —62.36 —64.75 ~75.52 —42.21
OH~(H,0) —89.76 —87.43 1125  -76.18 —-79.48  —111.08 —46.36
CHsO~(H20)s —68.27 ~65.31 8.31 ~57.00 -58.73 ~78.37 ~35.36
CHsCH,0~(H;0)s —65.56 —62.92 8.27 —54.65 —56.35 —80.86 —-32.24
PhO(H,0)s ~51.03 —48.09 7.96 -40.13 —41.78 -82.82 ~17.09
HCOO (H.0) —35.08 -33.84 4.73 —29.11 —29.95 —50.44 -14.91
HCOO (H.0)s —48.66 —46.99 6.63 —40.36 —41.32 -73.18 ~19.50
NH,~(H.0), —50.61 —48.12 5.52 —42.60 —44.45 —52.34 —28.84
CHsNH~(H;0), —50.53 —47.99 5.13 —42.86 —44.14 —53.37 —28.22
Cl-(H.0) -14.70 ~14.62 1.37 -13.25 -13.97 —18.03 ~8.60
CI-(H.0), -28.11 —27.69 2.78 —24.91 —25.50 -27.38 -17.34
Cl-(H0)," —26.15 —37.22 —15.05
HS(H,0), —29.06 —28.16 3.64 2452 —25.20 —38.55 -13.71
CHsS (H20) —-30.25 —29.33 3.51 —25.82 —26.05 —-37.20 —14.96
CHsS(H;0)s —45.02 —43.58 6.09 —37.49 -38.34 —68.27 ~17.99
H*(H.0) —172.56 -170.11 8.62 —161.49 —162.92 —2483  —155.52
H30*(H20), —60.57 ~58.22 4.39 —53.83 —55.48 —53.27 —39.60
Hz0*(H.0)s —81.56 ~78.12 6.56 ~71.56 ~73.34 ~79.36 —49.68
Ha0*(H,0)s —96.20 -91.61 8.47 -83.14 -8520  —101.30 —55.00
CHsOH,*(H-0), ~52.74 ~50.49 4.23 ~46.26 —47.22 —54.45 —30.99
CHsCH;0H,"(H20), —49.86 —47.49 4.36 —43.13 —43.99 —54.83 —27.64
NH,4*(H20), —-39.99 ~37.84 3.96 ~33.88 —-34.77 —42.04 —22.24
NH,*(H,0)s —56.03 —52.75 5.70 —47.05 —48.06 —69.43 —27.36
CHaNHz*(H-0)z -36.93 ~34.62 3.52 -31.10 —31.45 —42.08 ~18.90
CHsNHs*(H,0)s —52.20 —48.72 5.13 —43.59 —43.95 —70.54 —22.92

a Units of kcal mot! except for the entropy calculated in cal mbK 1. T = 298.15 K,P = 1 atm. Geometries obtained at the HF/6+&(d,p)
level of theory.? Inclusion of anharmonic correction for the three lower vibrational modes.

calculations yield a very low harmonic vibrational frequency
of only 2.7 cnT. We have therefore made a simple anharmonic
correction for the three lower vibrational modes of this cluster
by computing the energy levels through the formula

1 1)2
2)A + (n + 2) B
The A and B parameters were fitted to the two lower energy
levels of each mode, which were determined through the
vibrational self-consistent-field method (VSCF) of Gerber et
al5® as recently implemented in GAMESS. Only diagonal
elements of the potential were included to obtain the energy
levels. Equation 30 was also used in the calculation of the
vibrational partition function and thermodynamic properties.

E,=(n+ (30)

Results and Discussion

The thermodynamic properties associated with the clustering
process are presented in Table 1, and solvation free energie
calculated by the clustercontinuum method are displayed in
Table 2. Optimized structures for the clusters are shown in
Figures 4. For the OH(H20), species, the structures are
available in a previous publicatidfi The solvation free energy
of the water molecules determined by the IPCM method is
—5.40 kcal mof! leading to a vaporization free energy of 1.13
kcal mol® (see eq 16).

