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The absolute hydration free energy of the hydroxide iﬁmﬁgg(HO‘), a fundamental quantity in solution

chemistry, has “experimental” values ranging frer80.6 to—110.0 kcal/mol. We report a first-principles
determination ofAGL {HO") by using a reliable computational protocol of high-level first-principles
supermolecule-continuum calculations, the same approach recently used to determine the absolute hydration
free energy of the proton. 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 accounted for by a recently developed self-consistent reaction field model known as
surface and volume polarization for electrostatic interaction (SVPE) or the fully polarizable continuum model
(FPCM). With this approach, the calculated results can systematically be improved by increasing the number
of quantum mechanically treated solvent molecules, A 33(HO*) is accurately predicted to bel04.5
kcal/mol. TheAGL {(HO") value of—104.5 kcal/mol, combined with our previously determine@yj(H")

value of —262.4 kcal/mol, allows the prediction of the sum of absolute hydration free energies of the proton
and hydroxide to be—366.9 kcal/mol, in excellent agreement with the well-established experimental
thermodynamic value of-366.6+ 0.1 kcal/mol.

Introduction until the free energy does not change on addition of successive

. ) : : . waters?1:23
lonic hydration plays a vital role in aqueous chemical and

biological system$;1° and for thermodynamic analyses, it is
key to have established the absolute hydration (Gibbs) free
energies of ions. Unfortunately, the absolute solvation free
energy of a single ion is very difficult to determine by For large enough, the cluster will approach the liquid. The
experiment because any stable, macroscopic solution containdree energy of reaction 1 convergedrio— o« is the desired
equal amounts of positive and negative chargé/ithout using absolute hydration free energy of an iond,Mith a net charge
additional approximations or models, an experiment can only of g. However, the free energy of reaction 1 is slowly convergent
be performed to determine the sum of hydration free energiesbecause the bulk solvent (water) effects are dominated by long-
of a pair of oppositely charged ions, such as H HO™, Li* range electrostatic interactions. High-level ab initio electronic
+ HO-, Na" + HO-, HT + F~, Lit + F, Na" + F, etc. It structure calculations including even modest numbers of solvent
has not yet been possible to isolate one type of ion and measurenolecules are impractical computationafywe therefore have
its absolute hydration free energy. Hence, direct experimental to consider alternative approaches that can practically account
data for different pairs of ions can provide information only for the bulk solvent effects.
for the relative magnitudes of the ionic hydration free ener- A computationally simpler approach is to consider an ion
gies202 Thus, it is not surprising to find that the reported (as a solute) existing in an isotropic homogeneous continuous
“experimental” absolute hydration free energy of the protoh)(H  dielectric medium which can be polarized by the solute leading
has a wide range from252.6 to—264.1 kcal/md?2and that to a reaction field that in turn polarizes the solute it3eifThis
of the hydroxide ion (HO) has an even wider range from approach requires that an implicit solatgolvent interaction
—90.6% to —110.0 kcal/moP?c It is, therefore, critically  potential, the solvent polarization potential, be included in the
important to develop reliable first-principles computational solute Hamiltonian. This electronic structure approach including
protocols for the accurate determination of the absolute hydrationsolvation is known as the self-consistent reaction field (SCRF)
free energies of ions. theory?® It has been well-established that the pure continuum
To predict the absolute hydration free energy of an ion, description of solvation is reasonable for bulk solvent effects
Aeﬁgg(MQ), from first principles, the conceptually simplest butmay not be reliable enough to treat the effects of the solvent
approach based on ab initio electronic structure theory is to molecules within the first solvation shell, particularly those
converge the free energy of reaction 1 by simply increasing having strong hydrogen bonds with the soléf&?” This is
because the continuum model itself completely ignores the
t Part of the special issue “Jack Beauchamp Festschrift". solvent structure and, therefore, does not account for some
*To whom correspondence should be addressed. important effects because of specific sotugelvent interac-
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tions?” As a result, whereas the continuum model can satis- cluded)?® The high accuracy of the predicted absolute hydration
factorily describe the dominant long-range electrostatic inter- free energy of the proton was confirmed by applying the same
actions and associated inductive interactions between solute andomputational protocol to predicAGﬁﬁg(Li *) to be —125.1
solvent, there are also other nonelectrostatic interactions (suchkcal/mol2® The calculated hydration free energy difference
as cavitation, dispersion, and Pauli repulsion) that are short- between the free energy of solvation of a proton and the free
range, usually caused by the specific sohgelvent interactions,  energy of solvation of L is 137.5 kcal/mol from the latest
such as hydrogen bonding, within the first solvation sPféll.  collection of experimental da&and 137.0 kcal/mol from an
Nevertheless, in principle, the SCRF results can be improved earlier experimental compilatici® The theoretical vali#é of

