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Thermochemical cycles that involv&p 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. Phys. Chem. A998 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 0of—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 val@5d

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
agueous 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,
SMG6 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 thermodynamic cyclé4?1-22as used for neutral species, and
Compilations of experimental free energies of solvation are such calculations are very useful for explaining and predicting

important because they can be used in conjunction with isolated-2 1argé number of experimentally observed or observable
molecule (gas-phase) data to calculate liquid-phase equilibrium Phenomena. Therefore, there is great interest in having physi-
constants and reduction potentiafé.In addition, they can be cally I’ea|.IStIC reference values qf single-ion free energies to
used to assess the performance of theoretical methods foParametrize and validate theoretical models.
condensed-phase simulation. For example, the parameters Pliego and Riveros report€thbsolute aqueous solvation free
contained in many continuum solvation models are chosen soenergies for 56 ions that they determined usiig, gas-phase

as to best reproduce experimental solvation free energies. Foracidities, aqueous solvation free energies of neutral species, and
neutral species, compilations exist in which solvation free Tissandier et al.’s reference value-6265.9 kcal/madt* for the
energies have been tabulated for a large number of solutes inabsolute aqueous solvation free energy of the proton. (All
aqueou$ 14 as well as nonaqueous solveftd®Because these  numerical values for solvation free energies in this article are
free energies can be determined directly from experimental reference values for ideal processes in which the concentration
partition coefficients, their uncertainty is typically quite low is the same in the gas phase and in solution; see secfign 2.
(~0.2 kcal/mol)!® For charged species the situation is quite More recently, we reported aqueous solvation free energies for
different. Itis generally agreed that the free energy of formation 143 charged species and used these free energies to develop
or chemical potential of an individual ion “has no operational the SM6 continuum solvation mod¥l.For unclustered ions
meaning?” in standard thermodynamics because the difference (e.g., OH, CH;O™, etc.), we used the same thermochemical
in electric potential between two media cannot be measuredcycles as Pliego and Riveros, although we used Zhan and
and therefore has no physical meanig? Therefore, it is  Dixon’s valu&® of —264.3 kcal/mol for the absolute aqueous
conventional to assign the free energy of one ion, usually the spjvation free energy of the proton instead of Tissandier et al.’s
proton, in any medium arbitrarily, and then well-defined sums yajye of—265.9 kcal/mol. As a result, many of the overlapping
of free energies for neutral combinations of cations and anions gata points from these two compilations are different from one
can be converted to single reference values of single-ion free gngther by~1.6 kcal/mol. Pliego and Riveros did not include

energies? In statistical thermodynamics, one often calculates jystered ions (e.g.,40-OH", H,0-CH3O™, etc.) in their work.

single-ion quantities by the same approximate procedures and Zhan and Dixon’s value for the absolute aqueous solvation
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dissociation constants, and redox potentials. Thus, care mustperformance of several continuum solvation models that were
be taken when comparing properties obtained based on Tis-tested using less accurate reference data as part of our previous
sandier et al.’s and Zhan and Dixon’s values (or any other value) work.*#

for the absolute solvation free energy of the proton. Further

complicating the situation is that the wrong standard-state 2- Standard States

convention has sometimes been assoctafett ¢ with Tis- All experimental and calculated gas-phase free energies
sandier et al.’s value, resulting in values that are 1.9 kcal/mol are tabulated using an ideal gas at 1 atm as the reference state.
less negative than the actual value (and thus close to Zhan and-ree energies that employ this standard-state definition will
Dixon’s value)?> Because the differences above are within the be denoted by the superscript degree symbol. In the present
previously estimated val&i&?437for the uncertainty associated article, all experimental and calculated solvation free ener-
with the absolute aqueous solvation free energy of the proton, gies are tabulated for an ideal gas at a gas-phase concen-
one might argue that Tissandier et al.’s and Zhan and Dixon’s tration of 1 mol/L, dissolving as an ideal solution at a liquid-
values are essentially equivalent. However, as the accuracy ofohase concentration of 1 mol’.Free energies that employ
theoretical models for condensed-phase systems increases, thilis standard-state definition will be denoted by a super-
consistency of tabulated data for the aqueous solvation freeScript asterisk. The relationship between these two standard
energies of ions will become an important issue. (For example, Statés 1S
a free energy difference of 1.6 kcal/mol corresponds to 1.2 units

in a Ky 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 an
calculations from different sources. AGL= AGS — AG®™ )

Like other single ions, the absolute aqueous solvation free
energy of the proton cannot be determined directly from wheré
experiment, although there has been considerable recent discus-
sion regarding the “best” value for this quantffy2629.3745 AG® ™ =RTIn(24.46) 3)
Earlier compilations of aqueous solvation free energies of ions
by Pearsori® Florian and Warshet? and Dolney et at® used
—261.4 kcal/mol for the absolute aqueous solvation free energy
of the proton!® which is an average of five independent
measurements of the standard hydrogen electodé. Tis-
sandier et al. arrived at their value 6265.9 kcal/mol using 3 conventional Aqueous Solvation Free Energies of lons
correlations between experimental fewater clustering dataand 514 jon—Solvent Clusters
aqueous solvation free energies of neutral ion pairs. This so-
called cluster pair approximatiéh®”>has been adopted by
several other worke®8;*2who 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 6f264.3 kcal/mol, which
we used in our previous compilation of aqueous solvation free
energies;{ was determined using high-level gas-phase calcula-
tions coupled with a supermolecule-continuum approach in AGE®(MT) = AGYM™) — AGYH™) 4)
which specific ion-water interactions were accounted for
quantum mechanically using up to 10 explicit water molecules and conventional free energies of solvation for monovalent
and long-range bulk electrostatic effects were modeled using aanions that are shifted by an equal amount in the opposite
dielectric continuum model. However, a potentially serious direction
problem with the solvation free energies reported by Zhan and
Dixon is that they are based on a single structure for each AGE® (M) = AGYM™) + AGEH™) (5)
number of water molecules.

Gi=G+AG™ ™ 1)

At 298 K AG°™* 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 5264.0 kcal/moF?)

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

In a recent communication, Camaioni and Schwerdtféger (Above, M" refers generi_cally tcany_mor_loval_ent catio_n, and
M~ to anymonovalent anion. Later in this article, Bhill be

state that Tissandier et al.’s value 8265.9 kcal/mol for the d to refer t tion that behav S

absolute aqueous solvation free energy of the proton is the most/S€d o refer to a calio at benaves as a bronsiewry
. . . acid, and A will be used to refer to an anion that behaves as

accurate value for this quantity and that it should not be changed . L . :

unless/until it is superseded by better measurements. To bettef’Jl Bronsted-Lowry base. This notation is consistent with that

derstand thi P o 3{ the clust . o used in two of our earlier papets®) When the above

understan 1S, we Wil apply the Ccluster pair approxima- - .q,ention is used, the following relationship is satisfied

tion used by Tissandier et al. to a much larger set of data than

has prevpusly been used for this klnd_ (_)f analysis. In this AGﬂgcoq(MﬂL) + AGE®(M ™) = AG;(MJr) + AGEM")

way, we will be able to make a better decision as to what value ©6)

should be used for the absolute aqueous solvation free energy

of the proton, thus allowing us to determine accurate absolute Thus, unlike absolute solvation free energies of single ions,

aqueous solvation free energies of other single ions. Using thesesums of free energies for neutral combinations of cations and