The solvation of the hydroxide ion is an important test case
for the clustefr-continuum model. In Table 2, calculated values
for the solvation free energy of the hydroxide ion are listed for
different numbers of water molecules included in the cluster. It

For different ions, an adequate (ideal) number of solvent
molecules in the cluster can be determined by the variational
principle outlined in the previous section. This approach was
applied to OH, HCOO™, CH3S™, H30", and CHNHz™. For
these univalent ions, the ideal number of solvent molecules is
calculated to be either two or thré&0On the basis of this fact
and structural similarity, we have extended our calculation of
solvation free energy to several other ions using a predefined
number of solvent molecules. As an example, because O
has three water molecules in the ideal cluster, the same number
was used for the C§0~, CH;CH,O~, and PhO ions. For the
H3O* ion, water molecules fill the three coordination sites. By
analogy, we have used two water molecules for the@*
and CHCH,OH," species to fill their two coordination sites.

The CI(H»0), cluster is characterized by a set of very low
harmonic frequencies: 2.7, 13.1, and 52.3 énThese vibra-
tional modes are highly anharmonic and make an important

gontribution to the entropy. Thus, we have included anharmonic

corrections as described above in the calculation of the
thermodynamic properties. Thermodynamic data with and
without anharmonic corrections are in shown Table 1. While
the enthalpy is only slightly changed by 0.65 kcal molith
these corrections, the entropy suffers an important correction
of about 10 cal K! mol~1. Consequently, the clustering free
energy is increased by 2.3 kcal mél

The effect of explicit water molecules on the different ions
studied in this work is variable. It is very important for the
hydroxide ion and responsible for a decrease of 23 kcal ol
in the solvation free energy, while for the ammonium ion this

is easily recognized that the solvation free energy reaches aeffect amounts only to 1.8 kcal mdl The nature of the

minimum with three water molecules resulting in a solvation
free energy of-92.1 kcal mot™. While the experimental value
is —105.0 kcal mot?, it should be emphasized that the IPCM
method only predicts a value69.6 kcal mot?. Therefore, this
initial result points out a substantial improvement in the
theoretical solvation free energy with the clusteontinuum
model.

continuum model used (IPCM) is in part responsible for this
behavior because this model attributes to negatively charged
species a larger volume than it attributes to positively charged
ones, resulting in less solvation by the continuum. Inclusion of
explicit solvent molecules seems to eliminate this problem. On
the other hand, the solvation free energy of positively charged
species such ass@", CH;OH,", and CHCH,OH," is greatly
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TABLE 2: Calculated Solvation Free Energy of Univalent
lons by the Cluster—Continuum Model?

Ai(HZO)n AGglust AG:olv nAGVﬁP AG:cnlv(Ai)
OH~ —69.64 —69.64
OH~(H;0), —32.89 —58.74  2.26 —89.37
OH(H,0)s —42.21 -5426  3.39 —93.08
OH~(H20), —46.36 —50.12  4.52 —91.96
CHsO~ —64.18 —64.18
CH30(H20)3 —35.36 —50.40  3.39 —82.37
CHsCH,O~ —61.24 —61.24
CHyCH,O~(H:0)3 —32.24 —4881  3.39 —77.66
PhO —52.96 —52.96
PhO (H20)s —17.09 —46.85  3.39 —60.55
HCOO —60.81 —60.81
HCOO (H.0), —14.91 -51.12 226 —63.77
HCOO (H,0); —19.50 —45.10  3.39 —61.21
NH,~ —63.70 —63.70
NH; (H20) —28.84 —5490 2.26 —81.48
CHaNH™ —60.31 —60.31
CHsNH~(H20), —28.22 —52.87  2.26 —78.83
cl- —61.80 —61.80
CI~(H.0) -860 —57.60 1.13 —65.07
CI~(H20), —15.05 -55.15  2.26 —67.94
HS™ —57.98 —57.98
HS (H:0), —13.71 5323 226 —64.68
CHsS™ —56.58 —56.58
CHsS (H,0), —14.96 —51.17  2.26 —63.87
CHsS (H,0)s —17.99 —47.41  3.39 —62.01
HsO" —88.77 —88.77
H30"(H20), —39.60 —-62.59 226 —99.93 Figure 1. Optimized geometries for the MeQH;0)s, EtO~(H,0)s,
H30*(H20)s —49.68 -55.58 339  —101.87 PhO (H,0)s, HCOO (H,0),, and HCOO(H,0); clusters.
Hs0"(H20)4 —-55.00 —51.61 452  —102.09
CHyOH,* —72.41 —72.41
CH30OH,"(H20), —30.99 5591 226 —84.64 %g @g P
CHsCH,OH,* —66.48 —66.48 et 1.778\“®-"' =
CHi;CH,OH,"(H,0), —27.64 -50.33  2.26 —-75.71 ol Q. 176
NH,4*" —~77.56 —77.56 @ ©
NH,*(H20), —22.24 —5837 226 —78.35 S =
NH*(H20)s —27.36 —55.41  3.39 —79.38
CHaNH3* —68.83 —68.83 @ s
CHsNH3"(H20), —18.90 -56.05  2.26 —72.69
CHaNH3"(H20)3 —22.92 5222  3.39 —71.75 Of )

