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Accurate Experimental Values for the Free Energies of Hydration of H", OH~, and H3O™
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Accurate experimental values for the free energies of hydration, or the free energies of solvation, @f the H
OH-, and HO" ions are of fundamental importance. By use of the most accurate value for the free energy

of solvation of H, the known value for the free energy of solvation of water, and the known values for the
gas phase and aqueous phase deprotonation of water, the corresponding experimental free energy of solvation
for OH™ is —106.4+ 0.5 kcal/mol. Similarly, by use of the known values #6:° for H;O, H,O*, and

OH~, the known values foAG, for H and OH-, and the known value for the aqueous phase autoionization

of water, we obtain an experimental free energy of solvation value §@*+bf —103.4 4+ 0.5 kcal/mol.

These values are in excellent agreement with the commonly accepted values and with the Ve&det-)

obtained from embedding clusters of OHi,0), in a dielectric continuum.

Introduction The free energy of hydration fortj AGy(H™), has been the

_ _ focus of much study over the past five years$:2%-23 Tissandier

Accurate experimental vglues for the free energy of h_ydratlon, et al. have used a cluster-pair approximation approach to obtain

or the free energy of solvation, of the'HOH", and HO" ions g experimental value 0f-263.98 + 0.07 kcal/mol for
are of fundamental importance. The free energy of hydration AG4(H*).1 Coe et al. have reviewed the cluster ion data and
of H* serves as the benchmark reference for the determinationgpiain a value of-263.67 kcal/mol from their plot& Most
of free energies of hydration of ions, since experiments only recently, Tuttle et al. have updated their previous work and
allow for the determination of the sum of the free energies of 5piain a value 0F263.98+ 0.2 kcal/mol from the cluster-pair
solvation for a pair of oppositely charged ioh¥et the most  4pproximatior?? We have used the experimental values for
common method for determining the free energy of hydration AG_ for the dissociation of acetic acidGs(acetic acid), and
of HT, which is measured from the standard hydrogen potential, AGg(acetate ion) to derive an experimental value-#64.61
results in values that range fror254 to—261 kcal/mok This  ycal/mol using thermodynamic cycle’£Calculated values for
range results in an uncertainty of 7 kcal/mol for determination AG4(H*) have converged or264.1 to—264.3 kcal/mol, when
of the free energy of hydration of other ions. The standard tne standard state is 1 R42% In this paper, we use the value
hydrogen potential cannot be obtained by measurement alonesy, AG4H*) of —264.0 kcal/mol to obtain the experimental

but requires an independent quantity to determine an absoluteya|yes forAG(HsO") and AG{OH") that are consistent with
half-cell potentiaf This large uncertainty is unacceptable at a this most reliable value fOAG(H™).

point in time when state-of-the-art computational methods
(model chemistry, continuum methotis)allow for the accurate
calculation of K, values in solution using thermodynamic cycle
1.78 Since an error of 1.4 kcal/mol iNGq yields an error of By use of thermodynamic cycle 2 and the known values for
1 pKa unit, an accurate value faxGy(H") is absolutely essential ~ AGgas AG(H"), AG{(H20), andAGafH20aq— H*aq+ OH 49,

to obtain accuratelf, values?’-14We have shown that accurate we can determine an experimental value A&dBs(OH"). The
values forAG,q can be determined for carboxylic acids and known value ofAGgasis 383.70+ 0.3 kcal/moE4~2¢ for a
phenols using compound model chemistry gas-phase calcula-standard state of 1 atm, or 385.59 kcal/mol for a standard state
tions!5-18to evaluateAGgasand CPCM continuum calculatiohs  of 1 M. The known value fonGs(H20) is —6.32 kcal/mok?

to evaluateAGs’819 The major uncertainty in this procedure the most reliable estimate for the experimental value for
is the accurate calculation &¥Gs for ionic species:219To ob- AG4(H™) is —264.0 kcal/mol, and the known value fAG.q is

tain the most accurate calculated values for the free energy 0f21.4762 kcal/mot’ These values allow us to solve for the
hydration of various ions, it is imperative that method developers experimental value foAG{OH"), for a 1 M standard state,
have access to the most reliable experimental information. ~ which is —106.444 0.5 kcal/mol.

