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Thermochemical cycles that involve pKa, gas-phase acidities, aqueous solvation free energies of neutral species,
and gas-phase clustering free energies have been used with the cluster pair approximation to determine the
absolute aqueous solvation free energy of the proton. The best value obtained in this work is in good agreement
with the value reported by Tissandier et al. (Tissandier, M. D.; Cowen, K. A.; Feng, W. Y.; Gundlach, E.;
Cohen, M. J.; Earhart, A. D.; Coe, J. V.J. Phys. Chem. A1998, 102, 7787), who applied the cluster pair
approximation to a less diverse and smaller data set of ions. We agree with previous workers who advocated
the value of-265.9 kcal/mol for the absolute aqueous solvation free energy of the proton. Considering the
uncertainties associated with the experimental gas-phase free energies of ions that are required to use the
cluster pair approximation as well as analyses of various subsets of data, we estimate an uncertainty for the
absolute aqueous solvation free energy of the proton of no less than 2 kcal/mol. Using a value of-265.9
kcal/mol for the absolute aqueous solvation free energy of the proton, we expand and update our previous
compilation of absolute aqueous solvation free energies; this new data set contains conventional and absolute
aqueous solvation free energies for 121 unclustered ions (not including the proton) and 147 conventional and
absolute aqueous solvation free energies for 51 clustered ions containing from 1 to 6 water molecules. When
tested against the same set of ions that was recently used to develop the SM6 continuum solvation model,
SM6 retains its previously determined high accuracy; indeed, in most cases the mean unsigned error improves
when it is tested against the more accurate reference data.

1. Introduction

Compilations of experimental free energies of solvation are
important because they can be used in conjunction with isolated-
molecule (gas-phase) data to calculate liquid-phase equilibrium
constants and reduction potentials.1-6 In addition, they can be
used to assess the performance of theoretical methods for
condensed-phase simulation. For example, the parameters
contained in many continuum solvation models are chosen so
as to best reproduce experimental solvation free energies. For
neutral species, compilations exist in which solvation free
energies have been tabulated for a large number of solutes in
aqueous7-14 as well as nonaqueous solvents.10,15Because these
free energies can be determined directly from experimental
partition coefficients,3 their uncertainty is typically quite low
(∼0.2 kcal/mol).16 For charged species the situation is quite
different. It is generally agreed that the free energy of formation
or chemical potential of an individual ion “has no operational
meaning”17 in standard thermodynamics because the difference
in electric potential between two media cannot be measured
and therefore has no physical meaning.18,19 Therefore, it is
conventional to assign the free energy of one ion, usually the
proton, in any medium arbitrarily, and then well-defined sums
of free energies for neutral combinations of cations and anions
can be converted to single reference values of single-ion free
energies.20 In statistical thermodynamics, one often calculates
single-ion quantities by the same approximate procedures and

thermodynamic cycles14,21,22 as used for neutral species, and
such calculations are very useful for explaining and predicting
a large number of experimentally observed or observable
phenomena. Therefore, there is great interest in having physi-
cally realistic reference values of single-ion free energies to
parametrize and validate theoretical models.

Pliego and Riveros reported23 absolute aqueous solvation free
energies for 56 ions that they determined using pKa, gas-phase
acidities, aqueous solvation free energies of neutral species, and
Tissandier et al.’s reference value of-265.9 kcal/mol24 for the
absolute aqueous solvation free energy of the proton. (All
numerical values for solvation free energies in this article are
reference values for ideal processes in which the concentration
is the same in the gas phase and in solution; see section 2.25)
More recently, we reported aqueous solvation free energies for
143 charged species and used these free energies to develop
the SM6 continuum solvation model.14 For unclustered ions
(e.g., OH-, CH3O-, etc.), we used the same thermochemical
cycles as Pliego and Riveros, although we used Zhan and
Dixon’s value26 of -264.3 kcal/mol for the absolute aqueous
solvation free energy of the proton instead of Tissandier et al.’s
value of-265.9 kcal/mol. As a result, many of the overlapping
data points from these two compilations are different from one
another by∼1.6 kcal/mol. Pliego and Riveros did not include
clustered ions (e.g., H2O‚OH-, H2O‚CH3O-, etc.) in their work.

Zhan and Dixon’s value for the absolute aqueous solvation
free energy of the proton has been used in a number of places27

to determine absolute aqueous solvation free energies, acid
* Authors to whom correspondence should be addressed. E-mail:

cramer@chem.umn.edu; truhlar@umn.edu.

16066 J. Phys. Chem. B2006,110,16066-16081

10.1021/jp063552y CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/25/2006

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
A

O
 P

A
U

L
O

 U
SP

 o
n 

A
ug

us
t 1

9,
 2

00
9

Pu
bl

is
he

d 
on

 J
ul

y 
25

, 2
00

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

jp
06

35
52

y



dissociation constants, and redox potentials. Thus, care must
be taken when comparing properties obtained based on Tis-
sandier et al.’s and Zhan and Dixon’s values (or any other value)
for the absolute solvation free energy of the proton. Further
complicating the situation is that the wrong standard-state
convention has sometimes been associated5,16,28-36 with Tis-
sandier et al.’s value, resulting in values that are 1.9 kcal/mol
less negative than the actual value (and thus close to Zhan and
Dixon’s value).25 Because the differences above are within the
previously estimated value14,24,37for the uncertainty associated
with the absolute aqueous solvation free energy of the proton,
one might argue that Tissandier et al.’s and Zhan and Dixon’s
values are essentially equivalent. However, as the accuracy of
theoretical models for condensed-phase systems increases, the
consistency of tabulated data for the aqueous solvation free
energies of ions will become an important issue. (For example,
a free energy difference of 1.6 kcal/mol corresponds to 1.2 units
in a pKa or 52 mV in a reduction potential at 298 K.)
Furthermore, the use of a consistent reference value allows for
more meaningful comparisons to be made between data and
calculations from different sources.

Like other single ions, the absolute aqueous solvation free
energy of the proton cannot be determined directly from
experiment, although there has been considerable recent discus-
sion regarding the “best” value for this quantity.24,26,29,37-45

Earlier compilations of aqueous solvation free energies of ions
by Pearson,46 Florián and Warshel,47 and Dolney et al.48 used
-261.4 kcal/mol for the absolute aqueous solvation free energy
of the proton,49 which is an average of five independent
measurements of the standard hydrogen electrode.50-54 Tis-
sandier et al. arrived at their value of-265.9 kcal/mol using
correlations between experimental ion-water clustering data and
aqueous solvation free energies of neutral ion pairs. This so-
called cluster pair approximation24,37,55 has been adopted by
several other workers,39,42who were able to reproduce Tissandier
et al.’s original result to within 0.7 kcal/mol using gas-phase
single-water-molecule clustering data. (Tissandier et al. con-
sidered clusters containing up to six coordinating water mol-
ecules.) Zhan and Dixon’s value of-264.3 kcal/mol, which
we used in our previous compilation of aqueous solvation free
energies,14 was determined using high-level gas-phase calcula-
tions coupled with a supermolecule-continuum approach in
which specific ion-water interactions were accounted for
quantum mechanically using up to 10 explicit water molecules
and long-range bulk electrostatic effects were modeled using a
dielectric continuum model. However, a potentially serious
problem with the solvation free energies reported by Zhan and
Dixon is that they are based on a single structure for each
number of water molecules.

In a recent communication, Camaioni and Schwerdtfeger43

state that Tissandier et al.’s value of-265.9 kcal/mol for the
absolute aqueous solvation free energy of the proton is the most
accurate value for this quantity and that it should not be changed
unless/until it is superseded by better measurements. To better
understand this, we will apply the cluster pair approxima-
tion used by Tissandier et al. to a much larger set of data than
has previously been used for this kind of analysis. In this
way, we will be able to make a better decision as to what value
should be used for the absolute aqueous solvation free energy
of the proton, thus allowing us to determine accurate absolute
aqueous solvation free energies of other single ions. Using these
absolute solvation free energies, we will then retest the

performance of several continuum solvation models that were
tested using less accurate reference data as part of our previous
work.14

2. Standard States

All experimental and calculated gas-phase free energies
are tabulated using an ideal gas at 1 atm as the reference state.
Free energies that employ this standard-state definition will
be denoted by the superscript degree symbol. In the present
article, all experimental and calculated solvation free ener-
gies are tabulated for an ideal gas at a gas-phase concen-
tration of 1 mol/L, dissolving as an ideal solution at a liquid-
phase concentration of 1 mol/L.56 Free energies that employ
this standard-state definition will be denoted by a super-
script asterisk. The relationship between these two standard
states is

and

where3

At 298 K ∆G°f* equals 1.9 kcal/mol. (Thus, for example, if a
gas-phase standard state of 1 atm or 1 bar were used instead of
a gas-phase standard state of 1 mol/L, then Tissandier et al.’s
solvation free energy of the proton would be-264.0 kcal/mol.25)

3. Conventional Aqueous Solvation Free Energies of Ions
and Ion-Solvent Clusters

As reviewed in the Introduction, the absolute solvation free
energy of a single ion cannot be measured; instead, solvation
free energies of single ions are often tabulated as relative or
conventional free energies by arbitrarily setting the free energy
of solvation of the proton equal to zero. This results in a set of
conventional free energies of solvation for monovalent cations
that are shifted from their absolute values by the unknown value
for the solvation free energy of the proton

and conventional free energies of solvation for monovalent
anions that are shifted by an equal amount in the opposite
direction

(Above, M+ refers generically toany monovalent cation, and
M- to anymonovalent anion. Later in this article, BH+ will be
used to refer to a cation that behaves as a Brønsted-Lowry
acid, and A- will be used to refer to an anion that behaves as
a Brønsted-Lowry base. This notation is consistent with that
used in two of our earlier papers.14,57) When the above
convention is used, the following relationship is satisfied

Thus, unlike absolute solvation free energies of single ions,
sums of free energies for neutral combinations of cations and
anions are well-defined. Through the use of the above relation-

Gg
/ ) G°g + ∆G°f/ (1)

∆GS
/ ) ∆G°S - ∆G°f/ (2)

∆G°f/ ) RT ln(24.46) (3)

∆GS
/,con(M+) ) ∆GS

/(M+) - ∆GS
/(H+) (4)

∆GS
/,con(M-) ) ∆GS

/(M-) + ∆GS
/(H+) (5)

∆GS
/,con(M+) + ∆GS

/,con(M-) ) ∆GS
/(M+) + ∆GS

/(M-)
(6)
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ships, conventional aqueous solvation free energies based on
experimental gas and aqueous-phase free energies of formation
have been tabulated in various places.24,58-60 Most recently,
Fawcett60 determined conventional aqueous solvation free
energies for 10 monovalent, monatomic ions. (Several of the
compilations referenced above also contain data for di- and
trivalent ions, which will not be considered as part of this work.)
The conventional solvation free energies of the monovalent ions
reported by Fawcett are listed in Table 1. Also listed in Table
1 are the aqueous solvation free energies reported earlier by
Tissandier et al.24 (In this reference, there are typographical
errors in the values of the conventional solvation free energies
of Cl-, Br-, and I-; these errors have also been pointed out by
Coe.55) The conventional solvation free energies reported by
Fawcett and by Tissandier et al. use a standard-state pressure
of 1 bar in the gas phase and a standard-state concentration of
1 mol/L in the aqueous phase. To convert these free energies
to a standard state that uses a concentration of 1 mol/L in both
the gas and the aqueous phases, we substituted eq 2 into eqs 4
and 5, which leads to the following relationships between
conventional solvation free energies tabulated using these two
standard states