2 The thermodynamic data for clustering were obtained at the MP2/
6-311-G(2df,2p)//HF/6-3%G(d,p) level of theory. Units of kcal mot
andT = 298.15 K. The IPCM model with a MP2/6-315(d,p) wave
function was used for the continuum calculatioN$,, = 1.13 kcal
mol~%.

affected by the explicit water molecules, which are responsible O
for a decrease of 10 kcal mdlin the value of this property. In
conclusion, the use of the clustezontinuum model has an
important effect on the solvation free energy of both negative
and positive species, although the effect is more pronounced
for negatively charged ions.

Comparison with Experimental Data and with Continuum
Models. The solvation free energies calculated by the cluster
continuum and by the standard continuum methods as well as
a comparison with the experimental data are shown in Table 3.
These experimental data were taken from a very recent
compilation by Pliego and River®sbased on a standard proton mol™1, respectively, and standard deviations similar to the
solvation free energy of-264.0 kcal mot! as reported by SM5.42R method of approximately 8 kcal mé&l These results
Tissandier et at® The errors with respect to the experimental point out that the clustercontinuum model is more stable,
data are indicated in parentheses, while the overall average errotreating the ions with similar accuracy. On the other hand, an
and the standard deviation for each method are listed at theerror of almost 10 kcal mot in the absolute value of the

. .. 2401
708 Q

1
@)

Figure 2. Optimized geometries for the NHH,0),, CHsNH,~(H0),,
Cl_(Hzo), Cl_(Hzo)z, HS(Hzo)z, CH3§(H20)2, and CH&(Hzo)g
clusters.

bottom of the table. solvation free energy is admittedly high and may limit the
The clustet-continuum model yields an average error of 8.7 applicability of this model for studying liquid-phase chemical
kcal mol! and a standard deviation of 2.9 kcal mbfor the reactions. Nevertheless, for reactions in solution involving an

solvation free energy. By comparison, the SM5.42R method ion and a neutral species, the relevant parameter is the standard
yields an average error of only 2.5 kcal mbbut a standard deviation because the difference in solvation free energies
deviation of 8.2 kcal moit. The other two continuum models, determines the activation free energy in solution. Thus, a small
PCM and IPCM, reveal average errors of 10.0 and 19.2 kcal standard deviation implies a small error in the activation free
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TABLE 3: Comparison between Methods of Calculation for the Solvation Free EnergyAGZ,,) of Univalent lons?