Results

AG,, AG,,
AHgas - 1'\_%S + H+gas Hzogas - OH-gas + H+gas
T-AG,(AH)  1AG.(A)  lAGHY T-AG,(H,0) lAG,(OH)  lAGH")
AG,, AG,,
AH, - A, o+ H*,, H,0,, — OH,, + H,
Thermodynamic Cycle 1 Thermodynamic Cycle 2

10.1021/jp0499140 CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/18/2004



Free Energies of Hydration of  OH™, and BO*

TABLE 1: Experimental Values for AG{(OH™) and
AG4(H30™) Consistent with Thermodynamic Cycles 2 and 3
and the Indicated Values for AG¢(H™)2

AG(H*) AG{OH") AG(Hs0")
—263.67 ~106.77 ~103.12
—264.0 —106.44 ~103.45
—264.61 —105.83 ~104.06

a All values are in kcal/mol, for a standard stafeldM and 298.15

K. The best values, based on the most accurate experimental determi

nation of AG(H™), are in bold, with an estimated uncertainty-68.5
kcal/mol.

Similarly, we use thermodynamic cycle 3 to solve for
AG4H30™"). In this case, we determim®Ggasusing the standard
Gibbs free energies of formationdG;°, for H,O (—54.6324
kcal/mol), O™ (144.9843 kcal/mol), and OH(—33.1496 kcal/
mol).28 For thermodynamic cycle 3, we have thAGgs =
221.0995 kcal/mol for a standard state of 1 atm and for a
standard state of 1 M, sinc&ny.s equals zero. Fronk,, and
the concentration of water at 298.15 K,[B] = 55.34 M, we
haveAG,, = 23.8541 kcal/mol. By use of a value AiG{(H™)
of —264.0 and a value fohG4(OH™) of —106.44 kcal/mol, we
derive a value forAG¢(Hz0") of —103.45 kcal/mol. Table 1
summarizes the values 8iG{(OH~) and AGs(H30") obtained
from various values oAG4(H™).

AG,,
H,0,+H0,, - OH,, + H,0",,,
T-2AG, (H,0) lAG,(OH)  |AG,(H,0%
AG,,
H0, +H,0, - OH, + HO,
Thermodynamic Cycle 3

Discussion

BecauseAGgH™) is a number close to-264 kcal/mol,
AG4OH™) must be close te-106.4 kcal/mol, and\Gg(Hz0™)
must be close to-103.4 kcal/mol (Table 1). On the basis of
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dures?®2! and the most reliable available experimental re-
sults12223Similarly, the value obtained fohGs(OH™), —95.6
kcal/mol, is again off by 10 kcal/mdP The authors speculate
that their method is not suitable for a highly accurate determi-
nation of entropic effects, as their values s are in better
agreement with experimert?

Our results predict a range for the value #G4(H30") of
—103 to —104 kcal/mol, with the best estimate beird 03.4
kcal/mol. Pliego and Riveros have determing@y(Hs;O™) from
a three-step process: vaporization of water, formation of the
H3O* ion in the gas phase, and solvation of thgOH species.
They use the equatiohGy(H30™) = AGg(H™) + AG%dH-0)

+ AGyaH20). They use the best experimental value for
AG4H™), —264.0 kcal/mol, a value of 155.6 kcal/mol for
AG%adH20), and a value of 2.0 kcal/mol fohGyay(H20).3!

The value for AG%,{H.,O) was determined from the ap-
proximate relationshipAG%as~ AH%a — 7.5 kcal/mol, using

the experimental value of 1658 0.5 kcal/mol for the proton
affinity.36 We believe that most of the 7 kcal/mol discrepancy
between Pliego and Riveros’ value f.10.4 and our value of
—103.4 is attributable to inconsistencies in standard states and
their value of 155.6 kcal/mol for the basicity of water.