by coupling with a supermolecule approach that includes the 137.3 kcal/mol lies between the two experimental values.
solute and some solvent molecules interacting with the solute  On the basis of the success of the SVPE-based supermolecule-
so that the short-range nonelectrostatic interactions between thesontinuum calculations for the absolute hydration free energies

solute and the first-solvation-shell solvent molecules are fully of cations, we decided to calculate the absolute free energy of

included in the SCRF electronic structure calculafiéThe hydration of the hydroxide ionAGEH(HO"), by using the
overall nonelectrostatic interaction between the explicit solvent sagme computational approach. This allows us to examine

water molecules in the hydrated ion,#-0),, and the bulk ~ \hether the same SVPE-based computational protocol used for
solvent should be similar to that between the corresponding cations can be used for reliable predictions for anions. The
water cluster, (HO), and the bulk solvent, because they are hydroxide ion is of particular interest for aqueous chemistry
all due to waterwater interactions. The difference should and poses an interesting challenge because of the presence of
disappear for the largelimit. Such an SCRF calculation on a  the more diffuse negative charge. Once the absolute hydration
supermolecule is known as the hybrid supermolecule-continuumsyee energy of an anion is known, one can compare the
approach. The physical meaning of such a hybrid supermolecule-ca|culated sum of absolute hydration free energies of a pair of
continuum approach, i.e., performing an SCRF calculation on gppositely charged ions with well-established experimental data
the supermolecular solute, is that the part of the solvent oy the jon pair. Among numerous possible pairs of oppositely
surrounding the solute (usually the first solvation shell) is treated charged ions, we are particularly interested in the proton and
guantum mechanically and the remaining bulk solvent is still hydroxide because they naturally exist, or coexist with other

approximated as the dielectric continuum mediit@bviously,  jons, in any aqueous solution. With an accurately determined
the more solvent molecules that are treated quantum meCha”"AGﬁgg(HO*) value, together with thaGZ%(H*) value deter-

. Y/ hyd
cally, the better the calculated results; as noted above, theqined by using the same computational protocol, we are able

improvement on increasing the number of solvent molecules v, egiaplish a complete first-principles thermodynamic under-
in the supermolecular solute will systematically approach the ganging of the well-known water autoionization in aqueous
limit for large n. Thus, the hydration free energy of an ion  gqiytion and directly compare the theoretical prediction with

is the free energy of reaction AGnM%n], converged 0 he \ell-established experimental thermodynamic data.
n— oo

M(gas)+ (H,0)(aq)~ M'(H,O)(aq) (2 ~ ComPuationalMethods
As in our previous calculation 0AGHL{H"), to calculate

With increasingn, the electronic structure calculations with the the free energy of reaction 2 fatGﬁﬁg(HO*), we need to

hybrid supermolecule-continuum approach for reaction 2 are know the Gibbs free energies of H@as), (HO)(aq)

exloecltte.d tofconverge Tuch faster than the correspondingand HO (H0)(aq). For each of the two aqueous clusters
calculations for reaction 1. .

Most recent computational stud?422.2328n the determi- g?ﬁﬂg%::gﬂ;g’ffgﬁfg’ é;spir::;gge;gflgﬂﬁqogﬁﬁg free
nation of th_e absolute hydration f_ree energies of ions are baaf,edenergy of the corresponding gas-phase clusteiOfkigas) or
on the hybrid supermolecule-continuum approach using reaCt'OnHO—(HZO)n(gas) and the bulk solvent shift:

2 or its variants, although these hybrid calculations were ' '
performed with different SCRF procedures and at different
electronic structure levels. Obviously, the SCRF procedure used
in a hybrid supermolecule-continuum calculation is the primary _ _
variable in the reliability of the calculated results so long as GlHO (H;0),(agq)]= G[HO" (H,0),(gas)]+

the calculation is performed with enough explicitly considered AG, [HO (H,0).] (4)
solvent molecules and at a sufficiently high electronic structure
level. Previous hybrid supermolecule-continuum calculatigis??
based on ab initio electronic structure theory have used simpler
solvation models with empirical parameters or other approxima-
tions as well as relatively modest levels of electronic structure _ _ _
theory. Very recently, a surface and volume polarization for AGhyd[HO n = AGgaJHO Nl + AAG,[HO ] (5)