A* experimental clustercont SM5.42R PCM IPCM
OH~ —105.0 —93.08(11.9) —108.96(-4.0) —92.14(12.9) —69.64(35.4)
CH3O~ —94.0 —82.37(11.6) —86.79(7.2) —79.98(14.0) —64.18(29.8)
CH3CH,O~ —-91.0 —77.66(13.3) —81.87(9.1) —76.70(14.3) —61.24(29.8)
PhO —68.6 —60.55(8.1) —64.59(4.0) —63.78(4.8) —52.96(15.6)
HCOO —74.6 —63.77(10.8) —75.22(-0.6) —72.41(2.2) —60.81(13.8)
NH,~ —91.8 —81.48(10.3) —89.30(2.5) —85.44(6.4) —63.70(28.1)
Cl- —74.7 —67.94(6.8) —77.05¢2.4) —72.70(2.0) —61.80(12.9)
HS™ —70.7 —64.68(6.0) —84.37¢13.7) —71.04¢0.3) —57.98(12.7)
CHsS —72.6 —63.87(8.7) —78.97¢6.4) —69.27(3.3) —56.58(16.0)
H:O" -110.4 —101.87(8.5) —92.51(17.9) —83.64(26.8) —88.77(21.6)
CH;OH,* —90.8 —84.64(6.2) —79.82(11.0) —71.16(19.6) —72.41(18.4)
CH3;CH,OH,* —86.9 —75.71(11.2) —74.04(12.9) —66.12(20.8) —66.48(20.4)
NH4* —84.9 —79.38(5.5) —87.03¢-2.1) —77.42(7.5) —77.56(7.3)
CHsNHz* —75.2 —72.69(2.5) —76.03(-0.8) —69.17(6.0) —68.83(6.4)
average error 8.7 2.5 10.0 19.2
standard dev 2.9 8.2 7.9 8.5

aUnits of kcal mof?. The values in parentheses are the deviation from experimental data.
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Figure 3. Optimized geometries for the ;@7 (H,0),, HzO*(H20)s,
H3O+(H20)4, CH3OH2+(H20)2, and CH,CHon2+(H20)2 clusters.
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Figure 4. Optimized geometries for the NFH{H,0),, NH,"(H20)s,
CH;3NH3"(H20),, and CHNH3t(H,0); clusters.

energy. For these cases, the clust@sntinuum model is the
best theoretical approach among the four methods presented i
Table 3 and provides a substantial improvement over the pure

continuum models.

Another situation to consider is a chemical reaction involving

because of the smaller average error. However, the high standard
deviation shown in Table 3 can lead to inaccurate results. An
alternative approach to this problem is to correct the solvation
free energy obtained by the clustarontinuum model by its
average error. Thus, a corrected solvation free energy could be
calculated from

AG, = AG],

corrected clust-cont

—8.7kcalmol*  (31)

Given the smaller standard deviation for the values calculated
with the cluster-continuum model, the use of this method in
conjunction with eq 31 should lead to good values for the
solvation free energy of univalent ions. An even better and more
accurate approach could be used. Equation 31 is based on the
average error of different functional groups. If we compare the
error in the solvation free energy of similar species, we could
predict very accurate solvation free energies from the known
solvation free energy of a representative species. As an example,
a corrected solvation free energy for the methoxide ion can be
derived from the experimental solvation free of the hydroxide
ion:

AG

correcte

{MeO") = AG,{OH ) + (AGyeo(MeO") —
AGyeo(OH) (32)

Through the use of data from Table 3 and eq 32, a solvation
free energy of-94.3 kcal mot?is predicted for the methoxide
ion, in excellent agreement with the experimental value @4.0

kcal mol. For comparison purposes, eq 31 predic®i.1 kcal
mol~1.

Entropy of Solvation. The transfer of ions from the gas phase
to aqueous solution has an important effect on the entropy. Small
and highly charged ions give rise to a very negative solvation
entropy, while large univalent ions are characterized by small
solvation entropies. One of the most important contributions to
this property is the immobilization of the water molecules of
the first solvation shell surrounding the ion. The cluster
continuum model can account for this effect through the

(flustering entropy term. We have tested the performance of our

method to predict solvation entropies using eqgs 22, 23, and 29.
These results appear in Table 4. The experimental values,
AS,,, Were taken from the work of Marct’and converted to

a cation and an anion to form a neutral species. In this case, ASqy values by the equation

accurate values of solvation free energy are necessary. The
SM5.42R method would apparently be the appropriate approach

Aiolv = Agolv +R In(m) +R (33)
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TABLE 4: Calculated Solvation Entropy (AS,,) of Some Ph%ﬂggtéagésrg?aég- P.; Berendsen, H. J. C.; Postma, J. B. @hem.
Univalent lons® (23) Jorgensen, W. L.; Ravimohan, T.Chem. PhysL985 83, 3050.
A+ experimental clustercontinuum (24) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
OH- 300 599 Klein, M. L. J. Chem. Phys1983 79, 926.
: ' (25) Cramer, C. J.; Truhlar, D. G&hem. Re. 1999 99, 2161.