absolute solvation free energies, we will then retest the anions are well-defined. Through the use of the above relation-
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TABLE 1: Conventional Aqueous Solvation Free Energies SCHEME 1: Thermochemical Cycle 1
of Monatomic lons (kcal/mol)2 oy
. AGg(BH™)
M=+ Fawcett Tissandier et &l BH" () ———B(@) + H'(g
H+ 0 0 N , ot
Li+ 1375 1375 l AG$(BH™) {AGS(B) LAGS(H )
Na* 162.7 162.7
K+ 179.9 179.9 BH' () ———=>B(q) + H"(aq
Rb* 185.3 185.3 Al (BH
Cst 190.8 ]
T+ 178.3 SCHEME 2: Thermochemical Cycle 2
Cu* 124.6 AGg(AH)
Ag 147.2 AH(@ ———A (9 + H' (»
F —370.3 —370.3
Cl- —340.4 —340.5 AGS(AH) AGE(A™) AGS(H*)
Br- —334.2 —334.1
1~ —325.8 —325.2 AH (aq)*—pA— (ag) + H'(aq)
OH- —370.7 AG,q(AH)

a All conventional free energies are for a temperature of 298 K and . . .
use a standard-state concentration of 1 moliL in both the gas and theOf @ cation BH (where BH'/B is a BransteetLowry acid/

aqueous phase3Reference 60° Reference 24. base pair) can be written as

ships, conventional aqueous solvation free energies based omAGEBH™) = AGg(BH+) + AG* ™ + AGYB) —

experimental gas and aqueous-phase free energies of formation * + 0yt

have been tabulated in various plaéé%-6% Most recently, AGL(BH") + AGg(H") (11)

Fawcetf® determined conventional aqueous solvation free ooy - .

energies for 10 monovalent, monatomic ions. (Several of the yvhere AGg(BHo) IS the %as;phase %,C'd't{ of Bt' Whlqh

compilations referenced above also contain data for di- and 'S €dual t0 G°(B) + G°(H") — G°(BHT), AG4(B) is

trivalent ions, which will not be considered as part of this work.) € adueous solvation free energy of the neutral species B,

The conventional solvation free energies of the monovalent ions and

reported by Fawcett are listed in Table 1. Also listed in Table

1 are the aqueous solvation free energies reported earlier by

Tissandier et &4 (In this reference, there are typographical

errors in the values of the conventional solvation free energies

of CI7, Br7, and I'; these errors have also been pointed out by

Coe®% The conventional solvation free energies reported by

Fawcett and by Tissandier et al. use a standard-state pressur

of 1 bar in the gas phase and a standard-state concentration of, ~«co o o/ L1+ o—k

1 mol/L in the aqueous phase. To convert these free energiesAGS BHY) = AGQ(BH ) TAGT T+

to a standard state that uses a concentration of 1 mol/L in both AGY(B) — 2.303?TpKa(BH+) (13)

the gas and the aqueous phases, we substituted eq 2 into eqgs 4

and 5, which leads to the following relationships between For an anion A (where AH/A" is a BrgnstedLowry acid/

conventional solvation free energies tabulated using these twobase pair), thermochemical cycle 2 (illustrated in Scheme 2)

standard states gives the following expression for the absolute aqueous solvation
free energy (where again, eq 1 has been used)

AG;{BH") = 2.30RTpK,(BH") (12)

where K, is the negative common logarithm of the aqueous-
phase acid dissociation constant of BKsubstituting eq 11 into
eq 4 and using eq 12 lead to the following expression for the
80nventional aqueous solvation free energy of'BH

AGE™M") = AGE*(M") (7) o Y
AGYA") = —AG{(AH) — AG* ™ + AGY(AH) +

AGZ’COTM_) — AG;’COr(M —) — 2AG° * (8) AG:q(AH) - AGE(H+) (14)

Additionally, Tissandier et al. define the conventional solvation whereAG{(AH) is the gas-phase acidity of AH, which is equal

free energy by setting the aqueous-phase free energy ofto G°(A~) + G°(H") — G°(AH), AGZAH) is the aqueous

formation of the proton equal to zero. Using the same value solvation free energy of the neutral species AAGg(H™) is

for the free energy of formation of the proton in the gas phase the absolute solvation free energy of the proton, and

as Tissandier et al. (362.55 kcal/f®)] we converted the

solvation free energies tabulated using the convention of AG:q(AH) = 2.30RTpK,(AH) (15)

Tissandier et al. to solvation free energies tabulated using the

convention described above according to where (K, is the negative common logarithm of the aqueous-
phase acid dissociation constant of AH. Substituting eq 14 into

AGE®(M*:this work) = eq 5 and using eq 15 lead to the following expression for the

AG§'°°’KM+;Tissandier etaly 362.55 kcalimol (9) conventional aqueous solvation free energy of A
AGE™NAT) = —AGj(AH) — AG® ™ + AGg(AH) +

,COl —. H —
AG™(Mthis work) = 2 30RTPK (AH) (16)
AGE®(M™;Tissandier et al.y- 362.55 kcal/mol (10)
Listed in Tables 2 and 3 are the conventional aqueous
Through the use of thermochemical cycle 1 (illustrated in solvation free energies of anions and cations that were deter-

Scheme 1) and eq 1, the absolute aqueous solvation free energynined using eqs 13 and 16, along with the auxiliary data that
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SCHEME 3: Thermochemical Cycle 3

AGly)

M*(g  + nH,0(g) —H0),M* ()
l AGg " (M*) nAGg(H,0) AGS°"[(H,0),M*]
M*(aq) + nH0() T»(HZO),,M" (aq)

were used in these equations. All of the auxiliary data were
taken from our previous compilatitthexcept for the K, of
acetonitrile. Previously, we used 25 for thi€of acetonitrile,
which was obtained by extrapolation odkpdata for relatively
strong carbon acid®. In this work, we replaced this value by
a more accurate value (28.9) that was obtained by a kinetic
method® 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 ak-870.7 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

AGE*T(H,0)M™] = AGY(H,0)M™] — AGYH")  (17)
AGEP(H,0)M ] = AGY(H,0)M ]+ AGEH")  (18)

J. Phys. Chem. B, Vol. 110, No. 32, 20085069

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 energiésye 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-012.5 kcal/mol for
AG§ 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) talSfeand was deter-
mined by extrapolating to 298 K equilibrium gas-phase data
for (H,O)F- measured between 630 and 80FKWe also
updated the value foAG§ ;(HsO"), for which we previously
used a calculated (B97REIMG3S* 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 quanfti®y* 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 iomvater clusters containing,
in some cases, up to 6 clustering water molecules plus 15
calculated (B97-1/MG3S) clustering free energies foriamter

wheren is the number of clustering water molecules. Through ClUSters containing a single water molecule. This data set, along
the use of eq 1 and thermochemical cycle 3 (illustrated in with references for the experimental data, is given in Tables 4
Scheme 3) the conventional solvation free energy of clustered@nd 6 (the final column of Table 6 is described below).
cations and anions can be written in terms of the conventional USINg €gs 1720, along with the conventional aqueous

solvation free energy of their analogous unclustered ions Solvation free energies in Tables-3 (in Table 1, we used the
according to 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 iemvater clusters in Table

4. These conventional agueous solvation free energies are given
in Table 5. We also determined conventional aqueous solvation
. ) ) free energies for all of the iorwater clusters listed in Table 6
whereAG(H,0) is the aqueous solvation free energy of water sing the calculated gas-phase clustering data reported in this

and AGp,;(M) is the sum of the stepwise clustering free same table. These conventional aqueous solvation free energies
energies of M with n H,O molecules in the gas phase are listed in the final column of Table 6.

