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The absolute hydration free energy of the protaG,,**(H"), is one of the fundamental quantities for the
thermodynamics of aqueous systems. Its exact value remains unknown despite extensive experimental and
computational efforts. We report a first-principles determination A, #°4H*) by using the latest
developments in electronic structure theory including solvation effects. High level ab initio calculations have
been performed with a supermolecule-continuum approach based on a recently developed self-consistent
reaction field model known as surface and volume polarization for electrostatic interaction (SVPE) or fully
polarizable continuum model (FPCM). In the supermolecule-continuum approach, part of the solvent
surrounding the solute is treated quantum mechanically and the remaining bulk solvent is approximated by
a dielectric continuum medium. With this approach, the calculated results can systematically be improved by
increasing the number of quantum mechanically treated solvent molea@gg?*(H™") is accurately predicted

to be—262.4 kcal/mol based on high-level, first-principles solvation-included electronic structure calculations.
The absolute hydration free energies of other ions can be obtained by using appropriate available thermodynamic
data in combination with this value. The high accuracy of the predicted absolute hydration free energy of
proton is confirmed by applying the same protocol to prediGh,°Li™).

Introduction the uncertainty concerning the exact value of the absolute
) ) ) ) ) hydration free energy of the proton leaves in doubt reported
The aqueous solvation of ions plays a vital role in chemical «eyperimental” hydration free energies of other ions and reported
and biological systems containing ions and watéf. It is absolute K,'s that characterize the thermodynamic equilibration
fundamentally important for the investigation of numerous petween protonated and deprotonated forms of a molecule in
chemical and biological problems based on a thermodynamic aqueous solution if the absolutiys are predicted on the basis
analysis to know the absolute hydration (Gibbs) free energies of the absolute hydration free energy of the proton. Herein, we
of ions. Unfortunately, the absolute free energy of solvation of present amb initio electronic structure study in order to predict
a single ion is difficult to determine by experiment because any the absolute hydration free energy of the proton to chemical
stable, macroscopic solution contains equal amounts of positiveaccuracy.
and negative chardge’ Without using additional approximations Computational Approach. The conceptually simplest theo-
or models, an experiment can only be performed to determine retical determination of AGhy£%%(H*) based on ab initio
the sum of hydration free energies of a pair of oppositely electronic structure theory is to converge the free energy of
charged ions, such as'Ht HO™, Li* + HO™, Na" + HO", reaction (1) by simply increasing n until the energy does not
H* + F-, etc. It has not been possible to isolate one type of change on addition of successive waters
ion and measure its absolute hydration free energy. Hence, direct
experimental data for different pairs of ions can provide HT (gas)+ (H,0),(gas)— H3O+ (H,0),_,(gas) (1)
information only for the relative magnitudes of the ionic
hydration free energies. The proton hydration free energy, For large enough, the cluster will approach the liquid.
AGhy % HT), is used as the standad®¥iGiven AGhy2%%(H™), The corresponding protonated water cluster is expressed as
the absolute hydration free energies of other ions can be H;0%(H,0),-1, instead of H(H.0), because in water, the
accurately determined by using available experimental data. proton forms the hydronium ion,4@*, which hydrogen-bonds
Thus, the hydration free energy of proton is a fundamental to other waters in its first solvation shell. The free energy of
quantity that has been investigated extensively by both experi- reaction (1) converged to— « is the desired absolute hydration
mental and computational approach&s* The reported “ex-  free energy of proton. However, the free energy of reaction (1)
perimental” hydration free energy of the proton has a wide range is slowly convergent because the bulk solvent (water) effects
from —252.6 to—264.1 kcal/moF? Previous theoretical stud-  are dominated by long-range electrostatic interactions. High-
ies>22based orab initio electronic structure theory have used level ab initio electronic structure calculations including even
simple solvation models with empirical parameters or other modest numbers of solvent molecules are impractical compu-
approximations as well as relatively modest levels of electronic tationally?> We therefore have to consider alternative approaches
structure theory. Different standard “experimental” values of that can practically account for the bulk solvent effects.
the proton hydration free energy have led to quite different A computationally simpler approach is to consider a hydro-
“experimental” hydration free energies of other iGAs hus, nium ion and a water molecule (as solutes) existing in an
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isotropic homogeneous continuous dielectric continuum medium actions and associated inductive interactions between solute and
that can be polarized by the solute leading to a reaction field solvent, there are also other nonelectrostatic interactions (such