HCOO" —21.% —20.9 (26) Li, J.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. Ghem. Phys.

Cl- —9.6 =79 Lett. 1998 288 293.

HS™ —15.8 -9.1 (27) Giesen, D. J.; Hawkins, G. D.; Liotard, D. A.; Cramer, C. J;

NH4* —18.4 —23.8 Truhlar, D. G.Theor. Chem. Accl997, 98, 85.

aUnits of cal K-t mol-%. T = 298.15 K.? Reference 5915 Reference (28) Florian, J.; Warshel, AJ. Phys. Chem. B997 101, 5583.

(29) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Cheml1996 100, 16098.

. . (30) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Chem. Phys. Lett.
The results in Table 4 show that the clusteontinuum model 1996 255, 327.

59a.

works well, especially for OH and HCQ™ ions. For Cft, the (31) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D1.G.
i 1 —1 ila it i Phys. Chem1996 100, 16385.

error1s Onl.y :.L'7 cal K mol™, Whlle It is greater for_NH* (32) Stefanovich, E. V.; Truong, T. NChem. Phys. Lettl995 244,

and HS.. Itis likely that anharmonic corrections could improve g5

the AS,,, of the HS ion as they do for the Clion. The (33) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

source of error in the ammonium ion is not so clear. However,  (34) Cramer, C. J.; Truhlar, D. Geciencel993 256 213.

: (35) Wong, M. W.; Frisch, M. J.; Wiberg, K. BJ. Am. Chem. Soc.
the very low dependence of the solvation free energy on the 1991 113 4776.

number of solvent molecules in the respective cluster may be (36) Langlet, J.; Claverie, P.; Caillet, J.; Pullman, A.Phys. Chem.

responsible for the poor agreement. 1988 92, 1617.
(37) Constanciel, R.; Contreras, Rheor. Chim. Actdl984 65, 1.
Conclusion (38) Miertus, S.; Tomasi, Them. Phys1982 65, 239.
. . L (39) Miertus, S.; Scrocco, E.; Tomasi, Ghem. Phys1981, 55, 117.
The cluster-continuum model provides a substantial im- (40) Aquist, J.; Hansson, T. Phys. Chem1996 100, 9512.

provement over the IPCM method in the prediction of solvation  (41) Rick, S. W.; Berne, B. J. Am. Chem. Sod.994 116, 3949.

; i i (42) Claverie, P.; Daudey, J. P.; Langlet, J.; Pullman, B.; Piazzola, D.;
fre.e energy qf unlvalgnt ions. Thg main feature of our model Huron, M. J.J. Phys. Cher 978 82, 405,
relies on t'reatlng the different ions in a more homoggnqous form, (43) (a) Marcos, E. S.: Terryn, B.; Rivail, J. .. Phys. Chem1985
resulting in solvation free energies with similar deviation from 89, 4695. (b) Marcos, E. S.; Pappalardo, R. R.; RinaldiJCPhys. Chem.
experimental data. As a result, the clusteontinuum model 1991, 95, 8928. _ .
should be superior to other continuum approaches such as therréﬁg)l';rgez'tag% Ll'scg' G.;Longo, R. L.; Simas, A. N.Chem. Soc., Faraday
PCM and the SM5.42R methods in the study of chemical  (45) Tunon, 1; Silla, E.; Bertran, 3. Phys. Chem1993 97, 5547.
reactions in the liquid phase. Furthermore, our hybrid approach  (46) Floris, F.; Persico, M.; Tani, A.; Tomasi, Chem. Phys1995
predicts reasonable values of solvation entropy that are not195 207.

available through the pure continuum methods. Se(gé)glenmm, A R Bacskay, G. B.; Haymet, A. Dol Phys.1995

. 48) Tunon, |.; Rinaldi, D.; Ruiz-Lopez, M. F.; Rivail, J. L. Phys.
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