AGE™(H,0)M*] = AGE™M™) —

AG (M) + nAGYH,0) + nAG* ™ (19)

n
AGH(M*) =

4. Cluster Pair Approximation for Determining Absolute

) +
AGL1(M) (20) Single-lon Solvation Free Energies

The cluster pair approximation described by Tissandier%t al.
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, tFatsis

In the above equatioMG’ j; G°[(H.O)M*]  —
G°[(H20)-1M*] — G°(H20). 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 unf§In this
standard-state convention (which we have also used in previous
work!45%, the free energy associated with the following reaction
(i.e., the bottom leg of thermochemical cycle 3)

lim {AG{(H,0);M ] — AG{(H,0)M "]} =0 (22)

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

+ . +
M*(aq) + nH,0(l) — (H,0),M~(aq) (21) %{ AGE(H,0)M ] — AGLI(H,0)\M*]} =
is equal to zero for any value of®°

The aqueous solvation free energy of water is known
experimentally from the vapor pressure of the pure liddithus,
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 iorwater cluster are the stepwise gas-phase cluster- lim {AGE®T(H,0)M] — AGE®T(H,0)M™]} =
ing free energies (e.g., to determine the conventional aqueous -
solvation free energy for a cluster ion containing four water AGg(H") (24)

%{AGE[(HZO)nM 1 - AGY(H,0) M1} + AGH") (23)

Substituting this result into eq 22 gives
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TABLE 2: Conventional Aqueous Solvation Free Energies of Cations (kcal/mat)
BH* B AG(BH")° AGY(B)® pKa(BH)d AGE©(BH™)®
H;O*" water 157.7 —6.3 —-1.7 155.6
CH;OH,* methanol 173.2 -5.1 -2.1 172.9
CH;CH,OH,* ethanol 178.0 -5.0 -1.9 177.5
(CH3).OH* dimethyl ether 182.7 -1.8 -2.5 186.2
(C;Hs),OH* diethyl ether 191.0 -1.8 —2.4 194.4
CH;C(OH)CH;* acetone 186.9 -3.9 —-2.9 188.8
CH3C(OH)GHs* acetophenone 198.2 —4.6 —4.3 201.4
NH* ammonia 195.7 —-4.3 9.3 180.7
CHsNH3* methylamine 206.6 —4.6 10.6 189.5
CHa(CHy)2NH3z" n-propylamine 211.3 —4.4 10.6 194.4
(CH3),CHNHz* isopropylamine 2125 —-3.7 10.6 196.3
C(CHa)sNHs+ t-butylamine 215.1 -39 10.7 198.6
c-CeH1sNHz* cyclohexanamine 215.0 =51 10.7 197.2
H,C=CHCH,NH3" allylamine 209.2 —-4.3 9.5 193.9
(CHa)NHz* dimethylamine 214.3 —4.3 10.7 197.3
(CzHs)oNHZ* diethylamine 219.7 -41 11.0 202.5
(n-CsH7)oNHy*™ di-n-propylamine 222.1 -3.7 11.0 205.4
(H2C=CHCH,),NH," diallylamine 219.0 —-4.0 9.3 204.3
(CHz)sNH* trimethylamine 219.4 -3.2 9.8 204.8
(CoHs)sNH* triethylamine 227.0 -3.0 10.8 211.3
(n-C3H7)sNH™ tri-n-propylamine 229.5 -2.5 10.3 215.0
CeHsNH3" aniline 203.3 -55 4.6 193.5
0-CH3CsH4NH3"™ 2-methylaniline 205.3 -5.6 4.5 195.6
m-CH3sCsH4NH3™ 3-methylaniline 206.5 5.7 4.7 196.3
p-CH3CsH4NH3" 4-methylaniline 206.7 —5.6 51 196.1
m-NH,CsHsNH3* 3-aminoaniline 214.9 —-9.9 5.0 200.1
CeHsNH,CHz " N-methylaniline 212.7 —-4.7 4.9 203.3
CsHsNH,CH,CHz" N-ethylaniline 213.4 —4.6 5.1 203.7
CsHsNH(CHa),+ N,N-dimethylaniline 217.3 -3.6 5.1 208.7
p-CHsCsH4NH(CHz), " 4-methylN,N-dimethylaniline 219.4 —-3.7 5.6 210.0
CsHsNH(CH,CHg)," N,N-diethylaniline 221.8 —-2.9 6.6 211.9
CioH7NH3"™ 1l-aminonaphthalene 209.2 -7.3 3.9 198.5
CoHiNH," aziridine 208.5 —4.5 8.0 195.0
CsHsNH," azetidine 217.2 -5.6 11.3 198.2
C4HgNH,™ pyrrolidine 218.8 —5.5 11.3 199.9
CsHioNH2™ piperidine 220.0 -5.1 11.1 201.7
CeHoNH,*™ azacycloheptane 220.7 —-4.9 11.1 202.6
CsHsNH* pyrrole 201.7 -4.3 -3.8 204.5
PyridineH" pyridine 214.7 —4.7 5.2 204.8
CoH/NH* quinoline 220.2 -5.7 4.8 209.9
CsHsNHNH;" piperazine 218.6 -7.4 9.7 199.9
CH;CNH* acetonitrile 179.0 -3.9 —10.0 190.6
HNNHz" hydrazine 196.6 -6.3 8.1 181.3
p-CH;OCsH4NH5*™ 4-methoxyaniline 207.6 -7.6 5.3 194.7
p-NO,CeHsNH3z™ 4-nitroaniline 199.4 -9.9 1.0 190.0
C4HgONH,* morpholine 213.0 —-7.2 8.4 196.3
CH3COHNH,* acetamide 199.0 -9.7 —0.6 192.0
CeHsCOHNH,* benzamide 205.8 —10.9 —-1.4 198.7
(CHs)SH* dimethyl sulfide 191.5 -15 -7.0 201.4
(CHg3),SOH* dimethyl sulfoxide 204.0 -9.8 -15 198.2
m-CICeH4NH3" 3-chloroaniline 199.9 —5.8 35 191.2
p-CICsH4NH35™ 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 Ghs-phase acidity of the ionic species for a standard-state
gas-phase pressure of 1 att\bsolute aqueous solvation free energy of the neutral species for a standard-state concentration of 1 mol/L in both
the gas and the aqueous pha$gx, of the ionic species: 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 s - *, + ) +
Substituting eq 19 into the left-hand side (lhs) of eq 24 leads E[AGECOTM ) — AGE™(MT) + AGHM™) —
to _ 1 _
AGH(M7)] = S[AGH 1M ") = AGf41 (M 7)] +

* +
HAGE™IM) — AGE™(M”) + AGH,(M") - AG(H') (26)
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
Separation of the lhs of the above equation into a part for solvation free energies for given catieanion pairs. These free

which cluster data are known upn@and a part for which cluster  energy differences can be determined using available experi-
data are not knownn(+ 1 to «) leads to the following equa-  mental or high-level theoretical data in thermochemical cycles
tion 1 and 2. Both of the terms on the rhs are unknown. Thus, the