Additionally, Tissandier et al. define the conventional solvation
free energy by setting the aqueous-phase free energy of
formation of the proton equal to zero. Using the same value
for the free energy of formation of the proton in the gas phase
as Tissandier et al. (362.55 kcal/mol61), we converted the
solvation free energies tabulated using the convention of
Tissandier et al. to solvation free energies tabulated using the
convention described above according to

Through the use of thermochemical cycle 1 (illustrated in
Scheme 1) and eq 1, the absolute aqueous solvation free energy

of a cation BH+ (where BH+/B is a Brønsted-Lowry acid/
base pair) can be written as

where ∆G°g(BH+) is the gas-phase acidity of BH+, which
is equal to G°(B) + G°(H+) - G°(BH+), ∆GS

/(B) is
the aqueous solvation free energy of the neutral species B,
and

where pKa is the negative common logarithm of the aqueous-
phase acid dissociation constant of BH+. Substituting eq 11 into
eq 4 and using eq 12 lead to the following expression for the
conventional aqueous solvation free energy of BH+

For an anion A- (where AH/A- is a Brønsted-Lowry acid/
base pair), thermochemical cycle 2 (illustrated in Scheme 2)
gives the following expression for the absolute aqueous solvation
free energy (where again, eq 1 has been used)

where∆G°g(AH) is the gas-phase acidity of AH, which is equal
to G°(A-) + G°(H+) - G°(AH), ∆GS

/(AH) is the aqueous
solvation free energy of the neutral species AH,∆GS

/(H+) is
the absolute solvation free energy of the proton, and

where pKa is the negative common logarithm of the aqueous-
phase acid dissociation constant of AH. Substituting eq 14 into
eq 5 and using eq 15 lead to the following expression for the
conventional aqueous solvation free energy of A-

Listed in Tables 2 and 3 are the conventional aqueous
solvation free energies of anions and cations that were deter-
mined using eqs 13 and 16, along with the auxiliary data that

TABLE 1: Conventional Aqueous Solvation Free Energies
of Monatomic Ions (kcal/mol)a

M( Fawcettb Tissandier et al.c

H+ 0 0
Li + 137.5 137.5
Na+ 162.7 162.7
K+ 179.9 179.9
Rb+ 185.3 185.3
Cs+ 190.8
Tl+ 178.3
Cu+ 124.6
Ag+ 147.2
F- -370.3 -370.3
Cl- -340.4 -340.5
Br- -334.2 -334.1
I- -325.8 -325.2
OH- -370.7

a All conventional free energies are for a temperature of 298 K and
use a standard-state concentration of 1 mol/L in both the gas and the
aqueous phases.b Reference 60.c Reference 24.

∆GS
/,con(M+) ) ∆G°S,con(M+) (7)

∆GS
/,con(M-) ) ∆G°S,con(M-) - 2∆G°f/ (8)

∆GS
/,con(M+;this work))

∆GS
/,con(M+;Tissandier et al.)+ 362.55 kcal/mol (9)

∆GS
/,con(M-;this work))

∆GS
/,con(M-;Tissandier et al.)- 362.55 kcal/mol (10)

SCHEME 1: Thermochemical Cycle 1

SCHEME 2: Thermochemical Cycle 2

∆GS
/(BH+) ) ∆G°g(BH+) + ∆G°f/ + ∆GS

/(B) -

∆Gaq
/ (BH+) + ∆GS

/(H+) (11)

∆Gaq
/ (BH+) ) 2.303RTpKa(BH+) (12)

∆GS
/,con(BH+) ) ∆G°g(BH+) + ∆G°f/ +

∆GS
/(B) - 2.303RTpKa(BH+) (13)

∆GS
/(A-) ) -∆G°g(AH) - ∆G°f/ + ∆GS

/(AH) +

∆Gaq
/ (AH) - ∆GS

/(H+) (14)

∆Gaq
/ (AH) ) 2.303RTpKa(AH) (15)

∆GS
/,con(A-) ) -∆G°g(AH) - ∆G°f/ + ∆GS

/(AH) +
2.303RTpKa(AH) (16)
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were used in these equations. All of the auxiliary data were
taken from our previous compilation14 except for the pKa of
acetonitrile. Previously, we used 25 for the pKa of acetonitrile,
which was obtained by extrapolation of pKa data for relatively
strong carbon acids.62 In this work, we replaced this value by
a more accurate value (28.9) that was obtained by a kinetic
method.63 The value of the conventional aqueous solvation free
energy of OH- in Table 3 (-370.6 kcal/mol), which was
determined using thermochemical cycle 2 and the equations
described above, is in nearly perfect agreement with the value
reported by Tissandier et al. (-370.7 kcal/mol), who used the
same thermodynamic cycle in their determination of this
solvation free energy (see footnote 30 of ref 24).

Conventional solvation free energies of clustered ions can
be defined in the same way as unclustered ions, that is

wheren is the number of clustering water molecules. Through
the use of eq 1 and thermochemical cycle 3 (illustrated in
Scheme 3) the conventional solvation free energy of clustered
cations and anions can be written in terms of the conventional
solvation free energy of their analogous unclustered ions
according to

where∆GS
/(H2O) is the aqueous solvation free energy of water

and ∆G°[n](M
() is the sum of the stepwise clustering free

energies of M( with n H2O molecules in the gas phase

In the above equation,∆G°i-1,i ) G°[(H2O)iM(] -
G°[(H2O)i-1M(] - G°(H2O). Note that the concentration of
water (55.6 mol/L at 298 K) does not appear in eq 19 because
we use as a standard state an ideal dilute solution, for which
the activity of water is very nearly equal to unity.64 In this
standard-state convention (which we have also used in previous
work14,57), the free energy associated with the following reaction
(i.e., the bottom leg of thermochemical cycle 3)

is equal to zero for any value ofn.65

The aqueous solvation free energy of water is known
experimentally from the vapor pressure of the pure liquid;43 thus,
once the conventional aqueous solvation free energy of the
unclustered ion is known, the only remaining quantities needed
to determine the conventional solvation free energy of the
analogous ion-water cluster are the stepwise gas-phase cluster-
ing free energies (e.g., to determine the conventional aqueous
solvation free energy for a cluster ion containing four water

molecules, the free energy changes associated with attaching a
single water molecule to the bare ion and the singly, doubly,
and triply clustered ion are required). In our previous compila-
tion of aqueous solvation free energies,14 we reported experi-
mental and calculated gas-phase clustering free energies for
31 ion-water clusters containing a single water molecule. As
part of this work, we updated some of our previous cluster data
and expanded the data set with respect to both the number
of ions and the number of clustering water molecules con-
sidered.

In our previous compilation of gas-phase clustering free
energies, we incorrectly used a value of-12.5 kcal/mol for
∆G°0,1(F-). In this work this value has been replaced by a value
of -21.9 kcal/mol, which was taken from the National Institute
of Standards and Technology (NIST) tables66 and was deter-
mined by extrapolating to 298 K equilibrium gas-phase data
for (H2O)F- measured between 630 and 800 K.67 We also
updated the value for∆G°0,1(H3O+), for which we previously
used a calculated (B97-168/MG3S69 level of theory) value of
-27.0 kcal/mol. This value has been replaced by a value of
-24.5 kcal/mol, which is the average of two independent
experimental determinations of this quantity.70,71 Making the
two changes described above and adding new experimental gas-
phase clustering data results in a data set of 132 experimental
clustering free energies for 36 ion-water clusters containing,
in some cases, up to 6 clustering water molecules plus 15
calculated (B97-1/MG3S) clustering free energies for ion-water
clusters containing a single water molecule. This data set, along
with references for the experimental data, is given in Tables 4
and 6 (the final column of Table 6 is described below).

Using eqs 17-20, along with the conventional aqueous
solvation free energies in Tables 1-3 (in Table 1, we used the
data of Fawcett) and the experimental gas-phase clustering free
energies in Table 4, we determined conventional aqueous
solvation free energies for all of the ion-water clusters in Table
4. These conventional aqueous solvation free energies are given
in Table 5. We also determined conventional aqueous solvation
free energies for all of the ion-water clusters listed in Table 6
using the calculated gas-phase clustering data reported in this
same table. These conventional aqueous solvation free energies
are listed in the final column of Table 6.

4. Cluster Pair Approximation for Determining Absolute
Single-Ion Solvation Free Energies

The cluster pair approximation described by Tissandier et al.24

is based on the approximation that the difference between the
absolute solvation free energy of a positive and negative cluster
ion goes to zero as the cluster size becomes infinite, that is72,73

Subtracting eq 17 from eq 18 and dividing the result by 2 gives

Substituting this result into eq 22 gives

SCHEME 3: Thermochemical Cycle 3

∆GS
/,con[(H2O)nM

+] ) ∆GS
/[(H2O)nM

+] - ∆GS
/(H+) (17)

∆GS
/,con[(H2O)nM

-] ) ∆GS
/[(H2O)nM

-] + ∆GS
/(H+) (18)

∆GS
/,con[(H2O)nM

(] ) ∆GS
/,con(M() -

∆G°[n](M
() + n∆GS

/(H2O) + n∆G°f/ (19)

∆G°[n](M
() ) ∑

i)1

n

∆G°i-1,i(M
() (20)

M((aq)+ nH2O(l) f (H2O)nM
((aq) (21)

lim
nf∞

{∆GS
/[(H2O)nM

-] - ∆GS
/[(H2O)nM

+]} ) 0 (22)

1
2

{∆GS
/,con[(H2O)nM

-] - ∆GS
/,con[(H2O)nM

+]} )

1
2

{∆GS
/[(H2O)nM

-] - ∆GS
/[(H2O)nM

+]} + ∆GS
/(H+) (23)

1
2

lim
nf∞

{∆GS
/,con[(H2O)nM

-] - ∆GS
/,con[(H2O)nM

+]} )

∆GS
/(H+) (24)
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Substituting eq 19 into the left-hand side (lhs) of eq 24 leads
to

Separation of the lhs of the above equation into a part for
which cluster data are known up ton and a part for which cluster
data are not known (n + 1 to ∞) leads to the following equa-
tion

where the unknown part has been moved to the right-hand side
(rhs). The lhs of the above equation is an approximation to the
proton’s aqueous solvation free energy, based on differential
solvation free energies for given cation-anion pairs. These free
energy differences can be determined using available experi-
mental or high-level theoretical data in thermochemical cycles
1 and 2. Both of the terms on the rhs are unknown. Thus, the