the electrostatic interaction (SVPE) procedfrdas been

employed for high-level supermolecule-continuum calculations whereAGg{HO~,n] = G[HO~(H0)q(gas)]— G[(H20)(gas)]

for the first-principles determination of the absolute hydration — G[HO~(gas)] is the contribution of the explicitly included
free energy of the prototf.With gas-phase electronic structure water molecules to the hydroxide hydration free energy, and
calculations at the MP2 level including extrapolation to the AAGe[HO™,n] = AGg[HO (H20))] — AGso[(H20)] is
complete basis set (CBS) limit combined with CCSD(T) due to the bulk solvent effects. At= 298 K, AGyHO™,n]
correction terms plus the determined bulk solvent shifts, the is converged t0AGL{(HO™) when n — w. To determine
calculated absolute hydration free energy of the proton con- AGy,JHO™,n] with high accuracy, botPAGg{HO~,n] and
verged to AGi {H") = —262.4 kcal/mol forn = 4 (the AAGso[HO~,n] must be calculated at a sufficiently high level
complete first solvation shell aboutz8" is explicitly in- of theory.

G[(H20),(aq)] = G[(H,0),(9as)]+ AG,[(H,0),] (3)

Thus, we can evaluate the hydration free energy of hydroxide
ion via
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To calculateAGgadHO™,n] and AAGso[HO~,n], we first need cavity accommodating the solute. A surface and volume
to optimize geometries of the appropriate structures at a polarization for the electrostatic interaction (SVPE) procetfure
sufficiently high level of theory. Our previous computational has recently been developed to fully evaluate both the surface
studied® on AGLd(H*) indicate that geometry optimizations in ~ and volume polarization, and this procedure is also known as
the gas phase using gradient corrected density functional theorythe fully polarizable continuum model (FPCW¥I)283738This
(DFT) with Becke's three-parameter hybrid exchange functional SVPE procedure, implemented in a local version ofGAMESS
and the LeeYang—Parr correlation functional (B3LYP9 program?® is currently the only implementation capable of
together with the 6-3t+G** basis set’ are adequate. The free  directly determining the volume polarization for a general
energy changes calculated by using geometries optimized atirregularly shaped solute cavity in addition to the more
higher levels (with the second-order MghePlesset (MP2) commonly treated surface polarization. In other SCRF imple-
method and/or with larger basis sets) were nearly the same agnentations, volume polarization effects are ignored or approxi-
those calculated by using the geometries optimized at the mately modeled by modifying the surface polarization charge
B3LYP/6-3HH+G** level.28 The estimated bulk solvent effects  distribution through a simulation and/or charge renormali-
on the optimized geometries are also negligi§lelence, the ~ zation?22264642 or the solute charge distribution is simply
geometries of HO, (H20),, and HO (H,0), optimized in the represented by a set of point charges at the solute nildei.
gas phase at the B3LYP/6-3%G** level can be used for the =~ Because the solute cavity surface is defined as a solute electron
free energy of solvation calculations. The DFT geometry charge isodensity contour determined self-consistently during
optimizations were followed by analytical second-derivative the SVPE iteration process, the SVPE results, converged to the
calculations to ensure that the optimized geometries are minimaexact solution of Poisson’s equation with a given numerical
on the potential energy hypersurface (all real frequencies) andtolerances> depend only on the contour value at a given
to evaluate the thermal and vibrational corrections to the Gibbs dielectric constant and on the quantum chemical approach that
free energies (at 298 K and 1 atf)We considered = 4, 8, has been used. A single parameter value of 0.001 au has been
12, and 16 witm = 4 for the complete first solvation shelland  determined based on an extensive calibration $f§diging the
n > 4 for inclusion of water molecules beyond the first solvation experimental conformational free energy differences (62 ex-
shell. The calculations with the 6-3H-G** basis set were done  perimental observations) of various polar solutes in various
with Cartesian functions (6d). solvents. On the basis of the fitting process employed in the

The geometries optimized at the B3LYP/643+G** level calibration, the root-mean-squares (rms) deviation of the 62
were then used in single-point energy calculations at the second-experimental values from the results calculated by SVPE method
order MgllePlesset (MP2) level with different basis sets using the 0.001 au contour is 0.096 kcal/rffsIThe SVPE
including the correlation-consistent basis sets denoted by aug-procedure using the 0.001 au contour has been shown to be
cc-pVXZ (X = D, T, and Q)32735 The calculations with the  reliable for evaluating the bulk solvent effeé2728t has also
correlation consistent basis sets were done with sphericalbeen shown that the solvent shifts determined by SVPE
harmonic basis functions (5d, 7f, 9g). To extrapolate to the calculations are rather insensitive to the electron correlation level
frozen core complete basis set (CBS) limit, we used a three-and basis set used, and it is sufficient to perform the SVPE
parameter, mixed exponential/Gaussian function of the form: calculations at the MP2/6-31+G** level as done for the

calculation of the free energy of solvation of the protén.
_ oy (v 1) Therefore, we evaluatedAGso[HO™,n] using the SVPE