that in turn polarizes the solute itséf® This approach requires  as cavitation, dispersion, and Pauli repulsion) that are short-
that an implicit solute-solvent interaction potential, the solvent range, usually caused by the specific sottgelvent interactions,
polarization potential, be included in the solute Hamiltonian. such as hydrogen bonding, within the first solvation sPéll.
Electronic structure calculations are then performed with this The SVPE results can be consistently improved by coupling
new Hamiltonian to evaluate the free energy of reaction (2) with a supermolecule model that includes solute and some
solvent molecules interacting with the solute so that the short-
H+(gas)wL H,O(aq)— H30+(aq) (2) range nonelectrostatic interactions between the solute and the
first (and even the second) solvation shell solvent waters are
where the “aq” in parentheses now represents the dielectricfully included in the SVPE electronic structure calculatfén.
continuum of the aqueous solvent surrounding the solute underThe overall nonelectrostatic interaction between the explicit
consideration. This electronic structure approach including solvent water molecules in the hydrated ion}(,0),, and
solvation is known as the self-consistent reaction field (SCRF) the bulk solvent should be similar to that between the corre-
theory?” The reliability of the SCRF calculation results is sponding water cluster, @®),, and the bulk solvent, because
dependent on the accuracy of the determined solvent polarizationthey are all due to watetwater interactions. The difference is
potential in addition to the accuracy of the quantum chemical expected to disappear for the largbmit. The physical meaning
approximation level (discussed below) for predicting the gas- of such an SVPE-based hybrid supermolecule-continuum ap-
phase results. Within the continuum model of solvation, the proach, i.e., performing an SVPE calculation on the super-
exact solvent electrostatic polarization potential corresponding molecular solute, is that the part of the solvent surrounding the
to a given solute electronic wave function is determined by the solute is treated quantum mechanically and the remaining bulk
solution of the requisite Poisson’s equation under certain solvent is still approximated as the dielectric continuum medium
boundary conditior#®®2’The full solvent electrostatic polariza-  and accounted for by SVPE.Obviously, the more solvent
tion consists of both surface and volume polariza#friThe molecules treated quantum mechanically, the better the calcu-
latter is due to the part of the solute electron charge which |ated results; as noted above, the improvement on increasing
quantum mechanically penetrates outside the cavity accom-the number of solvent molecules in the supermolecular solute
modating the solute. A surface and volume polarization for will systematically approach the limit for large Thus, the
electrostatic interaction (SVPE) procedifrbas recently been  hydration free energy of proton is the free energy of reaction
developed to fully evaluate both the surface and volume (3), AGhydH™,n], converged ta — o
polarization, and this procedure is also known as the fully
polarizable continuum model (FPCNB.2° This SVPE proce- H*(gas)+ (H,0)(aq)— H3O+(H20)n,1(aq) 3)
dure is currently the only implementation capable of directly
determining the volume polarization for a general irregularly Actually, reaction (2) is a special case of reaction (3) with
shaped solute cavity in addition to the more commonly treated 1. With increasingn, the electronic structure calculations with
surface polarization, although the analytic energy derivatives the hybrid supermolecule-continuum approach for reaction (3)
required for geometry optimization have not been implemented are expected to converge much faster than the corresponding
yet. In other SCRF implementations, volume polarization effects calculations for reaction (1).
are ignored or approximately modeled by modifying the surface  To calculate the free energy for reaction (3), we need to
polarization charge distribution through a simulation and/or know the Gibbs free energies ofttas), (HO).(aq), and
charge renormalizatiof27 333 or the solute charge distribution ~ HzO"(H20),-1(aq). The free energy change of the gas-phase
is simply represented by a set of point charges at the soluteproton, G[H*(gas)] fran 0 K to 298 K, hasbeen determined
nuclei2123Since the solute cavity surface is defined as a solute by well-established approaches to-b6.3 kcal/mot! when the
electron charge isodensity contour determined self-consistentlypressure is 1 atm. For each of the two aqueous clusters
during the SVPE iteration process, the SVPE results, converged(H20)y(aq) and HO*(H-0),-1(aq), its free energyG[(H20)-
to the exact solution of Poisson’s equation with a given (ag)] or G[HzO0%(H20),-1(aqg)], can be expressed as a sum of
numerical tolerancé? depend only on the contour value at a the free energy of the corresponding gas-phase clustd){lgas)
given dielectric constant and on the quantum chemical approachor HsO"(H20O)n-1(gas), and the bulk solvent shift
that has been used. The single parameter value has been
determined to be 0.001 au based on an extensive calibration  Cl(H20)(@d)]= Gl(H,0),(gas)]+ AG[(H,0)] (4)
study?®b seeking the best overall agreement with experimental
conformational free energy differences (62 experimental ob- G[H;O"(H,0), ,(aq)]=