AGE,(M)] = AGYH") (25)
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TABLE 3: Conventional Aqueous Solvation Free Energies of Anions (kcal/mof)

A~ AH AG(AH)” AGYAH)® pKa(AH)? AGE©(A)e
OH~ water 383.7 —6.3 15.7 —370.6
HO,~ hydrogen peroxide 368.6 —8.6 11.7 —363.2
Oy hydroperoxyl radical 346.7 -7.0 4.7 —349.2
HS™ hydrogen sulfide 344.9 -0.7 7.0 —338.0
HC; acetylene 370.0 0.0 21.7 —342.4
CN- hydrogen cyanide 343.7 —-31 9.2 —336.1
CH;O~ methanol 375.0 -5.1 155 —360.9
C,HsO~ ethanol 371.3 -5.0 15.9 —356.6
CH3;CH.CH,O~ 1-propanol 369.4 -4.8 16.1 —354.2
(CH3).CHO™ 2-propanol 368.8 —4.38 17.1 —352.2
CH3;CH,CHOCH;~ 2-butanol 367.5 —-4.7 17.6 —350.1
C(CHy)s0~ t-butanol 367.9 —-4.5 19.2 —348.2
H,C=CHCH,O~ allyl alcohol 366.6 -5.1 15.5 —-352.5
CH3;OCH,CH,O~ 2-methoxyethanol 366.8 —6.8 14.8 —355.3
HOCH,CH,O~ 1,2-ethanediol 360.9 -9.3 15.4 —351.2
CsHsCH,O~ benzyl alcohol 363.4 —6.6 154 —351.0
CRCH, O~ 2,2,2-trifluoroethanol 354.1 —-43 12.4 —343.4
CH(CR;).O 1,1,1,3,3,3-hexafluoropropan-2-ol 338.4 -3.8 9.3 —331.4
CH;00 methyl hydroperoxide 367.6 -5.3 115 —359.1
CH;CH,O00~ ethyl hydroperoxide 363.9 —-5.3 11.8 —355.1
HCO,~ formic acid 338.3 -7.0 3.8 —342.1
CH;CO,~ acetic acid 341.4 -6.7 4.8 —343.5
CH;CHCO,~ propanoic acid 340.4 —6.5 4.9 —342.1
CH;(CH,)4CO; hexanoic acid 339.0 —-6.2 4.9 —340.5
H,C=CHCOG;,~ acrylic acid 337.2 —6.6 43 —339.9
CH;COCGO,™ pyruvic acid 326.5 -9.4 25 —334.4
CH,CICO,~ chloroacetic acid 328.9 —-8.7 2.9 —335.6
CHCLCO,™ dichloroacetic acid 321.5 —6.6 14 —328.2
CRCO, trifluoroacetic acid 316.7 -7.3 0.5 —325.2
CsHsCO,™ benzoic acid 333.0 -7.9 4.2 —337.1
CsHsO~ phenol 342.9 —6.6 10.0 —337.8
0-CH3CsH,O 2-methylphenol 342.4 -5.9 10.3 —336.1
m-CH3CsH,O 3-methylphenol 343.3 —-55 10.1 —-337.0
p-CH3CeH4O™ 4-methylphenol 343.8 —6.1 10.3 —337.9
M-HOGH,O~ 3-hydroxyphenol 339.1 —-11.4 9.3 —339.7
p-HOGCsH,O~ 4-hydroxyphenol 343.1 -11.9 9.9 —343.5
0-NO,CeH,O~ 2-nitrophenol 329.5 -45 7.2 —326.0
M-NO,CeH,O~ 3-nitrophenol 327.6 —9.6 8.4 —327.8
p-NOCsH1O~ 4-nitrophenol 320.9 —10.6 7.1 —323.7
0-CICsH,O 2-chlorophenol 337.1 —4.5 8.5 —332.0
p-ClCsH4O~ 4-chlorophenol 336.5 —6.2 9.4 —331.9
CHy(O)CH- acetaldehyde 359.4 —-35 16.5 —342.4
CH:C(O)CH~ acetone 362.2 -3.9 19.0 —342.1
CH;CH,C(O)CHCH;~ 3-pentanone 361.4 -33 19.9 —339.6
NCNH- cyanamide 344.0 -6.2 10.3 —338.1
CH,CN~ acetonitrile 366.0 -39 28.9 —3325
CsHsNH~ aniline 359.1 -55 27.7 —328.8
p-NO-CsHsNH~ 4-nitroaniline 336.2 -9.9 18.2 —323.3
(CeHs)N— diphenylamine 343.8 -5.3 22.4 —320.5
CH;CONH~- acetamide 355.0 -9.7 15.1 —346.1
CH;NO,~ nitromethane 350.4 —4.0 10.2 —342.4
CHsS™ methanethiol 350.6 -1.2 10.3 —339.7
CHiCH,S™ ethanethiol 348.9 -1.3 10.6 —337.7
CsH/S™ 1-propanethiol 347.9 -11 10.7 —336.4
CeHsS™ thiophenol 333.8 -2.6 6.6 —329.3
CHsS(O)CH- dimethyl sulfoxide 366.8 -9.8 33.0 —333.6
CCls~ chloroform 349.7 -1.1 24.0 —320.0

a2 All data are for a temperature of 298 K. Auxiliary data were taken from from ref 14, unless otherwise indicatedphase acidity of the
neutral species for a standard-state gas-phase pressure of lAdtsolute aqueous solvation free energy of the neutral species for a standard-state
concentration of 1 mol/L in both the gas and the aqueous phépKs.of the neutral specie$ Conventional aqueous solvation free energy of the
ion for a standard-state concentration of 1 mol/L in both the gas and the aqueous pRafeence 63.

goal of the cluster pair approximation (eq 26) is to identify a 5. Absolute Aqueous Solvation Free Energy of the Proton
cation—anion pair for which the first term on the rhs of eq 26 Obtained Using the Cluster Pair Approximation

equals zero, in which case the Ihs of eq 26 is equal to the  ghown in Figure 1 is a plot of half the difference between
proton’s true aqueous solvation free energy. (This aniztion conventional agueous solvation free energies of anions and of
pair need not actually exist.) Tissandier et al. have sRbtat cations for cluster ions containing up to six water molecules
an effective way to do this is by plotting the lhs of eq 26 against against half the difference between conventional aqueous
half the difference between the conventional solvation free solvation free energies of anions and of cations containing no
energy of M- and M" for different values ofy, giving n straight water molecules, for different numbers of clustering water
lines that share a common intersection point at the true value molecules. The differential conventional aqueous solvation free
for the aqueous solvation free energy of the proton. energies in this plot were computed using all of the conventional
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TABLE 4: Gas-Phase Clustering Free Energies of

lon—Water Clusters (kcal/mol)?
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TABLE 5: Conventional Aqueous Solvation Free Energies
of lon—Water Clusters (kcal/mol)?
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AG?,(M*)P AGE*(H,0)M*]