TABLE 2: Conventional Aqueous Solvation Free Energies of Cations (kcal/mol)a

BH+ B ∆G°g(BH+)b ∆GS
/(B)c pKa(BH+)d ∆GS

/,con(BH+)e

H3O+ water 157.7 -6.3 -1.7 155.6
CH3OH2

+ methanol 173.2 -5.1 -2.1 172.9
CH3CH2OH2

+ ethanol 178.0 -5.0 -1.9 177.5
(CH3)2OH+ dimethyl ether 182.7 -1.8 -2.5 186.2
(C2H5)2OH+ diethyl ether 191.0 -1.8 -2.4 194.4
CH3C(OH)CH3

+ acetone 186.9 -3.9 -2.9 188.8
CH3C(OH)C6H5

+ acetophenone 198.2 -4.6 -4.3 201.4
NH4

+ ammonia 195.7 -4.3 9.3 180.7
CH3NH3

+ methylamine 206.6 -4.6 10.6 189.5
CH3(CH2)2NH3

+ n-propylamine 211.3 -4.4 10.6 194.4
(CH3)2CHNH3

+ isopropylamine 212.5 -3.7 10.6 196.3
C(CH3)3NH3

+ t-butylamine 215.1 -3.9 10.7 198.6
c-C6H11NH3

+ cyclohexanamine 215.0 -5.1 10.7 197.2
H2CdCHCH2NH3

+ allylamine 209.2 -4.3 9.5 193.9
(CH3)2NH2

+ dimethylamine 214.3 -4.3 10.7 197.3
(C2H5)2NH2

+ diethylamine 219.7 -4.1 11.0 202.5
(n-C3H7)2NH2

+ di-n-propylamine 222.1 -3.7 11.0 205.4
(H2CdCHCH2)2NH2

+ diallylamine 219.0 -4.0 9.3 204.3
(CH3)3NH+ trimethylamine 219.4 -3.2 9.8 204.8
(C2H5)3NH+ triethylamine 227.0 -3.0 10.8 211.3
(n-C3H7)3NH+ tri-n-propylamine 229.5 -2.5 10.3 215.0
C6H5NH3

+ aniline 203.3 -5.5 4.6 193.5
o-CH3C6H4NH3

+ 2-methylaniline 205.3 -5.6 4.5 195.6
m-CH3C6H4NH3

+ 3-methylaniline 206.5 -5.7 4.7 196.3
p-CH3C6H4NH3

+ 4-methylaniline 206.7 -5.6 5.1 196.1
m-NH2C6H4NH3

+ 3-aminoaniline 214.9 -9.9 5.0 200.1
C6H5NH2CH3

+ N-methylaniline 212.7 -4.7 4.9 203.3
C6H5NH2CH2CH3

+ N-ethylaniline 213.4 -4.6 5.1 203.7
C6H5NH(CH3)2

+ N,N-dimethylaniline 217.3 -3.6 5.1 208.7
p-CH3C6H4NH(CH3)2

+ 4-methyl-N,N-dimethylaniline 219.4 -3.7 5.6 210.0
C6H5NH(CH2CH3)2

+ N,N-diethylaniline 221.8 -2.9 6.6 211.9
C10H7NH3

+ 1-aminonaphthalene 209.2 -7.3 3.9 198.5
C2H4NH2

+ aziridine 208.5 -4.5 8.0 195.0
C3H6NH2

+ azetidine 217.2 -5.6 11.3 198.2
C4H8NH2

+ pyrrolidine 218.8 -5.5 11.3 199.9
C5H10NH2

+ piperidine 220.0 -5.1 11.1 201.7
C6H12NH2

+ azacycloheptane 220.7 -4.9 11.1 202.6
C4H5NH+ pyrrole 201.7 -4.3 -3.8 204.5
PyridineH+ pyridine 214.7 -4.7 5.2 204.8
C9H7NH+ quinoline 220.2 -5.7 4.8 209.9
C4H8NHNH2

+ piperazine 218.6 -7.4 9.7 199.9
CH3CNH+ acetonitrile 179.0 -3.9 -10.0 190.6
H2NNH3

+ hydrazine 196.6 -6.3 8.1 181.3
p-CH3OC6H4NH3

+ 4-methoxyaniline 207.6 -7.6 5.3 194.7
p-NO2C6H4NH3

+ 4-nitroaniline 199.4 -9.9 1.0 190.0
C4H8ONH2

+ morpholine 213.0 -7.2 8.4 196.3
CH3COHNH2

+ acetamide 199.0 -9.7 -0.6 192.0
C6H5COHNH2

+ benzamide 205.8 -10.9 -1.4 198.7
(CH3)2SH+ dimethyl sulfide 191.5 -1.5 -7.0 201.4
(CH3)2SOH+ dimethyl sulfoxide 204.0 -9.8 -1.5 198.2
m-ClC6H4NH3

+ 3-chloroaniline 199.9 -5.8 3.5 191.2
p-ClC6H4NH3

+ 4-chloroaniline 201.2 -5.9 4.0 191.8

a All data are for a temperature of 298 K. Auxiliary data were taken from from ref 14.b Gas-phase acidity of the ionic species for a standard-state
gas-phase pressure of 1 atm.c Absolute aqueous solvation free energy of the neutral species for a standard-state concentration of 1 mol/L in both
the gas and the aqueous phases.d pKa of the ionic species.e Conventional aqueous solvation free energy of the ion for a standard-state concentration
of 1 mol/L in both the gas and the aqueous phases.

1
2
[∆GS

/,con(M-) - ∆GS
/,con(M+) + ∆G°[∞](M

+) -

∆G°[∞](M
-)] ) ∆GS

/(H+) (25)

1
2
[∆GS

/,con(M-) - ∆GS
/,con(M+) + ∆G°[n](M

+) -

∆G°[n](M
-)] ) 1

2
[∆G°[n+1,∞](M

-) - ∆G°[n+1,∞](M
+)] +

∆GS
/(H+) (26)
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goal of the cluster pair approximation (eq 26) is to identify a
cation-anion pair for which the first term on the rhs of eq 26
equals zero, in which case the lhs of eq 26 is equal to the
proton’s true aqueous solvation free energy. (This anion-cation
pair need not actually exist.) Tissandier et al. have shown24 that
an effective way to do this is by plotting the lhs of eq 26 against
half the difference between the conventional solvation free
energy of M- and M+ for different values ofn, giving n straight
lines that share a common intersection point at the true value
for the aqueous solvation free energy of the proton.

5. Absolute Aqueous Solvation Free Energy of the Proton
Obtained Using the Cluster Pair Approximation

Shown in Figure 1 is a plot of half the difference between
conventional aqueous solvation free energies of anions and of
cations for cluster ions containing up to six water molecules
against half the difference between conventional aqueous
solvation free energies of anions and of cations containing no
water molecules, for different numbers of clustering water
molecules. The differential conventional aqueous solvation free
energies in this plot were computed using all of the conventional

TABLE 3: Conventional Aqueous Solvation Free Energies of Anions (kcal/mol)a

A- AH ∆G°g(AH)b ∆GS
/(AH)c pKa(AH)d ∆GS

/,con(A-)e

OH- water 383.7 -6.3 15.7 -370.6
HO2

- hydrogen peroxide 368.6 -8.6 11.7 -363.2
O2

- hydroperoxyl radical 346.7 -7.0 4.7 -349.2
HS- hydrogen sulfide 344.9 -0.7 7.0 -338.0
HC2

- acetylene 370.0 0.0 21.7 -342.4
CN- hydrogen cyanide 343.7 -3.1 9.2 -336.1
CH3O- methanol 375.0 -5.1 15.5 -360.9
C2H5O- ethanol 371.3 -5.0 15.9 -356.6
CH3CH2CH2O- 1-propanol 369.4 -4.8 16.1 -354.2
(CH3)2CHO- 2-propanol 368.8 -4.8 17.1 -352.2
CH3CH2CHOCH3

- 2-butanol 367.5 -4.7 17.6 -350.1
C(CH3)3O- t-butanol 367.9 -4.5 19.2 -348.2
H2CdCHCH2O- allyl alcohol 366.6 -5.1 15.5 -352.5
CH3OCH2CH2O- 2-methoxyethanol 366.8 -6.8 14.8 -355.3
HOCH2CH2O- 1,2-ethanediol 360.9 -9.3 15.4 -351.2
C6H5CH2O- benzyl alcohol 363.4 -6.6 15.4 -351.0
CF3CH2O- 2,2,2-trifluoroethanol 354.1 -4.3 12.4 -343.4
CH(CF3)2O- 1,1,1,3,3,3-hexafluoropropan-2-ol 338.4 -3.8 9.3 -331.4
CH3OO- methyl hydroperoxide 367.6 -5.3 11.5 -359.1
CH3CH2OO- ethyl hydroperoxide 363.9 -5.3 11.8 -355.1
HCO2

- formic acid 338.3 -7.0 3.8 -342.1
CH3CO2

- acetic acid 341.4 -6.7 4.8 -343.5
CH3CH2CO2

- propanoic acid 340.4 -6.5 4.9 -342.1
CH3(CH2)4CO2

- hexanoic acid 339.0 -6.2 4.9 -340.5
H2CdCHCO2

- acrylic acid 337.2 -6.6 4.3 -339.9
CH3COCO2

- pyruvic acid 326.5 -9.4 2.5 -334.4
CH2ClCO2

- chloroacetic acid 328.9 -8.7 2.9 -335.6
CHCl2CO2

- dichloroacetic acid 321.5 -6.6 1.4 -328.2
CF3CO2

- trifluoroacetic acid 316.7 -7.3 0.5 -325.2
C6H5CO2

- benzoic acid 333.0 -7.9 4.2 -337.1
C6H5O- phenol 342.9 -6.6 10.0 -337.8
o-CH3C6H4O- 2-methylphenol 342.4 -5.9 10.3 -336.1
m-CH3C6H4O- 3-methylphenol 343.3 -5.5 10.1 -337.0
p-CH3C6H4O- 4-methylphenol 343.8 -6.1 10.3 -337.9
m-HOC6H4O- 3-hydroxyphenol 339.1 -11.4 9.3 -339.7
p-HOC6H4O- 4-hydroxyphenol 343.1 -11.9 9.9 -343.5
o-NO2C6H4O- 2-nitrophenol 329.5 -4.5 7.2 -326.0
m-NO2C6H4O- 3-nitrophenol 327.6 -9.6 8.4 -327.8
p-NO2C6H4O- 4-nitrophenol 320.9 -10.6 7.1 -323.7
o-ClC6H4O- 2-chlorophenol 337.1 -4.5 8.5 -332.0
p-ClC6H4O- 4-chlorophenol 336.5 -6.2 9.4 -331.9
CH2(O)CH- acetaldehyde 359.4 -3.5 16.5 -342.4
CH3C(O)CH2