servations) of various polar solutes existing in various solvents. GIH.OT(H.O as)l+ AG. [H.Ot(H.O 5
On the basis of the fitting process employed in the calibration, (50" (H,0)-(gas)] solH30" (H.0h-) (5)

the root-mean-squares (rms) deviation of the 62 experimental Thys, we can evaluate the hydration free energy of the proton
values from the results calculated by the SVPE method using g5
the 0.001 au contour is 0.096 kcal/n#t The SVPE procedure
using the 0.001 au contour has been shown to be reliable for AGhyd[H+,n] = AGgaS[H+,n] + AAesol[H+,n] (6)
evaluating the bulk solvent effect&?28.29

Although high level electronic structure calculations with the whereAGgadH",n] = G[H30"(H.0)1-1(gas)]— G[(H20)(gas)]
SVPE method can give accurate results within the continuum — G[H"(gas)] is the contribution of the explicitly considered
model of solvation, the continuum model itself completely water molecules to the proton hydration free energy, and
ignores the solvent structure and, therefore, does not accountAAGg[Ht,n] = AGgo[H30T(H20)n-1] — AGso[(H20)] is due
for important effects due to specific solateolvent interac- to the bulk solvent effects. To determingny[H*,n] with high
tions?® As a result, whereas the continuum model can satis- accuracy, bottAGgadH",n] and AAGso[H™,n] must be calcu-
factorily describe the dominant long-range electrostatic inter- lated at a sufficiently high level of theory as described below.
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Computational Details. The geometries of all clusters £8), procedure was performed for the electron correlation correction
and HO*(H;0),-1 were first optimized in the gas phase by after the converged HF wave function of the solute in the
using gradient corrected density functional theory (DFT) with reaction field is obtained.

Becke’s three-parameter hybrid exchange functional and the Unless indicated otherwise, the geometry optimizations were
Lee—Yang—Parr correlation functional (B3LYP)and with the performed by usingsaussian98’ and the MP2 and CCSD(T)
6-31++G** basis sef® The DFT geometry optimizations were  energy calculations were performed by usM@/Chent® All
followed by analytic second-derivative calculations to ensure the calculations were carried out on a 16-processor SGI Origin
that the optimized geometries are minima on the potential energy2000 and a 512-processor IBM SP massively parallel super-
hypersurface (all real frequencies) and to evaluate the thermalcomputer.

and vibrational corrections to the Gibbs free energies (at 298 K . .