M= 0,1 1,2 2,3 3,4 4,5 5,6 M= n=1 n=2 n=3 n=4 n=5 n=6
Li* —27.2 -—-189 —133 -75 —-45 =25 Lit 160.3 1748 183.6 186.7 186.8 184.9
Na* —18.8 —13.2 —-9.0 -59 -36 -29 Na* 1771 1859 1904 1919 1911 189.6
K+ -11.8 -8.9 -63 —44 -32 -23 K+ 187.3 1918 193.6 193.6 1924 190.3
Rb* —-9.8 —-7.0 —-5.0 -38 —238 Rb*™ 190.7 193.3 193.8 193.2 1916
Cs" 7.9 -5 —-4.1 -3¢ Cs" 1943 1958 1954 194.0
Ag* —24.8 —18.8 -86 —-619 —47# -3 Ag+ 167.6 1820 186.1 187.8 188.1 1874
H3O" —245f —12.¢f —95f 59 —44F 2 H3O™ 175.7 184.2 189.2 1905 190.5 189.0
CH30OH;"™ -18.8 —12.4 —7.1 -50 —-3.6 -28 CH3OH;"™ 186.9 1949 197.6 198.2 1974 1957
CHsCH,OH,"  —16.8 —10.9 —-6.5 —4.8 CH3CH;OH,* 189.9 196.3 1984 198.8
(CHs),0H* —15.4 (CHa),0H* 197.2
CH3C(OH)CH™ —12.8 —6.7 —6.2 -43 -33 CHsC(OH)CHs*  197.2 1995 201.3 201.2 200.0
CH3C(OH)GHs" —10.8" CH3COHGHs™ 207.8
NH4* -12.8 —8.62kl  —p. ikl —4 3kl —D2 gk NH4* 188.9 193.1 1949 1948 1931
CH3NH3z"™ —-10.7#m  —7.2m 5 glm —37m CH3NH3z"™ 195.7 1985 199.1 1984
CH3(CHp)oNHz™  —8.7 —5.3 —3.4 -2.5 CH3(CHp)oNHst  198.7 199.6 198.6 196.7
(CH3)2NH2™ -8.7! —6.2! -4 -3.0 -2.1 (CHg)2NH,™ 201.6 203.4 203.1 201.6 199.3
(CHg)sNH* -7.5"  —42 =30/ (CHz)sNH* 2079 207.7 206.3
(CaHs)sNH* 5.1 (CaHs)sNH* 211.9
(n-C3H7)3NH+ -39 (n-C3H7)3NH+ 2141
C4HgNH ™ 7.0 CyHgNH,* 202.8
pyridineH" -8.1" pyridineH" 208.5
F- —-20.92 -135 —-8.1 -57 —-43 =35 F- —353.8 —344.7 —341.1 —339.8 —339.9 —340.8
Cl- -9.00 -6.6 -49 —-36 -30 -23 Cl- —335.8 —333.6 —333.2 —334.0 —335.4 —337.5
Br- -7.1"  -56 -44 31 -23 -19 Br- —331.5 —330.3 —330.4 —331.7 —333.8 —336.3
1~ —5.3 —-4.0 -3.1 —22 -16 I~ —324.9 —325.3 —326.7 —328.9 —331.7
OH~ —19.8 —11.489 —8.49 569 —4.F9 4.3 OH~ —355.2 —348.2 —344.2 —343.0 —343.2 —343.3
Oy~ -12.  -97 -7.0 Oy~ —341.5 —336.2 —333.7
HS™ -8.8 —-65 47 HS™ —333.8 —331.7 —3315
HCy~ -10.8 HCy~ —336.2
CN- -83 -63 48 CN- —332.3 —330.4 —330.0
CH:O~ -17.00 —11.7 -7.5 -5.0 CH:O~ —348.4 —341.1 —338.0 —337.4
HCO,~ -9.1v HCO,~ —337.4
CH3CO™ -9.3 CHsCO,™ —338.6
CeHsO™ —-8.2¢ CeHsO~ —334.1
CHsS™ -87 —-65 50 -39 CHsS™ —335.5 —333.4 —332.8 —333.3
CeHsS™ —5.¢ CgHsS™ —328.1

a Experimental values taken from ref 24, unless otherwise indicated. 2 All conventional solvation free energies are for a temperature of
In cases where more than a single reference is given for a single entry,298 K and use a standard-state concentration of 1 mol/L in both the
the average value was usédsas-phase free energy change for the gas and the aqueous phases.
reaction (HO)-1M* + HO — (HO)M* for a standard-state gas-
phase pressure of 1 atm and a temperature of 298D¢idic, |.;
Kebarle, PJ. Phys. Chenll97Q 74, 1466.9 Holland, P. M.; Castleman,
A. W. J. Chem. Phys1982 76, 4195.° Meot-Ner (Mautner), M.;
Speller, C. V.J. Phys. Chem1986 90, 6616.f Cunningham, A. J.;

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

Payzant, J. D.; Kebarle, B. Am. Chem. S0d.972 94, 7627.9 Lau, + VEN %,CO \ic
Y. K.; lkuta, S.; Kebarle, PJ. Am. Chem. Socl982 104, 1462. M AGg,(M7) AGs THL)M*)]
h Reference 14.Meot-Ner (Mautner), MJ. Am. Chem. S04984 106, (C2Hs),OH* -11.4 201.3
1265.1 Kebarle, PAnnu. Re. Phys. Chem1977, 28, 455.k Payzant, HO,~ —17.0 —350.6
J. D.; Cunningham, A. J.; Kebarle, Ban. J. Chem1973 12, 403. CoHsO™ —14.2 —346.8
I Banic, C. M.; Iribarne, J. VJ. Chem. Phys1985 83, 6432.™ Lau, CHsCH,CH,O™ —14.6 —344.1
Y. K.; Kebarle, PCan. J. Chem1981, 59, 151." Meot-Ner (Mautner), (CHs).CHO~ -12.3 —344.3
M. J. Am. Chem. Sod.983 105, 2956.° Hiraoka, K.; Takimoto, H.; CHCH,CHOCH;™ —9.9 —344.6
Yamabe, SJ. Am. Chem. Sod.987, 109, 7346.P Weis, P.; Kemper, C(CH):O —12.2 —340.4
P.R.; Bowers, M. T.; Xantheas, $.Am. Chem. So4999 121, 3531. H,C=CHCH,O - —135 —3434
9 Payzant, J. D.; Yamdagni, R.; Kebarle,®an. J. Chem1971, 49, CH3OCH2CH2_O —135 —346.2
3308." Arshadi, M.; Kebarle, PJ. Phys. Cheml97Q 74, 1483.5 Meot- HOCH,CH.0 —14.0 —3416
Ner (Mautner), M.J. Am. Chem. Sod988 110, 3854.t Meot-Ner CGHSCHZQ —-116 —343.7
(Mautner), M. J. Am. Chem. Socl98§ 108 6189."Meot-Ner gﬁ%‘*éoo, *}é-g :ggg-g
(Mautner), M.; Sieck, L. WJ. Am. Chem. So&986 108 7525.” Sieck, CH(OOZZ 714'6 7348.9
L. W.; Meot-Ner (Mautner), MJ. Phys. Chem1989 93, 1586. CH§CHZOO* _14'1 _345'4

. L a All data are for a temperature of 298 KCalculated (B97-1/MG3S)
aqueous solvation free energies in Tables 5 and 6 (a total of ya5.phase free energy change for the reactiénvH,0 — (H,0)M*
1109 data points). The straight lines in this plot are best-fit lines for a standard-state gas-phase pressure of 1 %Bmnventional

for different numbers of clustering water molecules. The line solvation free energy of the monohydrated ion for a standard-state

for n = 0 (no clustering water molecules) is the ideal lige<( concentration of 1 mol/L in both the gas and the aqueous phases.