- acetone 362.2 -3.9 19.0 -342.1
CH3CH2C(O)CHCH3

- 3-pentanone 361.4 -3.3 19.9 -339.6
NCNH- cyanamide 344.0 -6.2 10.3 -338.1
CH2CN- acetonitrile 366.0 -3.9 28.9f -332.5
C6H5NH- aniline 359.1 -5.5 27.7 -328.8
p-NO2C6H5NH- 4-nitroaniline 336.2 -9.9 18.2 -323.3
(C6H5)2N- diphenylamine 343.8 -5.3 22.4 -320.5
CH3CONH- acetamide 355.0 -9.7 15.1 -346.1
CH2NO2

- nitromethane 350.4 -4.0 10.2 -342.4
CH3S- methanethiol 350.6 -1.2 10.3 -339.7
CH3CH2S- ethanethiol 348.9 -1.3 10.6 -337.7
C3H7S- 1-propanethiol 347.9 -1.1 10.7 -336.4
C6H5S- thiophenol 333.8 -2.6 6.6 -329.3
CH3S(O)CH2

- dimethyl sulfoxide 366.8 -9.8 33.0 -333.6
CCl3- chloroform 349.7 -1.1 24.0 -320.0

a All data are for a temperature of 298 K. Auxiliary data were taken from from ref 14, unless otherwise indicated.b Gas-phase acidity of the
neutral species for a standard-state gas-phase pressure of 1 atm.c Absolute aqueous solvation free energy of the neutral species for a standard-state
concentration of 1 mol/L in both the gas and the aqueous phases.d pKa of the neutral species.ce Conventional aqueous solvation free energy of the
ion for a standard-state concentration of 1 mol/L in both the gas and the aqueous phases.f Reference 63.
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aqueous solvation free energies in Tables 5 and 6 (a total of
1109 data points). The straight lines in this plot are best-fit lines
for different numbers of clustering water molecules. The line
for n ) 0 (no clustering water molecules) is the ideal line (y )
x). The ordinate of the intersection point between each line gives
an approximate value for the absolute aqueous solvation free
energy of the proton, so in all, 21 individual determinations of
the absolute aqueous solvation free energy of the proton can

be made from the data shown in Figure 1 (The 7 straight lines
give 21 unique intersection points between different values of
n.) To determine the best value of the absolute aqueous solvation

TABLE 4: Gas-Phase Clustering Free Energies of
Ion-Water Clusters (kcal/mol)a

∆G°i-1,i(M
()b

M( 0,1 1,2 2,3 3,4 4,5 5,6

Li+ -27.2 -18.9 -13.3 -7.5 -4.5 -2.5
Na+ -18.8 -13.2 -9.0 -5.9 -3.6 -2.9
K+ -11.8 -8.9 -6.3 -4.4 -3.2 -2.3
Rb+ -9.8 -7.0 -5.0 -3.8 -2.8
Cs+ -7.9c -5.9c -4.1c -3.0c

Ag+ -24.8d -18.8d -8.6d -6.1d -4.7d -3.7d

H3O+ -24.5e,f -12.9e,f -9.5e,f -5.7e,g -4.4e,f -2.9e

CH3OH2
+ -18.5h -12.4i -7.1i -5.0i -3.6i -2.8i

CH3CH2OH2
+ -16.8h -10.9 j -6.5j -4.8j

(CH3)2OH+ -15.4h

CH3C(OH)CH3
+ -12.8h -6.7i -6.2i -4.3i -3.3i

CH3C(OH)C6H5
+ -10.8h

NH4
+ -12.6h -8.6e,k,l -6.2e,i,k,l -4.3i,k,l -2.8i,k

CH3NH3
+ -10.7i,l,m -7.2i,l,m -5.0i,l,m -3.7m

CH3(CH2)2NH3
+ -8.7i -5.3i -3.4i -2.5i

(CH3)2NH2
+ -8.7i,l -6.2i,l -4.1i,l -3.0i -2.1i

(CH3)3NH+ -7.5i,l -4.2i,l -3.0i,l

(C2H5)3NH+ -5.1n

(n-C3H7)3NH+ -3.5n

C4H8NH2
+ 7.4o

pyridineH+ -8.1n

F- -20.9p -13.5 -8.1 -5.7 -4.3 -3.5
Cl- -9.0h -6.6 -4.9 -3.6 -3.0 -2.3
Br- -7.1h -5.6 -4.4 -3.1 -2.3 -1.9
I- -5.3 -4.0 -3.1 -2.2 -1.6
OH- -19.8h -11.4e,q -8.4e,q -5.6e,q -4.3e,q -4.3e

O2
- -12.1h -9.7r -7.0r

HS- -8.6h -6.5s -4.7s

HC2
- -10.6h

CN- -8.3h -6.3s -4.8s

CH3O- -17.0h -11.7t -7.5t -5.0t

HCO2
- -9.1u

CH3CO2
- -9.3u

C6H5O- -8.2u

CH3S- -8.7V -6.5V -5.0V -3.9V

C6H5S- -5.6V

a Experimental values taken from ref 24, unless otherwise indicated.
In cases where more than a single reference is given for a single entry,
the average value was used.b Gas-phase free energy change for the
reaction (H2O)i-1M( + H2O f (H2O)iM( for a standard-state gas-
phase pressure of 1 atm and a temperature of 298 K.c Dzidic, I.;
Kebarle, P.J. Phys. Chem.1970, 74, 1466.d Holland, P. M.; Castleman,
A. W. J. Chem. Phys.1982, 76, 4195.e Meot-Ner (Mautner), M.;
Speller, C. V.J. Phys. Chem.1986, 90, 6616.f Cunningham, A. J.;
Payzant, J. D.; Kebarle, P.J. Am. Chem. Soc.1972, 94, 7627.g Lau,
Y. K.; Ikuta, S.; Kebarle, P.J. Am. Chem. Soc.1982, 104, 1462.
h Reference 14.i Meot-Ner (Mautner), M.J. Am. Chem. Soc.1984, 106,
1265. j Kebarle, P.Annu. ReV. Phys. Chem.1977, 28, 455. k Payzant,
J. D.; Cunningham, A. J.; Kebarle, P.Can. J. Chem.1973, 12, 403.
l Banic, C. M.; Iribarne, J. V.J. Chem. Phys.1985, 83, 6432.m Lau,
Y. K.; Kebarle, P.Can. J. Chem.1981, 59, 151.n Meot-Ner (Mautner),
M. J. Am. Chem. Soc.1983, 105, 2956.o Hiraoka, K.; Takimoto, H.;
Yamabe, S.J. Am. Chem. Soc.1987, 109, 7346.p Weis, P.; Kemper,
P. R.; Bowers, M. T.; Xantheas, S.J. Am. Chem. Soc.1999, 121, 3531.
q Payzant, J. D.; Yamdagni, R.; Kebarle, P.Can. J. Chem.1971, 49,
3308. r Arshadi, M.; Kebarle, P.J. Phys. Chem.1970, 74, 1483.s Meot-
Ner (Mautner), M.J. Am. Chem. Soc.1988, 110, 3854.t Meot-Ner
(Mautner), M. J. Am. Chem. Soc.1986, 108, 6189.u Meot-Ner
(Mautner), M.; Sieck, L. W.J. Am. Chem. Soc.1986, 108, 7525.V Sieck,
L. W.; Meot-Ner (Mautner), M.J. Phys. Chem.1989, 93, 1586.

TABLE 5: Conventional Aqueous Solvation Free Energies
of Ion-Water Clusters (kcal/mol)a

∆GS
/,con[(H2O)nM

(]

M( n ) 1 n ) 2 n ) 3 n ) 4 n ) 5 n ) 6

Li+ 160.3 174.8 183.6 186.7 186.8 184.9
Na+ 177.1 185.9 190.4 191.9 191.1 189.6
K+ 187.3 191.8 193.6 193.6 192.4 190.3
Rb+ 190.7 193.3 193.8 193.2 191.6
Cs+ 194.3 195.8 195.4 194.0
Ag+ 167.6 182.0 186.1 187.8 188.1 187.4
H3O+ 175.7 184.2 189.2 190.5 190.5 189.0
CH3OH2

+ 186.9 194.9 197.6 198.2 197.4 195.7
CH3CH2OH2

+ 189.9 196.3 198.4 198.8
(CH3)2OH+ 197.2
CH3C(OH)CH3

+ 197.2 199.5 201.3 201.2 200.0
CH3COHC6H5

+ 207.8
NH4

+ 188.9 193.1 194.9 194.8 193.1
CH3NH3

+ 195.7 198.5 199.1 198.4
CH3(CH2)2NH3

+ 198.7 199.6 198.6 196.7
(CH3)2NH2

+ 201.6 203.4 203.1 201.6 199.3
(CH3)3NH+ 207.9 207.7 206.3
(C2H5)3NH+ 211.9
(n-C3H7)3NH+ 214.1
C4H8NH2

+ 202.8
pyridineH+ 208.5
F- -353.8 -344.7 -341.1 -339.8 -339.9 -340.8
Cl- -335.8 -333.6 -333.2 -334.0 -335.4 -337.5
Br- -331.5 -330.3 -330.4 -331.7 -333.8 -336.3
I- -324.9 -325.3 -326.7 -328.9 -331.7
OH- -355.2 -348.2 -344.2 -343.0 -343.2 -343.3
O2

- -341.5 -336.2 -333.7
HS- -333.8 -331.7 -331.5
HC2

- -336.2
CN- -332.3 -330.4 -330.0
CH3O- -348.4 -341.1 -338.0 -337.4
HCO2

- -337.4
CH3CO2

- -338.6
C6H5O- -334.1
CH3S- -335.5 -333.4 -332.8 -333.3
C6H5S- -328.1

a All conventional solvation free energies are for a temperature of
298 K and use a standard-state concentration of 1 mol/L in both the
gas and the aqueous phases.

TABLE 6: Conventional Aqueous Solvation Free Energies
of Monohydrated Ions, Obtained Using Calculated Values
for the Gas-Phase Clustering Free Energy (kcal/mol)a

M( ∆G°0,1(M
()b ∆GS

/,con[(H2O)M()]c

(C2H5)2OH+ -11.4 201.3
HO2

- -17.0 -350.6
C2H5O- -14.2 -346.8
CH3CH2CH2O- -14.6 -344.1
(CH3)2CHO- -12.3 -344.3
CH3CH2CHOCH3

- -9.9 -344.6
C(CH3)3O- -12.2 -340.4
H2CdCHCH2O- -13.5 -343.4
CH3OCH2CH2O- -13.5 -346.2
HOCH2CH2O- -14.0 -341.6
C6H5CH2O- -11.6 -343.7
CF3CH2O- -11.6 -336.3
CH(CF3)2O- -6.0 -329.9
CH3OO- -14.6 -348.9
CH3CH2OO- -14.1 -345.4

a All data are for a temperature of 298 K.b Calculated (B97-1/MG3S)
gas-phase free energy change for the reaction M( + H2O f (H2O)M(

for a standard-state gas-phase pressure of 1 atm.c Conventional
solvation free energy of the monohydrated ion for a standard-state
concentration of 1 mol/L in both the gas and the aqueous phases.
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free energy of the proton, we used the same method of statistical
analysis as Tuttle et al.39 For this, the average intersection
ordinate of theith straight line with all others (Yi) is given by

where

In the above equation,yij is the ordinate of the intersection point
between theith andjth straight line, andmi andbi are the slope
and intercept, respectively, of theith straight line. In this work,
we take the best value for the absolute aqueous solvation free
energy of the proton to equal the average of the sixYi values
determined using eqs 27 and 28. For the data shown in Figure
1, this average equals-266.1 kcal/mol, which is in excellent
agreement with the value of-265.9 kcal/mol obtained by
Tissandier et al.24 The standard deviation of the 21 values ofyij

from the average value ofyij is 0.71 kcal/mol. The individual
slopes, intercepts, andYi andyij values obtained from the data
shown in Figure 1 as well as the other data subsets described
below are included as Supporting Information.