E0) = Ecas + Bexpl-(x = I+ Cexpi-(x— 1)7 (6) procedure at the MP2/6-3HG** level. We used a value of
78.5 for the dielectric constant of water.

The geometry optimizations were performed by using the
Gaussian 98rogram?® and the SVPE solvation calculations
were performed by using a local version of tBAMESS
prograni® on a 16-processor SGI Origin 2000 computer. The
other more time-consuming MP2 and CCSD(T) gas-phase
energy calculations were performed by using t&/Chem
progrant* on a 512-processor IBM SP massively parallel

wherex = 2, 3, and 4 for aug-cc-pVDZ, aug-cc-pVTZ, and
aug-cc-pVQZ, respectivelf. Additional calculations at the
coupled-cluster with single and double substitutions with a
noniterative triples correction (CCSD(#9)evel were also done
with the correlation-consistent basis sets when possible as
discussed below. We previously showed in our calculatfons
of AGL{H*) that we can ignore the corrections due to

core-valence interactions and relativistic effects. The overall g,5ercomputer. The largest number of contracted basis functions
correction to the electronic energy change because of the-core (BFs) used in the MP2 energy calculations is 2190, whereas

valence correlation and scalar relativistic effects\®i(H")  the largest number of contracted BFs used in the CCSD(T)
is less than 0.1 kcal/méf. calculations is 437.

Finally, we need to evaluate the bulk solvent shift,
AAGs[HO™,n], by performing SCRF calculations on the
supermolecular solutes §8), and HO (H,0),. The reliability
of the SCRF calculation results is dependent on the accuracy Geometries.The optimized geometries of the various neutral
of the calculated solvent polarization potential (representing and anionic clusters are shown in Figures4l The most stable
the long-range solutesolvent interaction) in addition to the  structure of the water tetramer, {B))4, has been shown to be
accuracy of the quantum chemical approximation level for cyclic?%:??2as depicted in Figure 1. Previous computational and
predicting the gas-phase results. Within the continuum model experimental studié%*® have indicated that the most stable
of solvation, the exact solvent electrostatic polarization potential water octamer, (bD)g, exists in a cubic structure. Of six possible
corresponding to a given solute electronic wave function is cubic isomers, th®,y andS, symmetry structures (see Figure
determined by the solution of the requisite Poisson’s equation 1) have been calculated to be& kcal/mol more strongly bound
under certain boundary conditi@P®26 The full solvent elec-  than the other fout> The Doy andS,; symmetry structures each
trostatic polarization consists of both surface and volume contain a total of 12 hydrogen bonds, four in each of two cyclic
polarization?>2The latter is due to the part of the solute electron tetramer subunits and four bridging the two tetramers. Dhe
charge which quantum mechanically penetrates outside theand$, structures are distinguished by having the hydrogen bonds

Results and Discussion
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Figure 1. Geometries of water clusters, {B)), (n = 4, 8, 12, and
16), optimized at the B3LYP/6-31+G** level. Independent key
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Figure 2. Geometries of the most stable H®,0), and HO (H20)s
structures optimized at the B3LYP/6-8%+G** level. Independent key
internuclear distances in A for hydrogen bonds are indicated. Small
spheres are hydrogens, and large spheres are oxygens.
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Figure 3. Geometries of two stable HQH,0),, structures optimized

internuclear distances in A for hydrogen bonds are indicated. Small at the B3LYP/6-3%++G** level. Independent key internuclear distances

spheres are hydrogens, and large spheres are oxygens.

within the tetramers oriented in the opposie{) or same &)

for hydrogen bonds are indicated. Small spheres are hydrogens,
and large spheres are oxygens.