X). The ordinate of the intersection point between each line gives

an approximate value for the absolute aqueous solvation freebe made from the data shown in Figure 1 (The 7 straight lines

energy of the proton, so in all, 21 individual determinations of give 21 unique intersection points between different values of

the absolute aqueous solvation free energy of the proton cann.) To determine the best value of the absolute aqueous solvation
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— 240 TABLE 7: Absolute Aqueous Solvation Free Energy of the
5 Proton (kcal/mol), Obtained Using Different Data Sets
=
2;_250_ data set no.data n° AGYHT)e od
g‘-: all ions 1109 6 —266.1 0.71
2 all ions 637 1 —268.4
3 -260 all ions? 150 1 —266.6
L monatomic cations 377 6 —265.1 0.77
= oxonium ions 334 6 —267.8 1.15
& -270 ammonium ions 398 5 —265.8 0.86
= monatomic cations 174 1 —264.4
= oxonium ions 203 1 —271.3
3, 280 ammonium ions 260 1 —267.7
3 monatomic catiorfs 60 1 —263.7
P oxonium ion$ 40 1 —269.3
S 29q i . i ammonium ion% 50 1 —266.8
all iond 787 6 —266.1 0.70
5 2 215 ,._mfﬁs_ 25?, s all ions 315 1 —268.0
0.5%[AGs™ (M) ~AGs™(MD] Tisandier et af, 109 6 —265.6 0.71
Figure 1. Half of the difference between conventional aqueous  Tissandier et &. 20 1 —265.1
solvation free energies of anions and of cations for cluster ions Tissandier et dl. 109 6 —265.9 0.07

containing up to six water molecules plotted vs half of the difference a4 numper of differential conventional aqueous solvation free
between conventional aqueous solvation free energies of anions andener ies used to determine theSi(H") and ¢ values.> Maximum
of cations containing no water molecules. Differences between cluster g S )

. . . . . i i +
ions containing one water are plotted in gray, two waters in red, three Number of clucstenng water molecules used to determine\BgH")
waters in green, four waters in blue, five waters in orange, and six ando values.© Standard-state absolute aqueous solvation free energy

waters in brown. The ideal line (no clustering waters) is shown as a of the proton.d Standard deviation of the(n + 1)/2 determinations of

solid black line. The ordinate of each of the intersection points in the AGs(H*) (kcal/mol) from the averageAGg(H*) value.lons for

above plot is an approximate value for the absolute aqueous solvationWhich gas-phase clusering data are not availablenfer 1 were not

free energy of the proton. used to determine thAG4(H') and o values.! Only ions for which
experimental gas-phase clustering free energies are available were used
to determine theAGE(H") and o values.9 Conventional aqueous

free energy of the proton, we used the same method of statisticalSo!vation free energies and_ gas-phase binding free energies taken from

analysis as Tuttle et &. For this, the average intersection 'ef 24 were used to determine the&5(H") ando values." The values

ordinate of thath straight line with all othersY{) is given by were taken from ref 24.

6 0.71 kcal/mol. The results of the two fits described above are

Y=~ Z Yi (27) summarized in Table 7. (Other data in this table are described
65=0 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

Yy = (mb; - n}bi)(m - n}) (28) molecules 1f) is increased. Thus, the simplest application of
the cluster pair approximation is to plot the Ihs of eq 26 versus
In the above equatiory; is the ordinate of the intersection point  the rhs forn = 1. (In this case, the absolute aqueous solvation
between théth andjth straight line, anan andb; are the slope free energy of the proton is given by the intersection of the
and intercept, respectively, of thih straight line. In this work, lines forn = 0 andn = 1.) The accuracy of the cluster pair
we take the best value for the absolute aqueous solvation freeapproximation in cases where only a small number of gas-phase
energy of the proton to equal the average of theYsixalues clustering data are used has been demonstrated by Tuttlé®et al.
determined using eqgs 27 and 28. For the data shown in Figureand Bartels et &2 Applying the cluster pair approximation to
1, this average equals266.1 kcal/mol, which is in excellent  clustered ions containing only a single water molecule and using
agreement with the value of265.9 kcal/mol obtained by the same values for the conventional solvation free energies
Tissandier et a* The standard deviation of the 21 values/pf and gas-phase binding free energies as Tissandier et al., Tuttle
from the average value ofj is 0.71 kcal/mol. The individual et al3° obtained a value 0f-265.2 kcal/mol for the absolute
slopes, intercepts, ang andy; values obtained from the data aqueous solvation free energy of the proton, which is in good
shown in Figure 1 as well as the other data subsets describecagreement with Tissandier et al.’s value -6£65.9 kcal/mol
below are included as Supporting Information. obtained using clustered ions containing up to six water
We also applied egs 27 and 28 to the slopes and interceptsmolecules. As part of this work, we repeated the analysis of
obtained using the conventional aqueous solvation free energiesTuttle et al. and obtained a value ef265.1 kcal/mol. More
and gas-phase clustering free energies reported by Tissandierecently, Bartels et &f applied the cluster pair approximation
et al. (four catior-ion water clusters and five anietwater to clustered ions containing a single water molecule for 6 of
clusters, containing up to six clustering water molecules; total the 10 ions that Tissandier et al. used. These workers obtained
of 109 data points). Doing this yields a value-6265.6 kcal/ a value of—265.8 kcal/mol.
mol for the absolute aqueous solvation free energy of the proton, However, for our full set of unclustered and singly clustered
which is again in excellent agreement with the original value ions, the ordinate of the intersection of the= 0 andn = 1
reported by Tissandier et al. (who used a different method of lines (the two solid black lines in Figure 1) is268.4 kcal/
statistical analysis, and did not consider the 0 line in their mol, which is significantly more negative than any of the values
fits). The standard deviation of the 21 valuesyptetermined described above. It is worth noting that the ordinate of the
using the above subset of data from the average valyg isf intersection between the= 0 andn = 1 lines is the one most

where
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prone to error because small changes in the slope af thel — -240

line (which has the largest slope of thex 1 lines) will cause +; 245

the correspondingly largest variation in the value of the ordinate 2 wrt

at its intersection point with the ideal line. To better understand = 230 !,:;-""

the issues associated with singly clustered ions, we performed?,, -255 ‘,:.;:1"

some additional analyses based on various subsets of data; th1%I 260 o T:Zf{'f" '

results of these analyses are described below. - ,5'?:1

One possible explanation for the quantitative variation & -265 L

described above is that there are many anions and cations foré -270 g
which gas-phase clustering free energies are available only for§ ;75 u“(ﬁ’“
clustered ions containing a single water molecule (i.e., these ;5; L
anions and cations do not contribute to the slopes and intercepts :- . Y
of then > 2 lines), and these species may be unusual in some = -285 . :

respect. To test this hypothesis, we removed all of the =205 285 275 265 255 2245 235
conventional aqueous solvation free energies for these ions. 0.5 AGL M M) —AGL M MY))