and 1 atm}® We consideredh = 1, 4 and 10:n = 1 for the Results and Discussion

simplest case without explicitly considering any solvent water ~ The optimized geometries for the various species are depicted
surrounding the hydronium iom;= 4 for quantum mechanically in Figure 1, and the calculated free energies of solvation are
treating the complete first solvation shell; and= 10 for summarized in Table 1. The optimized geometries gbtand
quantum mechanically treating the complete first and second HsO" do not show a strong dependence on the computational
solvation shells. The geometries of® and HO™ were also ~ method. The geometries for ¢§8), and (HO)"(H20)s do not
optimized at the MP2/6-3t+G**, MP2/aug-cc-pvVDZ and show a dependence on whether they are optimized in the gas
CCSD(T)/aug-cc-pVDZ levels. To estimate the bulk solvent phase or in the presence of a solvent model.

effects on the cluster geometries, for the most interesting case It has been demonstrated that the bulk solvent shifts of the
of n= 4 (see below), we also performed geometry optimizations free energies calculated with the SVPE method are rather
by using the quantum Onsager model implemented in the insensitive to the electron correlation level and basis set#ised.
Gaussian98program3” The cavity radii used for the (D), To further verify this point, we compared the SVPE results
and HO™(H,0); clusters were determined to be 3.70 and 3.83 calculated at the MP2/6-31+G** level with the corresponding

A, respectively, by following the standard procedure of volume results calculated at the HartreEock (HF) level (in which the
calculation recommended in ti@aussian9&rogram. electron correlation is completely ignored) using the same basis

The geometries optimized at the B3LYP/6-3+G** level set. The differences between the HF/6+31G** and MP2/6-
were then used in single-point energy calculations at the second-31++G** results are on the order of 0.2 to 0.3 kcal/mol. A
order Mgller-Plesset (MP2) and coupled-cluster with single further test with the SVPE calculations indicates that the change
and double substitutions with a noniterative triples correction of the SVPE result is negligible<0.1 kcal/mol) when the
(CCSD(T)f8 levels with different basis sets including the 6-314++G** basis set is replaced by the larger aug-cc-pVTZ
correlation-consistent basis sets denoted by aug-cc-p\Z ( basis set. Hence, to obtain the valueABn,H",n] in eq (6),
=D, T, and Q)3* 41 To extrapolate to the frozen core complete we will always use theAAGso[H*,n] value calculated at the
basis set (CBS) limit, we used a 3-parameter, mixed exponential/MP2/6-3H+G** level no matter which level of gas-phase

Gaussian function of the form calculation was performed to determine th€y,{H*,n] value.
The convergence of the calculated hydration free energy with
E(X) = Ecgs + B-exp[—(x—1)] + C-exp[—(x— 1)2] @ respect ta can be examined by comparing the results calculated

at the same level of theory for differentvalues. There is a
wherex = 2, 3, and 4 for aug-cc-pVDZ, aug-cc-pVTZ, and significant change~13 kcal/mol) in the calculated hydration
aug-cc-pVQZ, respectivelk For the most interesting case of free energy froom = 1 to n = 4, whereas the further change
n = 4 (see below), the core-valence effects were calculated atfrom n = 4 ton = 10 is negligible. The change from= 4 to
the MP2/cc-pCVTZ levet? and the scalar relativistic correction  n = 10 is always within 0.1 kcal/mol no matter whether the
was calculated as the sum of the expectation values of the massMP2/6-3H+G** or MP2/aug-cc-pVTZ results are used; the
velocity and 1-electron Darwin terms in the Breit-Pauli Hamil- convergence with respect todoes not depend on the level of
tonian based on single and double excitation configuration theory. These results reveal that the solvent molecules in the
interaction wave functions using the cc-pVTZ basis*éd@hese first solvation shell must be treated quantum mechanically, and
calculations were done with the MOLPRO-2000 progfdm. that it does not matter whether the second solvation shell is
Finally, the bulk solvent shiftsAAGso[H*,n], were evaluated also considered quantum mechanically or regarded as part of
with the SVPE method implemented in a local version of the the dielectric medium. The proton hydration free energy
GAMESS prograrfP at the MP2/6-3%++G** level. The calculations are well convergedrat= 4 and, thus, we performed
dielectric constant of water used for the SVPE calculations is our higher level energy calculations far= 4.