directions. It is, therefore, not surprising that the energies of calculations of the relative stability of all possible cluster
the Dg and$S; structures were calculated to be nearly the same, structures of HO(H,0), for a givenn show that the most stable

although the electronic energy of tikey structure calculated

structure of an HO(H20), (n = 4) cluster has only four water

at the MP2/aug-cc-pVDZ level using the geometry optimized molecules hydrogen-bonded to the H&*8 Any additional

with the TIP4P potential was estimated to £6.1-0.2 kcal/
mol lower than that of th&, structure calculated at the same
level 5" We optimized the geometries of both tBey and S,
structures at the B3LYP/6-33+G** level and found that

water molecules beyond these four form watemater hydrogen

bonds, instead of any additional hydroxide-water hydrogen bond,
in the most stable structure. Thus, the first solvation shell of
HO™ consists of four water molecules. Our optimized geometry

further inclusion of the contributions of thermal and vibrational of the most stable HQH,0), structure has<C, symmetry, as
corrections in the Gibbs free energies significantly decreasesshown in Figure 2.

the free energy difference. Our calculations at the B3LYP/6-

31++G**//B3LYP/6-31++G**, MP2/6-31++G**//B3LYP/
6-31++G**, MP2/aug-cc-pVDZ//B3LYP/6-3++G**, and
MP2/aug-cc-pVTZ//B3LYP/6-3t+G** levels all consistently

The second solvation shell contains eight water molecules
having hydrogen bonds with the four first-solvation-shell water
molecules. Thus, a description of the complete first and second
solvation shells requires a minimum of 12 water molecules,

suggest a negligible free energy difference (within 0.01 kcal/ forming the cluster HO(H,O);» (B) shown in Figure 3. We

mol) between thé,y and S, structures shown in Figure 1.

also found another stable structure of H8,0);,, denoted by

It has been shown that the lowest-energy structural forms of HO~(H20)12 (A) as shown in Figure 3. Both the HQH,0)12

the larger clusters, including é0):2 and (HO);6 have fused
cubic structures based on using the cubig/S; structures as
building blocks**f The geometries of these cluster structures
optimized at the B3LYP/6-3t+G** level are also shown in
Figure 1.

The first solvation shell structure of the hydroxide ion (HO
has been investigated extensivély*” 48t has been found that
the maximum number of water molecules that can form
hydrogen bonds with the oxygen atom in H@ five in the
gas phase and that this structure is a local miniMi@iHowever,

(A) and HO (H20)12 (B) optimized structures have exactly the
same number of hydrogen bonds and h&esymmetry. A
remarkable structural difference between the two structures is
that in HO (H20)12 (A) only four water molecules exist in the
second solvation shell and have hydrogen bonds with the first-
solvation-shell water molecules. The other four water molecules
exist in the third solvation shell and have hydrogen bonds with
the second-solvation-shell water molecules. So, the (HD)12

(A) structure has a complete first solvation shell and incomplete
second and third solvation shells, whereas the B430)1, (B)
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HO{Hz0)45 (B)

HO(Hz 0046 (A)

Figure 4. Geometries of two stable HQH,O);¢ structures optimized
at the B3LYP/6-3%++G** level. Independent key internuclear distances

in A for hydrogen bonds are indicated. Small spheres are hydrogens,

and large spheres are oxygens.

structure includes the complete first and second solvation shells
The HO (H20)12 (A) structure is lower in terms of the Gibbs
free energy in the gas phase as compared to the(H§D),
(B) structure by~1 kcal/mol as calculated at the B3LYP/6-
31++G**//B3LYP/6-31++G**, MP2/6-31++G**//B3LYP/
6-31++G**, MP2/aug-cc-pVDZ//B3LYP/6-3++G**, and
MP2/aug-cc-pVTZ//B3LYP/6-31+G** levels. This is most
likely due to the much larger dipole moment along @eaxis

of the water cluster stabilizing the HOn the A structure. The
dipole moments of the water clusters(®}i» (A) and (HO)2
(B), constructed by removing the HGrom HO(H,0)12 (A)
and HO (H»0)1» (B) were calculated to be 19.5 and 4.4 D,
respectively, at the B3LYP/6-31+G** level in support of this
conclusion.

On the basis of the results obtained for= 12, we note that
the most stable structure of H(H.O)s (Figure 2) is the
common building block of the HQH,0);, (A) and HO (H20)12
(B) structures and contains the complete first solvation shell
and an incomplete second solvation shell. The ¥30)s
structure also ha€, symmetry.