Thus, all of the conventional aqueous .SOIVatlon free energ]es Figure 2. Half of the difference between conventional agqueous
in Table 6 were removed, plus conventional aqueous solvation gqjyation free energies of anions and of cations ions for cluster ions
free energies for 5 of the anions and for 6 of the cations in containing a single water molecule plotted vs half of the difference
Table 5. Removing these conventional agueous solvation freebetween conventional aqueous solvation free energies of anions and
energies decreases the total number of differences betweersf cations containing no water molecules. Differences between anions
conventional aqueous solvation free energies of clustered anionnd monatomic cations are plotted in black, those between anions and
and of clustered cations containing a single water molecule from gﬁ?onr']gr?n %al‘ﬂgns in red, and those between ammonium cations and
637 to 150. This subset of differential agueous solvation free '

energies gi\llest_a \;alue of266.6ftlr<]callmfl for ;hi _ab_S(()qut% .and 28 are applied to the slopes and intercepts obtained using
aqueous solvation frée energy ot the proton, which 1S INGEEA IN o, . of the three subsets described above, the resulting values

better agreement with the value reported by Tissandier et al'for the absolute aqueous solvation free energy of the proton
than when the conventional aqueous solvation free energies Ofare—265 1 —267.8. and—265.8 kcal/mol for the monatomic
all of the clustered anions and of the clustered cations containing .. o>;o,nium i(')n’ and amrﬁonium ion subsets, respectively

a smg.le water molecule were u_sed. ) This trend is illustrated graphically in Figure 2, which is the
Besides the number of clustering water molecules considered,same as the plot shown in Figure 1, except that in Figure 2

we also found that the results are sensitive to whether data foromy then = 1 line is shown, and the data points from the
certain types of cations are included in the fits. In particular, monatomic cation, oxonium ion, and ammonium ion subsets
we found that the value of the absolute aqueous solvation freeare shown in black, red, and blue, respectively. (Analogous plots
energy of the proton obtained using differences between for n = 2—6 are not shown here, although the trends are the
conventional agueous solvation free energies of anions and ofsame as those for = 1.)

monatomic cations (e.g., alkali metal ions) is significantly  The result from the analysis presented in the preceding
different than that obtained using differences between conven-paragraph suggests that the good agreement between the value
tional aqueous solvation free energies of anions and of oxoniumreported by Tissandier et al. and the value obtained here using
cations. Similarly, the value of the absolute aqueous solvation || of the data in Tables 5 and 6-£66.2 kcal/mol) is somewhat
free energy of the proton obtained using differences betweenfortuitous, because it relies on a cancellation of errors (with
conventional aqueous solvation free energies of anions and ofrespect to the value reported by Tissandier et al.) between the
ammonium cations is significantly different than that obtained three subsets of data described above. The above result also
using either of the two subsets described above. To demonstraté\elps to explain why the agreement between the value reported
this in a quantitative way, we divided the differences between py Tissandier et al. and the value obtained here using clustered
conventional aqueous solvation free energies of anions and ofjons containing a single water molecule improved significantly
cations that are shown in Figure 1 (1109 differential solvation when conventional aqueous solvation free energies of anions
free energies) into three different subsets: the monatomic cationand of cations for which only gas-phase clustering free energies
subset, which includes only those differences between conven-of clustered ions containing a single water molecule are available
tional aqueous solvation free energies of anions and of mona-were removed. For clustered ions containing a single water
tomic cations (377 differential conventional agueous solvation molecule, there are 174, 203, and 260 differences between
free energies); the oxonium ion subset, which includes only conventional aqueous solvation free energies of anions and of
those differences between conventional aqueous solvation freemonatomic cations, of oxonium ions, and of ammonium ions,
energies of anions and of oxonium ions (334 differential respectively. Thus, the relative ratio of the number of differential
conventional aqueous free energies); and the ammonium ionsolvation free energies belonging to these three subsets of data
subset, which includes only those differences between conven-is approximately 1:1.2:1.5. The weighted average of the three
tional agueous solvation free energies of anions and of am-values for the absolute solvation free energy of the proton
monium ions (398 differential conventional aqueous free obtained using each of these three subsets of dag64.4,
energies). Both the monatomic cation subset and the oxonium—271.3, and—267.7 kcal/mol) is—267.9 kcal/mol. After

ion subset contain differences between conventional aqueousemoval of the conventional aqueous solvation free energies of
solvation free energies of clustered anions and of clusteredanions and of cations for which only gas-phase clustering free
cations containing up to six water molecules; the ammonium energies of clustered ions containing a single water molecule
ion subset contains differences between conventional aqueousare available, there remain 60, 40, and 50 differential conven-
solvation free energies of clustered anions and of clusteredtional aqueous solvation free energies in the monatomic cation,
cations containing up to five water molecules. When eqs 27 oxonium ion, and ammonium ion subsets, respectively. This
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changes the relative ratio of the number of differential solvation potential of the bulk water interface and its relationship to the
free energies belonging to these three subsets of data toabsolute solvation free energies of single i6t&:44451n
approximately 1.5:1:1.2. The weighted average of the three particular, Asthagiri and co-workefshave argued that, for a
values for the absolute solvation free energy of the proton single ion, the intrinsic solvation free energy, which differs from
obtained using each of these three subsets of dag63.7, the absolute solvation free energy by the free energy associated
—269.3, and—266.8 kcal/mol) is—266.2 kcal/mol, which is with moving the ion through the electrical potential at the-air
1.7 kcal/mol more positive than the weighted average from liquid interface, is a more realistic measure of the solvation free
above. energy because it does not include the contribution due to the
This change in the relative ratio of monatomic cations, Ppotential of the phase, which is independent of sehs@vent
oxonium ions, and ammonium ions included in this fit can also interactions. Indeed, the above separation of the solvation free
be used to explain why the ordinate of the intersection betweenenergy into an intrinsic and an electrical part has been applied
then = 0 andn = 1 plot is significantly more negative than for some time to single iorf; 83 and it recently has been
the ordinate of the intersections between all of the other lines. showrf® that when the value for the solvation free energy of
The relative ratio of the number of differences between the proton obtained from the above simulations is corrected
conventional aqueous solvation free energies of clustered aniongising a theoretical valdéfor the electrical potential at the air
and of clustered monatomic cations, oxonium ions, and am- water interface, the corrected value and the value reported by
monium ions, for clusters containing two water molecules, is Tissandier et al. are in relatively good agreement with one
approximately 1.5:1:1.3, which is different than the relative ratio another. (Obtaining an accurate value for the electrical poten-

between these three subsets of datanfer 1, which is 1:1.2: tial at the air-water interface has been the subject of much
1.5. Forn = 3, the relative ratio between these three subsets of work, and most theoretical attempts at calculating this value
data is identical to that fan = 2; the relative ratios fon = 4, predict a potential that differs in both magnitude and sign from

5, and 6 are similar to that for= 2 andn = 3. Thus, the poor ~ the best experimental estimaf&s.In this article, no attempt
agreement between the value reported by Tissandier et al. anchas been made to separate any of the solvation free energies
the value obtained in this work using only clustered ions obtained using the cluster pair approximation or any of the
containing a single water is due to variations in the number of calculated solvation free energies obtained using the continuum
data from the three subsets of data described above, each ofolvation models described in the following sections. Neverthe-
which gives a significantly different value for the absolute less, one should be aware that the above separation of the
agueous solvation free energy of the proton. absolute solvation free energies of single ions has sometimes