78.5. Once the solute cavity is defined and the dielectric constant The CCSD(T) method can predict total molecular dissociation
is known, the accuracy of the SVPE numerical computation energies involving covalent bonds based on the valence electrons
depends only on the number of surface nodésrépresenting to within tenth(s) of a kcal/mél-#8 when a sufficiently large

the cavity surface and number of layed)(describing the basis set is used and extrapolated to the complete basis set (CBS)
volume polarization charge distribution within a certain, suf- limit and if other effects such as those of core-valence
ficiently large three-dimensional space outside the solute cavity. corrections, relativity, and zero-point energies are properly
If one could use an infinite number of nodes and an infinite accounted for. The MP2 method has been shown to give very
number of layers, then the numerical results obtained from the good energies for hydrogen bonded systéhiEhe electronic
SVPE computation would be exactly the same as those energy changes caused by core-valence correlation and relativ-
determined by the exact solution of the Poisson’s equation for istic effects are calculated to be0.21 and 0.14 kcal/mol,
describing the solvent polarization potential. We have shown respectively, whem = 4; the overall shift is only-0.07 kcal/

that the accuracy of the SVPE numerical computations employedmol. We can extrapolate the MP2 energies to the CBS limit by
in this study withN = 974 andM = 40 (for a step size of 0.3  using the augmented correlation-consistent basis sets: aug-cc-
A) is sufficient for the accuracy required in this work. For the pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ. The MP2 results in
SVPE calculations with the MP2 method, the MP2 perturbation Table 1 indicate that the results are reasonably well-converged
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Figure 1. Optimized geometries of the hydrated proton cluster models and the corresponding water clugbersi(H, (H20)s, HsO1(H20)s,
(H20)10, and HO"(H20)g in their most stable structures. Note that thgH unit is nonplanar and has a(Qoint-symmetry so that $0*(H,0);
and HO*(HO)s both have a €symmetry. The geometric parameters in parentheses #@)gtnd HO™(H,0); were optimized including bulk
solvent effects.

at the aug-cc-pVTZ level. The differences between the MP2 when the core-valence correlation and relativistic effects are
results calculated at the aug-cc-pVTZ and aug-cc-pVQZ levels included. Further inclusion of the bulk solvent effects leads to
are within 0.3 kcal/mol; the differences between the MP2/aug- our best estimate of the absolute hydration free energy of proton
cc-pvVQZ and MP2/CBS results are within 0.1 kcal/mol. The as—262.4 kcal/mol, calculated with = 4.

CCSD(T) binding energy is 1.1 kcal/mol greater than the MP2  We now briefly discuss the standard states for free energy
value with the aug-cc-pVTZ basis set. The best estimate of our of solvation in order to properly compare our prediction with
gas-phase result is the CCSD(T)/aug-cc-pVTZ value plus the other results and to guide the future use of our predicted absolute
CBS correction defined as the change from the MP2/aug-cc- proton hydration free energy of262.4 kcal/mol. Different
pVTZ value to the MP2/CBS value. This leads to a gas-phase standard states have been used in the literature for the deter-
electronic contribution to the proton affinity ef171.44 kcal/ mination of experimental solvation free enerdgig®*and most