Starting from the most stable structure, HB8,0)12 (A), for

J. Phys. Chem. A, Vol. 106, No. 42, 2002741

TABLE 1: Absolute Hydration Free Energy of the
Hydroxide lon (in kcal/mol) Calculated as the Free Energy
Change from HO(gas) + (H20O)n(aq) to HO~(H,0)n(aq) at

T =298 K

Gibbs free energy change

calculation methodl n=4 n=38 n=12 n=16
Without Bulk Solvent Shift (i.e.AGga{HO~ n])b
B3LYP/6-31++G** —48.3 —59.8 —68. —71.6
MP2/6-3H+G** —49.3 —59.9 —68.0 -715
MP2/aug-cc-pVDZ —48.1 —58.8 —67.0 —70.8
MP2/aug-cc-pVTZ —47.9 —59.2 —67.3
MP2/aug-cc-pvVQZ —47.5 —59.0 —67.1
MP2/CBS —47.3 —58.8 —66.9
CCSD(T)/aug-cc-pVDZ —49.6 —60.3
CCSD(T)/aug-cc-pVTZ —49.4
best estimate -48.8¢ -60.3 —-68.4
bulk solvent shift —42.1 —-41.1 —36.1 —-32.6
(i.e. AAGs[HO™,n])¢
Including Bulk Solvent Shift (i. eAGhyd[HO )
B3LYP/6-31++G** —-90.4 -100 —104.1 -—104.2
MP2/6-31++G** —90.5 —101.0 —104.1 -—104.2
MP2/aug-cc-pVDZ —90.2 —-99.9 -103.2 -1034
MP2/aug-cc-pVTZ —-90.0 -—100.3 -103.4
MP2/aug-cc-pVQZ —89.7 -—100.1 -—103.2
MP2/CBS —89.4 —99.9 -103.0
" CCSD(T)/aug-cc-pvDzZ —-91.7 -—-101.4
CCSD(T)/aug-cc-pVTZ —91.5
best estimate —-90.9 -101.4 -1045

a Computational method used for the gas-phase energy calculations.
All energy calculations were performed by using the geometries
optimized at the B3LYP/6-3t+G** level. ® Without bulk solvent
effects,AGg{HO™,n] is the free energy of reaction 1Calculated by
using the SVPE approach at the MP2/6+31G** level. ¢ The best
estimate is the MP2/CBS value plus the higher order electron correlation
correction,—1.5 kcal/mol, as the energy difference between the MP2/
aug-cc-pVDZ value and the CCSD(T)/aug-cc-pVDZ value or the MP2/
aug-cc-pVTZ value and the CCSD(T)/aug-cc-pVTZ value for both
n=4and 8.

Table 1, there is a large changel0 kcal/mol, in the calculated
hydration free energy from = 4 to 8. The changey3 kcal/

mol, fromn = 81to 12 is smaller, but large enough that it cannot
be ignored. The change in energies froam= 12 to 16 is
negligible,~0.1—0.2 kcal/mol based on the energy calculations
at the B3LYP/6-3%+G**, MP2/6-31++G**, and MP2/aug-
cc-pVTZ levels. The convergence with respectntdoes not
depend much on the level of theory used for the gas phase

n = 12, one could construct the lowest-energy structures of calculations. Our results show that, to accurately determine the
HO~(H,0);6 according to two possible ways. The first way is absolute free energy of hydration of the hydroxide ion, one must
to add the four water molecules to the fourth solvation shell to include in the supermolecule not only all solvent water
form hydrogen bonds with the third-solvation-shell water molecules in the first solvation shell but also solvent molecules
molecules as found for the neutral cluster. In this way, we in the second and third solvation shells (in the axial direction).
obtained the structure for HQH»O)16 (A) shown in Figure 4. The convergence of the number of water molecules that must
The second way is to add the four water molecules so that theybe explicitly included in the supermolecule calculations for the
form hydrogen bonds with the first-solvation-shell water free energy of hydration for the hydroxide ion is significantly
molecules to complete the second solvation shell just as in theslower than that for the protof.Only the first solvation shell

structure of HO(H,0):2 (B) leading to the structure for
HO~(H20)16 (B) shown in Figure 4. Both structures halg
symmetry. The optimized HQHO)s (A) structure was
calculated to be lower in terms of the Gibbs free energy in the
gas phase as compared to the optimized H0O):6 (B)
structure by~1 kcal/mol.