We also applied eqs 27 and 28 to the slopes and intercepts
obtained using the conventional aqueous solvation free energies
and gas-phase clustering free energies reported by Tissandier
et al. (four cation-ion water clusters and five anion-water
clusters, containing up to six clustering water molecules; total
of 109 data points). Doing this yields a value of-265.6 kcal/
mol for the absolute aqueous solvation free energy of the proton,
which is again in excellent agreement with the original value
reported by Tissandier et al. (who used a different method of
statistical analysis, and did not consider then ) 0 line in their
fits). The standard deviation of the 21 values ofyij determined
using the above subset of data from the average value ofyij is

0.71 kcal/mol. The results of the two fits described above are
summarized in Table 7. (Other data in this table are described
below.)

Tissandier et al. have pointed out that a useful feature of the
cluster pair approximation is that the results do not become
intrinsically more accurate as the number of clustering water
molecules (n) is increased. Thus, the simplest application of
the cluster pair approximation is to plot the lhs of eq 26 versus
the rhs forn ) 1. (In this case, the absolute aqueous solvation
free energy of the proton is given by the intersection of the
lines for n ) 0 andn ) 1.) The accuracy of the cluster pair
approximation in cases where only a small number of gas-phase
clustering data are used has been demonstrated by Tuttle et al.39

and Bartels et al.42 Applying the cluster pair approximation to
clustered ions containing only a single water molecule and using
the same values for the conventional solvation free energies
and gas-phase binding free energies as Tissandier et al., Tuttle
et al.39 obtained a value of-265.2 kcal/mol for the absolute
aqueous solvation free energy of the proton, which is in good
agreement with Tissandier et al.’s value of-265.9 kcal/mol
obtained using clustered ions containing up to six water
molecules. As part of this work, we repeated the analysis of
Tuttle et al. and obtained a value of-265.1 kcal/mol. More
recently, Bartels et al.42 applied the cluster pair approximation
to clustered ions containing a single water molecule for 6 of
the 10 ions that Tissandier et al. used. These workers obtained
a value of-265.8 kcal/mol.

However, for our full set of unclustered and singly clustered
ions, the ordinate of the intersection of then ) 0 andn ) 1
lines (the two solid black lines in Figure 1) is-268.4 kcal/
mol, which is significantly more negative than any of the values
described above. It is worth noting that the ordinate of the
intersection between then ) 0 andn ) 1 lines is the one most

Figure 1. Half of the difference between conventional aqueous
solvation free energies of anions and of cations for cluster ions
containing up to six water molecules plotted vs half of the difference
between conventional aqueous solvation free energies of anions and
of cations containing no water molecules. Differences between cluster
ions containing one water are plotted in gray, two waters in red, three
waters in green, four waters in blue, five waters in orange, and six
waters in brown. The ideal line (no clustering waters) is shown as a
solid black line. The ordinate of each of the intersection points in the
above plot is an approximate value for the absolute aqueous solvation
free energy of the proton.

Yi )
1

6
∑

j*i)0

6

yij (27)

yij ) (mibj - mjbi)(mi - mj) (28)

TABLE 7: Absolute Aqueous Solvation Free Energy of the
Proton (kcal/mol), Obtained Using Different Data Sets

data set no. dataa nb ∆GS
/(H+)c σ d

all ions 1109 6 -266.1 0.71
all ions 637 1 -268.4
all ionse 150 1 -266.6
monatomic cations 377 6 -265.1 0.77
oxonium ions 334 6 -267.8 1.15
ammonium ions 398 5 -265.8 0.86
monatomic cations 174 1 -264.4
oxonium ions 203 1 -271.3
ammonium ions 260 1 -267.7
monatomic cationse 60 1 -263.7
oxonium ionse 40 1 -269.3
ammonium ionse 50 1 -266.8
all ionsf 787 6 -266.1 0.70
all ionsf 315 1 -268.0
Tisandier et al.g 109 6 -265.6 0.71
Tissandier et al.g 20 1 -265.1
Tissandier et al.h 109 6 -265.9 0.07

a Total number of differential conventional aqueous solvation free
energies used to determine the∆GS

/(H+) and σ values.b Maximum
number of clustering water molecules used to determine the∆GS

/(H+)
andσ values.c Standard-state absolute aqueous solvation free energy
of the proton.d Standard deviation of then(n + 1)/2 determinations of
∆GS

/(H+) (kcal/mol) from the average∆GS
/(H+) value.e Ions for

which gas-phase clusering data are not available forn > 1 were not
used to determine the∆GS

/(H+) and σ values.f Only ions for which
experimental gas-phase clustering free energies are available were used
to determine the∆GS

/(H+) and σ values.g Conventional aqueous
solvation free energies and gas-phase binding free energies taken from
ref 24 were used to determine the∆GS

/(H+) andσ values.h The values
were taken from ref 24.
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prone to error because small changes in the slope of then ) 1
line (which has the largest slope of then g 1 lines) will cause
the correspondingly largest variation in the value of the ordinate
at its intersection point with the ideal line. To better understand
the issues associated with singly clustered ions, we performed
some additional analyses based on various subsets of data; the
results of these analyses are described below.

One possible explanation for the quantitative variation
described above is that there are many anions and cations for
which gas-phase clustering free energies are available only for
clustered ions containing a single water molecule (i.e., these
anions and cations do not contribute to the slopes and intercepts
of then g 2 lines), and these species may be unusual in some
respect. To test this hypothesis, we removed all of the
conventional aqueous solvation free energies for these ions.
Thus, all of the conventional aqueous solvation free energies
in Table 6 were removed, plus conventional aqueous solvation
free energies for 5 of the anions and for 6 of the cations in
Table 5. Removing these conventional aqueous solvation free
energies decreases the total number of differences between
conventional aqueous solvation free energies of clustered anions
and of clustered cations containing a single water molecule from
637 to 150. This subset of differential aqueous solvation free
energies gives a value of-266.6 kcal/mol for the absolute
aqueous solvation free energy of the proton, which is indeed in
better agreement with the value reported by Tissandier et al.
than when the conventional aqueous solvation free energies of
all of the clustered anions and of the clustered cations containing
a single water molecule were used.

Besides the number of clustering water molecules considered,
we also found that the results are sensitive to whether data for
certain types of cations are included in the fits. In particular,
we found that the value of the absolute aqueous solvation free
energy of the proton obtained using differences between
conventional aqueous solvation free energies of anions and of
monatomic cations (e.g., alkali metal ions) is significantly
different than that obtained using differences between conven-
tional aqueous solvation free energies of anions and of oxonium
cations. Similarly, the value of the absolute aqueous solvation
free energy of the proton obtained using differences between
conventional aqueous solvation free energies of anions and of
ammonium cations is significantly different than that obtained
using either of the two subsets described above. To demonstrate
this in a quantitative way, we divided the differences between
conventional aqueous solvation free energies of anions and of
cations that are shown in Figure 1 (1109 differential solvation
free energies) into three different subsets: the monatomic cation
subset, which includes only those differences between conven-
tional aqueous solvation free energies of anions and of mona-
tomic cations (377 differential conventional aqueous solvation
free energies); the oxonium ion subset, which includes only
those differences between conventional aqueous solvation free
energies of anions and of oxonium ions (334 differential
conventional aqueous free energies); and the ammonium ion
subset, which includes only those differences between conven-
tional aqueous solvation free energies of anions and of am-
monium ions (398 differential conventional aqueous free
energies). Both the monatomic cation subset and the oxonium
ion subset contain differences between conventional aqueous
solvation free energies of clustered anions and of clustered
cations containing up to six water molecules; the ammonium
ion subset contains differences between conventional aqueous
solvation free energies of clustered anions and of clustered
cations containing up to five water molecules. When eqs 27

and 28 are applied to the slopes and intercepts obtained using
each of the three subsets described above, the resulting values
for the absolute aqueous solvation free energy of the proton
are-265.1,-267.8, and-265.8 kcal/mol for the monatomic
cation, oxonium ion, and ammonium ion subsets, respectively.
This trend is illustrated graphically in Figure 2, which is the
same as the plot shown in Figure 1, except that in Figure 2
only the n ) 1 line is shown, and the data points from the
monatomic cation, oxonium ion, and ammonium ion subsets
are shown in black, red, and blue, respectively. (Analogous plots
for n ) 2-6 are not shown here, although the trends are the
same as those forn ) 1.)

The result from the analysis presented in the preceding
paragraph suggests that the good agreement between the value
reported by Tissandier et al. and the value obtained here using
all of the data in Tables 5 and 6 (-266.2 kcal/mol) is somewhat
fortuitous, because it relies on a cancellation of errors (with
respect to the value reported by Tissandier et al.) between the
three subsets of data described above. The above result also
helps to explain why the agreement between the value reported
by Tissandier et al. and the value obtained here using clustered
ions containing a single water molecule improved significantly
when conventional aqueous solvation free energies of anions
and of cations for which only gas-phase clustering free energies
of clustered ions containing a single water molecule are available
were removed. For clustered ions containing a single water
molecule, there are 174, 203, and 260 differences between
conventional aqueous solvation free energies of anions and of
monatomic cations, of oxonium ions, and of ammonium ions,
respectively. Thus, the relative ratio of the number of differential
solvation free energies belonging to these three subsets of data
is approximately 1:1.2:1.5. The weighted average of the three
values for the absolute solvation free energy of the proton
obtained using each of these three subsets of data (-264.4,
-271.3, and-267.7 kcal/mol) is-267.9 kcal/mol. After
removal of the conventional aqueous solvation free energies of
anions and of cations for which only gas-phase clustering free
energies of clustered ions containing a single water molecule
are available, there remain 60, 40, and 50 differential conven-
tional aqueous solvation free energies in the monatomic cation,
oxonium ion, and ammonium ion subsets, respectively. This

Figure 2. Half of the difference between conventional aqueous
solvation free energies of anions and of cations ions for cluster ions
containing a single water molecule plotted vs half of the difference
between conventional aqueous solvation free energies of anions and
of cations containing no water molecules. Differences between anions
and monatomic cations are plotted in black, those between anions and
oxonium cations in red, and those between ammonium cations and
anions in blue.
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changes the relative ratio of the number of differential solvation
free energies belonging to these three subsets of data to
approximately 1.5:1:1.2. The weighted average of the three
values for the absolute solvation free energy of the proton
obtained using each of these three subsets of data (-263.7,
-269.3, and-266.8 kcal/mol) is-266.2 kcal/mol, which is
1.7 kcal/mol more positive than the weighted average from
above.