We can estimate an accurate value for the basicity of water
using the complete basis set atomic-pair natural orbital (CBS-
APNO) method?”38 By use of CBS-APNO calculations for
H3O* and HO, we obtain absolute free energies-6f6.428190
and —76.690657 Hartrees at 298.15 K. By useGfdH") =
—6.28 kcal/mol”8 we obtain aAGgas0f —158.4 kcal/mol for a
standard state of 1 atm. Converting to a standard state of 1 M
yields —160.3 kcal/mol, which differs from the Pliego value
for the basicity of water by 5 kcal/mol. Using the CBS-APNO
calculated value 0f-160.3 yields a value of-105.7 kcal/mol
for AGg(H30"). Thus the CBS-APNO value is 2.3 kcal/mol
more negative than the best estimate using the best available
experimental numbers (Table 1) but is still 5 kcal/mol more
positive than the calculated value of Pliego and Riveros.

It has been previously demonstrated that the value of 2.0 kcal/
mol for the vaporization of water represents the transition of

the agreement between experimental and theoretical approachekquid water in the reference state of 55.34 M, 298.15 K to

for determiningAG4H™), we estimate error bars on the numbers
listed in boldface type in Table 1 af0.5 kcal/mol. With these

gaseous water in the reference state of 1 atm, 298.15A¢.
the relationship between intermolecular interactions and free

values in hand, we can evaluate the values reported in theenergies of transfer between phases is most direct when using

literature forAGg(OH™) and AGs(H3O™).
Zhan and Dixon have used clusters of GH,0), embedded
in a dielectric continuum to calculate a value®G(OH™) of
—104.5 kcal/mol, for a standard state of 12RMOur prediction
is in excellent agreement with their prior calculation. Pliego

the same standard concentration for both phases, the usual
reference statesil M at thegiven temperaturé® Thus the value

of 2.0 kcal/mol for the vaporization of 55.34 M water at 298.15

K to 1 atm gaseous water is equivalent to 6.32 kcal/mol when
both the water and gas standard states arelq This idea has

and Riveros have used Monte Carlo simulations and free-energypeen recognized by Pliego in a recent paper, where the validity

pertubation to estimate the absolute free energy of hydration of

OH™ in aqueous solution to be 108.0 kcal/mok® Pliego has
also used Tissandier’s value e264.0 kcal/mol forAG{(H™)*

and a combination of experimental and theoretical values for
proton affinities, aqueous acidity constants, and solvation free

energies of neutral species, to calculate a value\leg OH")

of —105.0 kcal/moP! This value is 1.4 kcal/mol more positive
than our estimate, a result stemming from the approximation
that the gas-phase proton affinities of all negatively charged
species have constant entropy terma$) equal to 7.5 kcal/
mol32-34 Mejias and Lago have calculated the value for
AG4H™) and AG{(OH") using a combination of DFT and a
polarizable continuum modé}. Their results for AGy(H™),
—274.9 kcal/mol, appear to be relatively inaccurate given the
convergence of other computed numbers with similar proce-

of our calculation of standard state$ias been affirmeé?

The usual quoted experimental values G{OH™) and
AG4H30™) are—106 and—104 kcal/mol, respectiveBL4°Our
values provide a slight correction and are within half a kcal/
mol of the usual numbers. We note that these numbers are
generally not believed to be very accurate, given the assumptions
made in their derivation and the previously mentioned difficul-
ties in assigning the value foAG¢(H*) from the standard
hydrogen potential. In fact, the range of reported experimental
values forAG{OH") is extremely wide, from-90.6 to—110.0
kcal/mol2>4142This unfortunate situation makes it difficult for
scientists to assess their own work when using these values. It
is reassuring that the most widely quoted values are in agreement
with our more accurate determinations presented in this paper.
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Conclusion

We have shown that, by use of the most accurate value for

the free energy of solvation of'H—264.0 kcal/mol, the known
value for the free energy of solvation of water6.32 kcal/
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