Free Energies of Solvation.The energy results fon = 4,

of the hydronium ion (HO™) must be treated quantum mechani-
cally for the latter (a total of four water molecules with respect

to the bare proton) as compared to 12 water molecules for the

OH~ solvation energy calculations. This difference could be
due to the much stronger solvent polarization in the axial
direction needed to stabilize the diffuse negative charge on HO

which is highly concentrated on the O atom. The negative charge

8, 12, and 16 using the most stable geometries optimized at theon the O atom in HO is over—1.0 e, actually~—1.21 e, as

B3LYP/6-31++G** level are summarized in Table 1. The

determined at the MP2/aug-cc-pVQZ level by fitting the

convergence of the calculated hydration free energy with respectelectrostatic potential (ESP) at points selected according to the

to n can be examined by comparing the results calculated at
the same level of theory for differemt values. As shown in

Merz—Singh—-Kollman schemé? The ESP charge on the
hydroxide oxygen atom determined at the MP2/6-31G**
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level is—1.29 e in HO and—1.01 e in HO (H20)12 (A). The from —90.6 to —110.0 kcal/moP? Our predicted absolute
corresponding ESP charge on the hydroxide hydrogen atom inhydroxide hydration free energy 6f104.5 kcal/mol falls in
HO~(H20)12 (A) was calculated as-0.33 e giving a net ESP  this range and is closer to the lower end.

charge for the hydroxide ion in H@H2O):, (A) of —0.68 e. The AG}{HO") value 0f—104.5 kcal/mol predicted in this
Thus, the negative ESP charge on the hydroxide oxygen atomstudy combined with our previously predictaﬁeﬁgg(w)

is significantly reduced (by-0.28 €) in HO(HO). (A) as value of —262.4 kcal/md® gives the sum of the absolute
compared to that in the free ion, and there is a significant amount hydration free energies of the proton and hydroxide-866.9

of electronic charge;-0.32 e, transferred to the solvent water kcal/mol. This theoretical prediction can be compared with well-
molecules. established experimental thermodynamic data.

Because the hydration free energy calculations are well There has been some inconsistency in the literature be-
converged ah = 12 for hydroxide ion, we just need to perform  cause of differences in the definition of the standard reference
high-level energy calculations on the aqueous clusters up to states for the absolute hydration free energies of different solutes.
= 12. The CCSD(T) method can predict total molecular This inconsistency has led to rather different experimental
dissociation energies involving covalent bonds based on thevalues for the sum of the hydration free energies of the proton
valence electrons to within tenths of a kcal/fi6f when a  and hydroxide. For example, the experimentaby qH*) +
sufficiently large basis set is used and extrapolated to the Aeﬁsg(Ho—) value should be-351.1 kcal/mol for the standard
complete basis set (CBS) limit and if other effects such as core- states described above according to Table 5 in ref 22b, where-
valence correlation, relativity, and zero-point energies are as a recent analysis reported by Tissandier éeahows that
properly accounted for. The MP2 method has been shown tothe experimentahGZ(H*) + AGZYHO") value should be

give very good energies for hydrogen bonded systémW¥e  —1535.3 kJ/mol —366.95 kcal/mol) for the same standard
have neglected the core-valence correlation and relativistic states. Below we present a detailed analysis of the experimental
effects based on our calculations aXGp q(H*).® which thermodynamic data to ensure a consistent comparison between

showed that the sum of these corrections is small. We can our theoretical prediction and well-established experiment data.
extrapolate the MP2 energies to the CBS limit by using the  The experimental Gibbs free energy of the gas-phase reaction,
augmented correlation-consistent basis sets, aug-cc-pVDZ, augH,0(g) — H(g) + HO~(g), atT = 298.15 K andP = 1 bar
cc-pVTZ, and aug-cc-pVQZ. The extrapolated MP2/CBS results (~ 1 atm) listed in the NIST Standard Reference Datalsdse
lead toAGhyHO™,n] = —89.4,—99.9, and—103.0 kcal/mol AG?¥H,0(g) — H™(g) + HO (g)] = 384.1+ 0.2 kcal/mol.

for n=4, 8, and 12, respectively. We were unable to perform Very recently, thisAG29H,0(g) — H*(g) + HO(g)] value
CCSD(T) energy calculations on the clusters witls 12 using has been revised to 383.610.07 kcal/mol, on the basis of a
any of the augmented correlation-consistent basis sets, but wecombination of new sophisticated experimental and computa-
were able to carry out the CCSD(T) energy calculationsnfor  tional results for the heat of formation of the OH radical which
= 4 with the aug-cc-pVDZ and aug-cc-pVTZ basis sets and revises this value by almost 0.5 kcal/n¥t54