This change in the relative ratio of monatomic cations,
oxonium ions, and ammonium ions included in this fit can also
be used to explain why the ordinate of the intersection between
the n ) 0 andn ) 1 plot is significantly more negative than
the ordinate of the intersections between all of the other lines.
The relative ratio of the number of differences between
conventional aqueous solvation free energies of clustered anions
and of clustered monatomic cations, oxonium ions, and am-
monium ions, for clusters containing two water molecules, is
approximately 1.5:1:1.3, which is different than the relative ratio
between these three subsets of data forn ) 1, which is 1:1.2:
1.5. Forn ) 3, the relative ratio between these three subsets of
data is identical to that forn ) 2; the relative ratios forn ) 4,
5, and 6 are similar to that forn ) 2 andn ) 3. Thus, the poor
agreement between the value reported by Tissandier et al. and
the value obtained in this work using only clustered ions
containing a single water is due to variations in the number of
data from the three subsets of data described above, each of
which gives a significantly different value for the absolute
aqueous solvation free energy of the proton.

For many of the ions above, we used theoretical values for
the gas-phase clustering free energies because experimental data
are not available. Of the 29 gas-phase clustering free energies
for clustered anions containing a single water molecule, 14 of
these were calculated at the B97-1/MG3S level of theory. (The
current data set does not contain any calculated data forn >
1.) This level of theory was used here and in previous work14,57

because it has been shown74-77 to perform well for nonbonded
interactions in the gas phase. The gas-phase clustering free
energy of (H2O)(C2H5)2OH+ was calculated at the same level
of theory as above. Thus, of the 1109 differential conven-
tional aqueous solvation free energies in the full data set,
322 were determined using at least one calculated value for
the gas-phase clustering free energy (all of these forn ) 1).
Because many of the data points appearing in Figure 1 were
determined using theoretical gas-phase clustering free
energies, an obvious question is, what effect does inclusion of
theoretical data have on the value obtained for the absolute
solvation free energy of the proton? To answer this question,
we removed all of the theoretical gas-phase data and applied
eqs 27 and 28 to the slopes and intercepts obtained using the
remaining data. Doing this leads to an absolute aqueous
solvation free energy of the proton of-266.1 kcal/mol, with a
standard deviation ofyij from the average value ofyij equal to
0.70 kcal/mol. The ordinate of the intersection of the lines for
n ) 0 andn ) 1 is -268.0 kcal/mol. All of these values are
nearly identical to those obtained with the full data set,
demonstrating that the B97-1/MG3S level of theory is able to
predict gas-phase clustering free energies of clustered ions (in
particular, clustered anions) containing a single water molecule
to very high accuracy.

The results from several recent bulk liquid simulations sug-
gest a value for the absolute solvation free energy of the
proton that is close to-252 kcal/mol,40,41,78,79which is nearly
14 kcal/mol more positive than the value reported by Tissandier
et al. Some recent discussion has focused on the electrical

potential of the bulk water interface and its relationship to the
absolute solvation free energies of single ions.40,41,44,45 In
particular, Asthagiri and co-workers40 have argued that, for a
single ion, the intrinsic solvation free energy, which differs from
the absolute solvation free energy by the free energy associated
with moving the ion through the electrical potential at the air-
liquid interface, is a more realistic measure of the solvation free
energy because it does not include the contribution due to the
potential of the phase, which is independent of solute-solvent
interactions. Indeed, the above separation of the solvation free
energy into an intrinsic and an electrical part has been applied
for some time to single ions,80-83 and it recently has been
shown45 that when the value for the solvation free energy of
the proton obtained from the above simulations is corrected
using a theoretical value84 for the electrical potential at the air-
water interface, the corrected value and the value reported by
Tissandier et al. are in relatively good agreement with one
another. (Obtaining an accurate value for the electrical poten-
tial at the air-water interface has been the subject of much
work, and most theoretical attempts at calculating this value
predict a potential that differs in both magnitude and sign from
the best experimental estimates.85) In this article, no attempt
has been made to separate any of the solvation free energies
obtained using the cluster pair approximation or any of the
calculated solvation free energies obtained using the continuum
solvation models described in the following sections. Neverthe-
less, one should be aware that the above separation of the
absolute solvation free energies of single ions has sometimes
been employed, and care should be taken when comparing
solvation free energies of single ions obtained from different
sources.

On the basis of the results presented above, we can make
several conclusions regarding the value for the absolute aqueous
solvation free energy of the proton. First, the most accurate value
obtained for this quantity in this work is-266.1 kcal/mol, which
was determined using all of the conventional solvation free
energies listed in Tables 5 and 6. This value is in excellent
agreement with the value obtained by Tissandier et al., who
used a much smaller data set of conventional aqueous solvation
free energies. Thus, we agree with Camaioni and Schwerdt-
feger43 and suggest using a value of-265.9 kcal/mol for the
absolute aqueous solvation free energy of the proton in all future
applications. We note that this choice also determines the
absolute potential of the normal hydrogen electrode (NHE) as
4.28 V. (See ref 5; this value differs from the 4.36 V value
derived in that reference because of the incorrect addition there
of ∆G°f* to the Tissandier proton solvation free energy of
-264.0 kcal/mol that already includes the free energy associated
with the standard-state change.25) Second, including theoretical
gas-phase clustering data has little effect on the value obtained
for the absolute aqueous solvation free energy of the proton,
suggesting that augmenting experimental gas-phase clustering
free energies with theoretical ones could be used in applications
of the cluster pair approximation to media for which few
experimental gas-phase clustering data exist. Third, the value
obtained here for the absolute aqueous solvation free energy of
the proton is sensitive to the types of cations used to determine
this value. In previous studies that used the cluster pair
approximation, the data sets were limited to mainly monatomic
ions. By augmentation of the data used in these previous studies
with data for polyatomic ions, inconsistencies in the value
obtained for the absolute aqueous solvation free energy of the
proton obtained using different subsets of the cationic data have
been revealed. In particular, by analyzing subsets of data
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containing differences between conventional aqueous solvation
free energies of anions and of either monatomic cations,
oxonium cations, or ammonium ions, we demonstrated how the
cluster pair approximation is sensitive to variations in the data
set.

In previous work, we have used 3 kcal/mol as an estimate of
the uncertainty associated with the absolute aqueous solvation
free energy of a typical ion.14 Tissandier et al. report an
uncertainty of 2 kcal/mol for the absolute aqueous solvation
free energy of the proton (see the footnote in Table 6 of ref
24), based on the uncertainties associated with the conventional
aqueous solvation free energies and gas-phase clustering free
energies used in their work. Tissandier et al. also noted that
their cluster pair analysis gave a value of 0.07 kcal/mol as the
standard deviation of the average intersection ordinate of each
line with all the others from the mean (Yi in eq 27). In Table 7,
we report values for the standard deviation of the ordinate of
the intersection point between our lines with all others (yij in
eq 28) for each of our fits. (For those fits wheren ) 1, there is
only oneyij value, so the standard deviation is undefined.) The
values reported for the standard deviation in Table 7 range from
0.65 to 1.15 kcal/mol, depending on the data set used. While
these standard deviations are useful for assessing the quality of
the different fits reported by Tissandier et al. and in this article,
we do not believe that any of these standard deviations should
be equated to the uncertainty associated with the absolute
aqueous solvation free energy of the proton. This is because
the standard deviation (as defined here or in ref 24) does not
take into account the uncertainty associated with the gas-phase
binding free energies, which for most of the ions considered in
this work are around 2 kcal/mol. Additionally, for those
conventional aqueous solvation free energies determined using
thermochemical cycles 1 and 2, the experimental values used
for the gas-phase acidities have associated with them an
uncertainty between 1 and 2 kcal/mol.14,86Finally, it was shown
above that depending on the cationic data used the value for
the absolute aqueous solvation free energy of the proton can
fluctuate by up to 7.6 kcal/mol. On the basis of these results,
we suggest that an uncertainty of no less than 2 kcal/mol should
be assigned to the absolute aqueous solvation free energy of
the proton.

6. Absolute Aqueous Solvation Free Energies of Single
Ions and Ion-Water Clusters Based on Tissandier et al.’s
Value for the Absolute Aqueous Solvation Free Energy of
the Proton

Through the use of Tissandier et al.’s value for the absolute
aqueous solvation free energy of the proton (-265.9 kcal/mol),
all of the conventional aqueous solvation free energies in Tables
1-3 and in Tables 5 and 6 were converted to absolute aqueous
solvation free energies using eqs 4, 5, 17, and 18. The absolute
aqueous solvation free energies of the unclustered ions are given
in Table 8; those for clustered ions (containing up to six
clustering water molecules) are given in Table 9. Also given in
Tables 8 and 9 are the absolute aqueous solvation free energies
from our earlier compilation as well as those reported by Pliego
and Riveros,23 when available.

The data set presented in this article contains a significantly
larger number of absolute aqueous solvation free energies than
either of the two previous compilations, in particular for
clustered ions. Our earlier data set of ions contains absolute
aqueous solvation free energies for 112 unclustered ions (not
including H+) and 31 clustered ions containing a single water
molecule. The current data set, which is both an update and

expansion of our earlier data set, contains absolute aqueous
solvation free energies for 121 unclustered ions (not including
H+) and 147 absolute aqueous solvation free energies for 51
clustered ions containing in some cases up to 6 water molecules.

Besides the number of ions and number of clustering water
molecules considered, the current data set differs from our earlier
data set by the value used for the absolute aqueous solvation
free energy of the proton. Our earlier compilation used a value
of -264.3 kcal/mol for this quantity; thus, the absolute aqueous
solvation free energies reported here differ from those listed in
our previous compilation by+1.6 kcal/mol for anions and-1.6
kcal/mol for cations. For CH2CN-, an additional difference of
-5.3 kcal/mol is due to an update in the experimental pKa of
acetonitrile from 25 to 28.9, as described above. For (H2O)F-,
an additional difference of-7.5 kcal/mol (which is partially
canceled by the+1.6 kcal/mol difference from above) is due
to the use of an incorrect value for the experimental gas-phase
clustering free energy of F- in our previous compilation (also
described above). Finally, for (H2O)H3O+, an additional dif-
ference of-2.5 kcal/mol is due to an update in the value used
for the gas-phase clustering free energy. The largest discrepancy
between any of the solvation free energies reported here and
by Pliego and Riveros23 is CN-, for which the current work
gives a value 2.5 kcal/mol more negative than Pliego and
Riveros’ value. Inspection of the experimental data used in each
of these compilations reveals that a difference in the experi-
mental value for the gas-phase acidity of HCN is responsible
for this discrepancy. In this work, we used an experimental value
of 343.7 kcal/mol (1 atm standard state) for the gas-phase acidity
of HCN, which was taken from the NIST tables87 and is an
average of two experimental determinations88,89that are within
0.2 kcal/mol of one another. Except for this difference, the
absolute solvation free energies reported in these two compila-
tions are all within 1.0 kcal/mol.