mol, whenn = 1, compared te-171.43 kcal/mol extrapolated  of the used standard states differ only in the pressure or
by directly using the CCSD(T) energies calculated with the aug- concentration of hypothetical ideal gases leading to different
cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z basis entropy contributions to the hydration free energy. According
sets?’ The best estimate of the gas-phase free energyikl.0 to the most popular choice of the standard states, the solvation
kcal/mol forn = 4, without consideration of the core-valence free energy is determined as the free energy change from the
correlation and relativistic effects. It becomeg11.1 kcal/mol hypotheticalP = 1 atm standard state of gas-phase solufE at
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TABLE 1: Absolute Hydration Free Energy of the Proton cluster binding energies for a number of ions in water clusters,
(in keal/mol) Calculated as the Converged Free Energy similar to the approach of Klot&but using different data and
Change from H*(gas)+ (H.O)n(aq) to H;O"(H,0),-1(aq) at assumptions
T=298K )
_ Our predicted absolute hydration free energy of proton,
Gibbs free energy change —262.4 kcallmol, is close to the previously calculated values
calculation methatl n=1 n=4 n=10 at a lower level,—263.20,—261.63 and—263.26 kcal/mol of
without bulk solvent shift (i.e AGgaH*,nl)? Tawa et aP! with n = 4, 5, and 6, respectively, but is
MP2/6-3H+G** —158.5 —212.0 —234.8 considerably different from the most recently reported results
MP2/aug-cc-pvVDZ —154.7 —208.0 calculated by Mejias et & The values reported by Tawa et al.
MP2/aug-cc-pVTZ —155.9 —209.6 —232.3 clearly exhibit a cancellation of errors in the gas phase and
MEZ%UBQS-CC-WQZ :igg:g :383:8 solvation calculations on the order of a few kca!/mol. Their gas
CCSD(T)/aug-cc-pVTZ  —157.2 —210.7 phaseAGgadH",4] value_ of —213.02 kcgl/mol differs to ours .
best estimate —157.3 —211.6 by ~2.0 kcal/mol, most likely due to their use of a smaller basis
(—211.1) set. The solute charge distribution was simply represented by a
bulk solvent shift (i.e. AAGso[H*,n])° set of effective point charges centered at the solute nuclei in
—90.6 —51.3 —28.6 their dielectric continuum calculation of the bulk solvent effects.
including bulk solvent shift (i.e AGhydH*,n) Such an approximation has to be balanced by the use of three
MP2/6-3H+G** —250.1 —263.3 —263.4 sets of empirical parameters in their SCRF calculatfémghich
MP2/aug-cc-pVDZ —246.2 —259.3 they varied from the standard values used before in order to
MP2/aug-cc-pVTZ —247.5 —260.8 —260.9 reproduce correct values for the hydration free energy of water
mgg;actggs-cc-pVQz :%g:g :ggié by their pure SCRF calculations. Our experience with various
CCSD(T)/aug-cc-pVTZ  —249.7 —261.9 SCRF calculatior’§42°55suggests that while an SCRF-based
best estimate —249.8 —262.3 hybrid supermolecule-continuum approach leads to calculated
(—262.4) results in excellent agreement with experimental datine

aMethod for the energy calculations in the gas phase. All energy cor.responQing pure SCRF cqlculations necessarily cannot also
calculations were performed by using the geometries optimized at the Satisfactorily reproduce experimental results for systems involv-

B3LYP/6-31+G** level. ® Without bulk solvent effectsAGgadH*,N] ing strong solute-solvent hydrogen bondirg§? The hydration

can actually be regarded as the free energy of reactiort Gjlcu- free energy of water determined by the pure SVPE calculation
lated by performing the SVPE calculations at the MP2/6-315** ignoring contributions from all short-range solutsolvent
level. ¢ AEeiecgadH ", 1] = —171.44; AHeiecgafH ", 1] = —164.67; interactions is~ —8.9 kcal/mol, which differs the experimental