for n = 8 with the aug-cc-pVDZ basis set. The three values for ~ The NBS (now NIST) tablé$ provide the experimental Gibbs
the free energy of hydration determined at the CCSD(T) level free energies of kD(g) and HO(l, i.e. 55.5 M) leading to
are~1.5 kcal/mol greater than the corresponding MP2 values AG2°§H,0(g) — H,0O(l, i.e. 55.5 M)] = —2.05 kcal/mol at
with the same basis set and are not dependent. &le then T =298.15 K and® = 1 bar. It should be emphasized that the
estimate the CCSD(T)/CBS value to be sum of the MP2/CBS AG*9H,0(g) — H,0(l, i.e. 55.5 M)] value of-2.05 kcal/mol
value and the higher order electron correlation correction of 1.5 must be distinguished from the usually used experimental
kcal/mol for all values ofn. Thus, our best estimate of the hydration free energy of-6.32 kcal/mol for the water mol-

absolute hydration free energy of hydroxide imﬁﬁsg(Ho—), ecule®® The two values are associated with different standard
is —104.5 kcal/mol for the usually used standard state (i.e., the state definitions and are consistent with each other. The
ideal gas phase and hypothetitav solution without solute- experimental hydration free energy 6f6.32 kcal/mol was

solute interaction at = 298.15 K and® = 1 atm as discussed determined as the free energy change from the hypothetical ideal
previously®). Unless indicated otherwise, all hydration free gas with the same density as liquid water (i.e., 55.5 mdi, L
energies discussed below are for these standard states. instead of 1/24.5 mol ! corresponding t® = 1 atm) to liquid
Our predicted absolute hydroxide hydration free energy of Water. The contribution of the entropy change of the expansion
~104.5 kcal/mol is~3.5 kcal/mol more positive than the Process, HO(gas, 55.5 mol LY) —~ H,O(gas, 1/24.5 mol L),
—108.0 kcal/mol predicted by Pliego and Rivefsbut  to the free energy is-4.27 kcal/mol aff = 298.15 K**
significantly more negative than the—400 kJ/mol &—96 kcal/ ~ From the established experimental thermodynamic equilibra-
mol) predicted by Mejias and Lagé? The value reported by ~ tion of water autoionization
Pliego and Riverd$Pwas determined by Monte Carlo simula- 2 .
tion and free energy perturbation using classical model poten- AG*TH,0(, i.e. 55.5 M)—
tials. The calcu!ations reported_by Mejiag and L#Zgavere H+(10’7 M) + HO’(10’7 M)] = 0 kcal/mol (7)
performed by using a conductor-like screening model (COSMO)
and DFT. Ignoring the inherent accuracy of their DFT energy at T = 298.15 K andP = 1 atm. Therefore
calculations in gas phase, their COSMO-DFT calculations
significantly underestimated the bulk solvent effects. Their AG298[H20(I, i.e.55.5 M)—
AGpyHO™,n] calculations are apparently not converged. The N _
largest and next largest numbers of water molecules considered H"(1 M) + HO (1 M)] = 19.09 kcal/mol (8)
in their work are 12 and 8. The change of their calculated
AGhyHO™,n] value fromn = 8 to 12 is~—17 kcal/mol??2
Comparison with Available Experimental Data. As noted 29 .
in the Irﬁ)troduction, the “experimental” absolute hydration free AG B[HZO(hypothetlcaI 1 My~
energy of the hydroxide ion in the literature has a wide range H*(1 M) + HO (1 M)] = 21.47 kcal/mol (9)

or
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Considering the solvation shift of the free energy of the reaction Sciences Computing Facility (MSCF) in the EMSL at PNNL.

H,O — H* + HO~, we have The EMSL including the MSCF is a national user facility funded
by the Office of Biological and Environmental Research of the
AGﬁgg(HJr) + AGﬁ;’,ﬁ(HO_) — AGﬁ;’s[HZO(g)—> U.S. Department of Energy. This work was supported in part

; A (29 . . by the U.S. Department of Energy, Office of Basic Energy
H0(, 1.e. 55.5 M)]= AG S[HZO(I’ .e.55.5M) Sciences, Geosciences Research Program, contract 18328.
H*(1 M) + HO (1 M)] — AGZ%[HZO(g)—> PNNL is a multiprogram national laboratory operated by Battelle
— Memorial Institute for the U.S. Department of Energy.
H*(g) + HO™(g)] (10) P ¥

Based on the very recently revised experime@?*IH,0(g) Supporting Information Available: Cartesian coordinates
— H*(g) + HO(g)] value of 383.61 0.07 kcal/moF* egs 8 (in A) of the lowest-energy geometries optimized at the B3LYP/
and 10 lead to 6-31++G** level and the total energies (in au) with different

methods for the optimized geometries. This material is available
AGﬁgS(HJr) + AGﬁ;’,da(HO_) ~ —366.6+ 0.1 kcal/mol (11a) free of charge via the Internet at http://pubs.acs.org.
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