7. Performance of Continuum Solvation Models for
Predicting Absolute Aqueous Solvation Free Energies of
Ions

All of the ion and ion-water cluster data that were previously
used to parametrize and test the SM6 continuum solvation
model14 are based on Zhan and Dixon’s value26 of -264.3 kcal/
mol for the absolute aqueous solvation free energy of the proton.
However, above we have suggested using Tissandier et al.’s
value of -265.9 kcal/mol for the absolute aqueous solvation
free energy of the proton. Using the absolute aqueous solvation
free energies determined in this work for the same 112
unclustered ions that were included in our previous data set,
plus the absolute aqueous solvation free energies determined
in this work for 31 clustered ions containing a single water
molecule that were included in our previous data set, we retested
the performance of the same continuum models that were tested
as part of our previous work, namely, SM5.43R,16,32 SM6,14

and five variants of the Polarizable Continuum Model90,91

(PCM): dielectric PCM (DPCM) ofGaussian 9892 (DPCM/
98),90,93,94DPCM of Gaussian 0395 (DPCM/03),96 conductor-
like PCM (CPCM) ofGaussian 98(CPCM/98),97-99 CPCM of
Gaussian 03(CPCM/03),97,98,100 and the integral-equation-
formalism PCM (IEF-PCM)96,101-103 of Gaussian 03. The
combinations of solvation approximation and basis set that we
used are SM6/MPW25/basis, where MPW25 is the same as the
mPW1PW91 functional of Barone and Adamo,104 which they
also call mPW0, andbasis is MIDI!6D,105,106 6-31G(d),107

6-31+G(d),107 or 6-31+G(d,p),107 plus SM6/B3LYP/6-31+G-
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(d,p), SM6/B3PW91/6-31+G(d,p), SM5.43R/MPW25/6-31+G-
(d,p), DPCM/98/HF/6-31G(d), DPCM/03/HF/6-31G(d), CPCM/
98/HF/6-31G(d), CPCM/03/HF/6-31G(d); IEF-PCM/03/HF/6-
31G(d), and IEF-PCM/03/MPW25/6-31+G(d,p). For all PCM
calculations, we used the United Atom for Hartree-Fock
(UAHF) method for assigning atomic radii;108 the UAHF
method was optimized for use with the HF/6-31G(d) level of

theory108and is the recommended method for predicting aqueous
solvation free energies with PCM according to theGaussian
03manual.95 (Thus, with the exception of IEF-PCM/03/MPW25/
6-31+G(d,p), the PCM methods listed above have been tested
in a way that should allow them to perform at their best.) For
SM5.43R and SM6, the radii are part of the model and are given
in the original papers.14,16,32

TABLE 8: Absolute Aqueous Solvation Free Energies of Unclustered Ions (kcal/mol)a

M+ ref 14 ref 23 this work M- ref 14 ref 23 this work

H+ -264.3 -265.9 -265.9 F- -102.8 -105.0 -104.4
Li+ -128.4 Cl- -73.0 -74.6 -74.5
Na+ -103.2 Br- -66.0 -68.6 -68.3
K+ -86.0 I- -59.9 -59.9
Rb+ -80.6 OH- -106.3 -105.0 -104.7
Cs+ -75.1 HO2

- -98.9 -97.3 -97.3
Tl+ -87.6 O2

- -84.9 -83.3
Cu+ -141.3 HS- -73.7 -71.6 -72.1
Ag+ -118.7 HC2

- -78.1 -76.1 -76.5
H3O+ -108.7 -110.2 -110.3 CN- -71.8 -67.6 -70.2
CH3OH2

+ -91.4 -93.1 -93.0 CH3O- -96.6 -95.2 -95.0
CH3CH2OH2

+ -86.8 -88.4 -88.4 C2H5O- -92.3 -91.1 -90.7
(CH3)2OH+ -78.1 -79.8 -79.7 CH3CH2CH2O- -89.9 -88.3
(C2H5)2OH+ -69.9 -71.5 -71.5 (CH3)2CHO- -87.9 -86.3
CH3C(OH)CH3

+ -75.5 -76.8 -77.1 CH3CH2CHOCH3
- -85.8 -84.2

CH3C(OH)C6H5
+ -62.9 -65.1 -64.5 C(CH3)3O- -83.9 -82.3

NH4
+ -83.6 -85.2 -85.2 H2CdCHCH2O- -88.2 -86.6

CH3NH3
+ -74.8 -76.5 -76.4 CH3OCH2CH2O- -91.0 -89.4

CH3(CH2)2NH3
+ -69.9 -71.5 -71.5 HOCH2CH2O- -86.9 -85.3

(CH3)2CHNH3
+ -68.0 -69.6 C6H5CH2O- -86.7 -85.1

C(CH3)3NH3
+ -65.7 -67.3 CF3CH2O- -79.1 -77.5

c-C6H11NH3
+ -67.1 -68.7 CH(CF3)2O- -67.1 -65.5

H2CdCHCH2NH3
+ -70.4 -72.0 CH3OO- -94.8 -93.2

(CH3)2NH2
+ -67.0 -68.6 -68.6 CH3CH2OO- -90.8 -89.2

(C2H5)2NH2
+ -61.8 -63.2 -63.4 HCO2

- -77.8 -76.2 -76.2
(n-C3H7)2NH2

+ -58.9 -60.5 CH3CO2
- -79.2 -77.3 -77.6

(H2CdCHCH2)2NH2
+ -60.0 -61.6 CH3CH2CO2

- -77.8 -76.2
(CH3)3NH+ -59.5 -61.2 -61.1 CH3(CH2)4CO2

- -76.2 -74.6
(C2H5)3NH+ -53.0 -54.7 -54.6 H2CdCHCO2

- -75.6 -74.0
(n-C3H7)3NH+ -49.3 -50.9 CH3COCO2

- -70.1 -68.5
C6H5NH3

+ -70.8 -72.8 -72.4 CH2ClCO2
- -71.3 -69.7

o-CH3C6H4NH3
+ -68.7 -70.3 CHCl2CO2

- -63.9 -62.3
m-CH3C6H4NH3

+ -68.0 -69.6 CF3CO2
- -60.9 -59.3

p-CH3C6H4NH3
+ -68.2 -69.8 C6H5CO2

- -72.8 -71.2 -71.2
m-NH2C6H4NH3

+ -64.2 -65.8 C6H5O- -73.5 -71.3 -71.9
C6H5NH2CH3

+ -61.0 -62.6 o-CH3C6H4O- -71.8 -70.2
C6H5NH2CH2CH3

+ -60.6 -62.2 m-CH3C6H4O- -72.7 -71.1
C6H5NH(CH3)2

+ -55.6 -57.2 p-CH3C6H4O- -73.6 -72.0
p-CH3C6H4NH(CH3)2

+ -54.3 -55.9 m-HOC6H4O- -75.4 -73.8
C6H5NH(CH2CH3)2+ -52.4 -54.0 p-HOC6H4O- -79.2 -77.6
C10H7NH3

+ -65.8 -67.4 o-NO2C6H4O- -61.7 -60.1
C2H4NH2

+ -69.3 -70.9 m-NO2C6H4O- -63.5 -61.9
C3H6NH2

+ -66.1 -67.7 p-NO2C6H4O- -59.4 -57.8
C4H8NH2

+ -64.4 -66.0 o-ClC6H4O- -67.7 -66.1
C5H10NH2

+ -62.6 -64.2 p-ClC6H4O- -67.6 -66.0
C6H12NH2

+ -61.7 -63.3 CH2(O)CH- -78.1 -75.7 -76.5
C4H5NH+ -59.8 -61.4 CH3C(O)CH2

- -77.8 -75.6 -76.2
pyridineH+ -59.5 -61.1 -61.1 CH3CH2C(O)CHCH3

- -75.3 -73.7
C9H7NH+ -54.4 -56.0 NCNH- -73.8 -72.2
C4H8NHNH2

+ -64.4 -66.0 CH2CN- -73.5 -65.7 -66.6
CH3CNH+ -73.7 -75.3 C6H5NH- -64.5 -63.8 -62.9
H2NNH3

+ -83.0 -84.6 p-NO2C6H5NH- -59.0 -57.4
p-CH3OC6H4NH3

+ -69.6 -71.2 (C6H5)2N- -56.2 -54.6
p-NO2C6H4NH3

+ -74.3 -75.9 CH3CONH- -81.8 -80.1 -80.2
C4H8ONH2

+ -68.0 -69.6 CH2NO2
- -78.1 -75.9 -76.5

CH3COHNH2
+ -72.3 -73.8 -73.9 CH3S- -75.4 -73.7 -73.8

C6H5COHNH2
+ -65.6 -67.2 CH3CH2S- -73.4 -71.8

(CH3)2SH+ -62.9 -64.5 -64.5 C3H7S- -72.1 -70.5
(CH3)2SOH+ -66.1 -68.2 -67.7 C6H5S- -65.0 -63.3 -63.4
m-ClC6H4NH3

+ -73.1 -74.7 CH3S(O)CH2
- -69.3 -67.7

p-ClC6H4NH3
+ -72.5 -74.1 CCl3- -55.7 -54.1

a Solvation free energies are for a temperature of 298 K and use a standard-state concentration of 1 mol/L in both the gas and the aqueous phases.
Ions in this table are listed in the same order as in Tables 1-3.
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Summarized in Table 10 is the performance of the continuum
models listed above for calculating absolute aqueous solvation
free energies of unclustered ions and of clustered ions containing
up to a single water molecule. The mean unsigned errors
(MUEs) in this table were calculated using two different sets
of ionic solutes. The first set, which is also called the selectively
clustered ion set, includes 31 clustered ions containing a single
water molecule, plus 81 unclustered ions (i.e., ions that are
included in this set as clustered ions are not included as their
analogous bare ions). The 112 ions in this set are the same ones
that we used to optimize the atomic radii used by our SM6
model.14 We also calculated MUEs using all 112 of the
unclustered ions from above, plus the 31 unclustered ions that

were not included in the selectively clustered data set (143 total
ions), and this is the second set of ionic solutes. Both of these
sets of ionic solutes are subsets of the ionic data listed in Tables
8 and 9. A full list of the ionic solutes contained in each of
these subsets is given in ref 14. The criteria that we used for
deciding which ions to include in this set as clustered ions have
been explained in detail elsewhere14,57 and are based on the
number of atoms in the ion and the magnitude of atomic charge
concentrated on single exposed heteroatoms in the ion. We
should point out that although we have provided a precise
definition of these criteria elsewhere they are necessarily
arbitrary. Ideally, we would like to give a definite prescription
for when one should include explicit water molecules in implicit