_ + — e + — _ .
A,Ijecsz':gﬁigj] :1 ]_2l57&1._#‘fgiitﬁfj'ffafzg’i]cal/moﬁ%,Shizn’ value of—6.32 kcal/mot? by ~2.6 kcal/mol. The result can be

the core-valence correlation and relativistic effects are included. improved by performing the corresponding hybrid super-
_ molecule-continuum calculatiofs.
= 298.15 K to tle 1 M solution afT = 298.15 K andP = 1 The hybrid supermolecule-continuum calculations calculations

atm with the assumption that there are no interactions betweenreported by Mejias et & were performed by use of a
the proton$252 Our calculated results summarized in Table 1 conductor-like screening model (COSMO) and density func-
all correspond to this free energy change. If a different definition tional theory (DFT). Ignoring the inherent accuracy of their DFT
of the standard states is used, our predicted absolute solvatiorenergy calculations in the gas phase, their COSMO-DFT
free energy needs to be adjusted accordingly. For example, if calculations considerably underestimate the bulk solvent effects.
the solvation free energy is defined as the free energy changeThe largest number of water molecules considered in their work
from the gas-phase solute stateloM (a hypothetical ideal s 13. On the basis of three approaches, they calculated a range
gas) at 298.15 K to the solutiorf @ M at 298.15 K and 1 of values: AGpydHT,4] = —202.9 to —208.0 kcal/mol,
atm?3053then our predicted absolute proton hydration free energy AGhydH*,10] = —233.3 to—246.2 kcal/mol, anAGp,qH ,13]
becomes—264.3 kcal/mol, which accounts for the gas-phase = —245.0 to—262.5 kcal/mol. Their values are not converged
translational entropy change frofh= 1 atmto 1 M P &~ 24.5 atn = 4 as found by us and Tawa et%dImost likely due to

atm at 298.15 K) leading to a gas-phase proton free energy considerable underestimation of the bulk solvent effect. Even
change of 1.9 kcal/mét at 298.15 K. Below, we limit our  more surprising, theihGrydH *,n] calculations are apparently
discussion to the gas-phase standard state of 1 atm and 298.1hot converged even at= 13.

K for both calculated and experimental results. To confirm the high accuracy of our theoretical prediction
Our predicted absolute proton hydration free energy of for the proton, the absolute hydration free energy of the Li
—262.4 kcal/mol is in excellent agreement with an “experi- jon has been calculated with a similar theoretical protocol. A

mental” extrapolation,—262.4 &+ 0.2 kcal/mol, reported by  recent ab initio molecular dynamics simulation of"Ltiydra-
Klots.24 This extrapolation is based on the assumption that for tion®6 as well as quantum chemical calculati®t®$reveal that
sufficiently large clusters, the free energy change of reaction the first solvation shell of Li ion consists of four water
M*(H20), + H20 — M*(H20)n+1 is independent of the central  molecules. We, therefore, consider the absolute hydration free
ion and will depend only on the volume of the cluster. Thus, energy of Li* as the free energy of reaction 8

the experimental thermodynamic data collected for 10 pairs of

ions can be used to obtain absolute proton hydration free energy Li*(gas)+ (H,0),(aq)— Li " (H,0),(aq) (8)
values, giving a value in excellent agreement with our value.

Among other available “experimental” values of the absolute The geometry of the Li(H,O), cluster optimized at the B3LYP/
proton hydration free energy, the latest or@64.1 kcal/mok° 6-31++G** level is shown in Figure 2. Our best calculated
is closest to our prediction 6£262.4 kcal/mol and to the value  value for the absolute hydration free energy of thé ldn is
given by Klots?* The next closest “experimental” value is the —125.1 kcal/mol (CCSD(T)/aug-cc-pVTZ plus the MP2 CBS
tabulated value of-260.5 kcal/moP® The experimental value  correction plus the SVPE-MP2 bulk solvent shift and excluding
of —264.1 kcal/mal® was obtained by extrapolating gas-phase the small relativistic and core/valence corrections). The calcu-
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. Facility (MSCF) in the EMSL at PNNL. The EMSL including
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