TABLE 9: Absolute Aqueous Solvation Free Energies (kcal/mol) of Clustered Ions (n ) Number of Clustering Water
Molecules)a

n ) 1

M( ref 14 this work n ) 2 n ) 3 n ) 4 n ) 5 n ) 6

Li + -105.6 -91.1 -82.3 -79.2 -79.1 -81.0
Na+ -88.8 -80.0 -75.5 -74.0 -74.8 -76.3
K+ -78.6 -74.1 -72.3 -72.3 -73.5 -75.6
Rb+ -75.2 -72.6 -72.1 -72.7 -74.3
Cs+ -71.6 -70.1 -70.5 -71.9
Ag+ -98.3 -83.9 -79.8 -78.1 -77.8 -78.5
H3O+ -86.1 -90.2 -81.7 -76.7 -75.4 -75.4 -76.9
CH3OH2

+ -77.4 -79.0 -71.0 -68.3 -67.7 -68.5 -70.2
CH3CH2OH2

+ -74.4 -76.0 -69.6 -67.5 -67.1
(CH3)2OH+ -67.1 -68.7
(C2H5)2OH+ -63.0b -64.6b

CH3C(OH)CH3
+ -67.1 -68.7 -66.4 -64.6 -64.7 -65.9

CH3C(OH)C6H5
+ -56.5 -58.1

NH4
+ -75.4 -77.0 -72.8 -71.0 -71.2 -72.8

CH3NH3
+ -70.2 -67.4 -66.8 -67.5

CH3(CH2)2NH3
+ -67.2 -66.3 -67.3 -69.2

(CH3)2NH2
+ -64.3 -62.5 -62.8 -64.3 -66.6

(CH3)3NH+ -58.0 -58.2 -59.7
(C2H5)3NH+ -54.0
(n-C3H7)3NH+ -51.8
C4H8NH2

+ -63.1
pyridineH+ -57.4
F- -94.4 -87.9 -78.8 -75.2 -73.9 -74.0 -74.9
Cl- -68.4 -69.9 -67.7 -67.3 -68.1 -69.5 -71.6
Br- -63.9 -65.6 -64.4 -64.5 -65.8 -67.9 -70.4
I- -59.0 -59.4 -60.8 -63.0 -65.8
OH- -90.9 -89.3 -82.3 -78.3 -77.1 -77.3 -77.4
HO2

- -86.3b,c -84.7b,c

O2
- -77.2 -75.6 -70.3 -67.8

HS- -69.5 -67.9 -65.8 -65.6
HC2

- -71.9 -70.3
CN- -68.0 -66.4 -64.5 -64.1
CH3O- -84.0 -82.5 -75.2 -72.1 -71.5
C2H5O- -82.5b -80.9b

CH3CH2CH2O- -79.8b -78.2b

(CH3)2CHO- -80.0b -78.4b

CH3CH2CHOCH3
- -80.3b -78.7b

C(CH3)3O- -76.1b -74.5b

H2CdCHCH2O- -79.1b -77.5b

CH3OCH2CH2O- -81.9b -80.3b

HOCH2CH2O- -77.2b -75.7b

C6H5CH2O- -79.4b -77.8b

CF3CH2O- -72.0b -70.4b

CH(CF3)2O- -65.5b -64.0b

CH3OO- -84.6b -83.0b

CH3CH2OO- -81.0b -79.5b

HCO2
- -71.5

CH3CO2
- -72.7

C6H5O- -68.2
CH3S- -69.6 -67.5 -66.9 -67.4
C6H5S- -62.2

a Solvation free energies are for a temperature of 298 K and use a standard-state concentration of 1 mol/L in both the gas and the aqueous phases.
b Calculated (B97-1/MG3S) clustering free energy used.c Proton transfer from water to HOO- occurs without barrier in this cluster so that the
resulting ion is better described as (HO-)(H2O2) than (HOO-)(H2O).
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solvation model calculations. However, it is not possible to do
this in a way that covers the great diversity of possible cases
that occur in applications, especially if one includes transition
states or ions containing functionalities not present in typical
data sets. For ions, we have suggested in previous papers14,57

that an explicit water molecule should be added whenever one
wants to improve the accuracy, since adding an explicit water
should almost always improve the accuracy when the effect is
large but is relatively safe because it cannot make the accuracy
much worse when the effect is small.

For each set of ionic solutes, MUEs were calculated using
the absolute aqueous solvation free energies taken from our
previous compilation14 and those taken from the compilation
developed as part of this work. Thus, MUEs were calculated
using a total of four different sets of absolute aqueous solvation
free energies.

The conclusions that we made using our previous data set of
solvation free energies do not change when absolute aqueous
solvation free energies taken from the updated data set are used.
In particular, SM6 outperforms all of the continuum models
against which it was tested; for the selectively clustered ion
set, all levels of theory used with SM6 give MUEs of 3.7 kcal/
mol or less, whereas the closest competing model is SM5.43R,
which gives a MUE of 5.2 kcal/mol when tested against this
set of ions. As before, clustering significantly improves the
performance of SM6. For all levels of theory, SM6 gives MUEs
that are at least 1 kcal/mol smaller for the selectively clustered
ion set than for the full set of ions. When SM6 is used with
diffuse basis functions, its performance is better when tested
against our previous data set but only by a small amount (0.2-
0.3 kcal/mol). For all other levels of theory, the overall
performance of SM6 improves when tested against the updated
absolute solvation free energies. Thus, although SM6 was
originally developed for predicting absolute aqueous solvation
free energies that are based on Zhan and Dixon’s value of
-264.3 kcal/mol for the absolute aqueous solvation free energy
of the proton, the performance of SM6 is also good (and in
some cases even better) when the recommended value of-265.9
kcal/mol is used for the absolute aqueous solvation free energy
of the proton.

8. Conclusions

Augmenting conventional aqueous solvation free energies of
monatomic ions taken from the literature with conventional
aqueous solvation free energies of polyatomic ions determined
using thermochemical cycles that involve pKa, gas-phase acidity,
neutral solvation data, and gas-phase clustering free energies,
the cluster pair approximation has been used to obtain a value
of -266.1 kcal/mol for the absolute aqueous solvation free
energy of the proton. This value is in good agreement with
Tissandier et al.’s value of-265.9 kcal/mol,24 which these
workers obtained using the same approximation, applied to a
much smaller set of ions. Thus, we agree with Camaioni and
Schwerdtfeger43 and suggest using a value of-265.9 kcal/mol
for the absolute aqueous solvation free energy of the proton in
all future applications.

By analyzing subsets of data containing different types of
cations (monatomic cations, oxonium cations, or ammonium
ions), we demonstrated the sensitivity of the cluster pair
approximation to variations in the data set, particularly if
analysis is restricted to singly clustered ions. Taking this
behavior into consideration, along with the experimental
uncertainties associated with the gas-phase free energy differ-
ences that are required to use the cluster pair approximation,
we estimate an uncertainty of no less than 2 kcal/mol for the
absolute aqueous solvation free energy of the proton.

Using Tissandier et al.’s value for the absolute aqueous
solvation free energy of the proton, we updated and expanded
our previous compilation14 of absolute aqueous solvation free
energies of ions (which was based on Zhan and Dixon’s value26

for the absolute aqueous solvation free energy of the proton).
The resulting data set, which contains absolute aqueous solvation
free energies for 121 unclustered ions (not including H+) and
147 absolute aqueous solvation free energies for 51 clustered
ions containing up to, in some cases, 6 water molecules, is the
most accurate and comprehensive data set of its type to date.
Using absolute aqueous solvation free energies taken from this
new data set, we retested the performance of the same continuum
solvation models that were tested as part of our previous work.14

As before, SM6 outperforms all of the continuum models against
which it was tested. Also as before, adding a single explicit
water molecule to some ions greatly improves the accuracy of

TABLE 10: Mean Unsigned Errors (kcal/mol) in Absolute Aqueous Solvation Free Energies of Ionsa and Ion-Water Clustersb

for Various Continuum Solvent Models, Computed Using Absolute Aqueous Solvation Free Energies Reported in Ref 14 and in
This Work

selectively clustered ion data setc all ionsd

solvent model ref 14 this work ref 14 this work

SM6/MPW25/MIDI! 4.2 3.7 5.3 4.8
SM6/MPW25/6-31G(d) 3.8 3.3 4.9 4.5
SM6/MPW25/6-31+G(d) 3.3 3.5 4.5 4.6
SM6/MPW25/6-31+G(d,p) 3.2 3.5 4.4 4.5
SM6/B3LYP/6-31+G(d,p) 3.3 3.6 4.5 4.7
SM6/B3PW91/6-31+G(d,p) 3.2 3.5 4.4 4.6
SM5.43R/MPW25/6-31+G(d,p) 6.2 5.3 6.9 6.1
DPCM/98/HF/6-31G(d)e,f 5.9 5.8 5.8 5.7
DPCM/03/HF/6-31G(d)e,g 14.3 13.0 15.6 14.3
CPCM/98/HF/6-31G(d)e,f 6.3 6.0 6.4 6.0
CPCM/03/HF/6-31G(d)e,g 7.6 7.3 7.5 7.1
IEF-PCM/03/HF/6-31G(d)e,g 7.6 7.4 7.5 7.2
IEF-PCM/03/MPW25/6-31+G(d,p)e,g 9.0 8.6 8.9 8.4

a Gas-phase geometries optimized at the MPW25/MIDI! level of theory were used to compute solvation free energies for all unclustered ions in
this table.b Gas-phase geometries optimized at the B97-1/MG3S level of theory used to compute solvation free energies for all clustered ions in
this table. The geometries of all of the clustered ions used to test the models in this table are included in the Supporting Information.c Mean
unsigned errors in this column were computed using 81 unclustered ions, plus 31 clustered ions containing a single water molecule.d Mean unsigned
errors in this column were computed using 112 unclustered ions, plus 31 clustered ions containing a single water molecule.e The UAHF method108

for assigning atomic radii was used in these calculations.f As implemented inGaussian 98.92 g As implemented inGaussian 03.95

Ion and Ion-Water Cluster Solvation Free Energies J. Phys. Chem. B, Vol. 110, No. 32, 200616079

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
A

O
 P

A
U

L
O

 U
SP

 o
n 

A
ug

us
t 1

9,
 2

00
9

Pu
bl

is
he

d 
on

 J
ul

y 
25

, 2
00

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

jp
06

35
52

y



SM6. Comparing the results obtained here to our previous results
reveals that when diffuse basis functions are used the overall
performance of SM6 becomes worse by 0.3 kcal/mol or less
when tested against the updated data set of solvation free
energies. When nondiffuse basis functions are used, the
performance of SM6 actually increases when tested against the
updated data set. This is encouraging, because it shows that
the parameters contained in SM6, which were originally
developed based on Zhan and Dixon’s value for the absolute
aqueous solvation free energy of the proton, are also quite
accurate when a value of-265.9 kcal/mol is used for this
quantity.
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