For many of the ions above, we used theoretical values for been employed, and care should be taken when comparing
the gas-phase clustering free energies because experimental daf@!vation free energies of single ions obtained from different
are not available. Of the 29 gas-phase clustering free energiesSOurces.
for clustered anions containing a single water molecule, 14 of On the basis of the results presented above, we can make
these were calculated at the B97-1/MGS3S level of theory. (The several conclusions regarding the value for the absolute aqueous
current data set does not contain any calculated data for solvation free energy of the proton. First, the most accurate value
1.) This level of theory was used here and in previous Work obtained for this quantity in this work is266.1 kcal/mol, which
because it has been shoffr” to perform well for nonbonded  was determined using all of the conventional solvation free
interactions in the gas phase. The gas-phase clustering freeenergies listed in Tables 5 and 6. This value is in excellent
energy of (HO)(C;Hs),OH" was calculated at the same level agreement with the value obtained by Tissandier et al., who
of theory as above. Thus, of the 1109 differential conven- used a much smaller data set of conventional aqueous solvation
tional aqueous solvation free energies in the full data set, free energies. Thus, we agree with Camaioni and Schwerdt-
322 were determined using at least one calculated value forfegerf® and suggest using a value 265.9 kcal/mol for the
the gas-phase clustering free energy (all of thesenfer 1). absolute aqueous solvation free energy of the proton in all future
Because many of the data points appearing in Figure 1 wereapplications. We note that this choice also determines the
determined using theoretical gas-phase clustering free absolute potential of the normal hydrogen electrode (NHE) as
energies, an obvious question is, what effect does inclusion of4.28 V. (See ref 5; this value differs from the 4.36 V value
theoretical data have on the value obtained for the absolutederived in that reference because of the incorrect addition there
solvation free energy of the proton? To answer this question, of AG°™* to the Tissandier proton solvation free energy of
we removed all of the theoretical gas-phase data and applied—264.0 kcal/mol that already includes the free energy associated
egs 27 and 28 to the slopes and intercepts obtained using thewith the standard-state char@fe Second, including theoretical
remaining data. Doing this leads to an absolute aqueousgas-phase clustering data has little effect on the value obtained
solvation free energy of the proton e266.1 kcal/mol, with a  for the absolute agqueous solvation free energy of the proton,
standard deviation ofj; from the average value of; equal to  suggesting that augmenting experimental gas-phase clustering
0.70 kcal/mol. The ordinate of the intersection of the lines for free energies with theoretical ones could be used in applications
n= 0 andn = 1 is —268.0 kcal/mol. All of these values are  of the cluster pair approximation to media for which few
nearly identical to those obtained with the full data set, experimental gas-phase clustering data exist. Third, the value
demonstrating that the B97-1/MG3S level of theory is able to obtained here for the absolute aqueous solvation free energy of
predict gas-phase clustering free energies of clustered ions (inthe proton is sensitive to the types of cations used to determine
particular, clustered anions) containing a single water molecule this value. In previous studies that used the cluster pair
to very high accuracy. approximation, the data sets were limited to mainly monatomic

The results from several recent bulk liquid simulations sug- ions. By augmentation of the data used in these previous studies
gest a value for the absolute solvation free energy of the with data for polyatomic ions, inconsistencies in the value
proton that is close te-252 kcal/moli%-41.78.79%ynhich is nearly obtained for the absolute aqueous solvation free energy of the
14 kcal/mol more positive than the value reported by Tissandier proton obtained using different subsets of the cationic data have
et al. Some recent discussion has focused on the electricalbeen revealed. In particular, by analyzing subsets of data
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containing differences between conventional aqueous solvationexpansion of our earlier data set, contains absolute aqueous
free energies of anions and of either monatomic cations, solvation free energies for 121 unclustered ions (not including

oxonium cations, or ammonium ions, we demonstrated how the H*) and 147 absolute aqueous solvation free energies for 51
cluster pair approximation is sensitive to variations in the data clustered ions containing in some cases up to 6 water molecules.

set. Besides the number of ions and number of clustering water
In previous work, we have used 3 kcal/mol as an estimate of molecules considered, the current data set differs from our earlier
the uncertainty associated with the absolute aqueous solvationdata set by the value used for the absolute aqueous solvation
free energy of a typical iok Tissandier et al. report an  free energy of the proton. Our earlier compilation used a value
uncertainty of 2 kcal/mol for the absolute aqueous solvation of —264.3 kcal/mol for this quantity; thus, the absolute aqueous
free energy of the proton (see the footnote in Table 6 of ref splvation free energies reported here differ from those listed in
24), based on the uncertainties associated with the conventionabyr previous compilation by-1.6 kcal/mol for anions anet1.6
aqueous solvation free energies and gas-phase clustering fregcal/mol for cations. For CECN-, an additional difference of
energies used in their work. Tissandier et al. also noted that —5 3 kcal/mol is due to an update in the experimentél pf

their cluster pair analysis gave a value of 0.07 kcal/mol as the acetonitrile from 25 to 28.9, as described above. FoOYF,
standard deviation of the average intersection ordinate of eachan additional difference of7.5 kcal/mol (which is partially

line with all the others from the mealiin eq 27). In Table 7, canceled by the-1.6 kcal/mol difference from above) is due
we report values for the standard deviation of the ordinate of tg the use of an incorrect value for the experimental gas-phase
the intersection point between our lines with all othefisif clustering free energy of Fin our previous compilation (also

eq 28) for each of our fits. (For those f.itslwh.am,t 1, there is described above). Finally, for g9)HsO", an additional dif-
only oney; value, so the standard deviation is undefined.) The ference of—2.5 kcal/mol is due to an update in the value used
values reported for the standard deviation in Table 7 range from ¢, the gas-phase clustering free energy. The largest discrepancy

0.65 to 1.15 kcal/mol, depending on the data set used. While hepyeen any of the solvation free energies reported here and
these standard deviations are useful for assessing the quality OBy Pliego and Riverd is CN-, for which the current work

the different fi_ts reported by Tissandier et al. and i_n t_his article, gives a value 2.5 kcal/mol more negative than Pliego and
we do not believe that any O.f these sta_ndard d_eV|at|ons shouldgiyeros' value. Inspection of the experimental data used in each
be equated to the uncertainty associated with the absoluteqs yhege compilations reveals that a difference in the experi-

aqueous solvation free energy of the proton. This is becausenenia| value for the gas-phase acidity of HCN is responsible
the standard deviation (as defined here or in ref 24) does NOtsor this discrepancy. In this work, we used an experimental value

te.\ke.into account the uncgrtainty associated_ with the gas-phqs%f 343.7 kcal/mol (1 atm standard state) for the gas-phase acidity
binding free energies, which for most of the ions considered in of HCN. which was taken from the NIST tabfsand is an

this WOT" are around 2 kc_al/mol. Addltl_onally, for_ those_ average of two experimental determinati##8that are within
conventional aqueous solvation free energies determined usingy 5 cal/mol of one another Except for this difference, the

]Egcrar;r;chzgc%ggcls;;tggd ﬁéégeai);%izg?ee;t%%all:ﬁjﬁ:'s:gabsolute solvation free energies reported in these two compila-
gas-p tions are all within 1.0 kcal/mol.

uncertainty between 1 and 2 kcal/mi6PSFinally, it was shown
above that depending on the cationic data used the value for ] ]
the absolute aqueous solvation free energy of the proton can’- Performance of Continuum Solvation Models for
fluctuate by up to 7.6 kcal/mol. On the basis of these results, Predicting Absolute Aqueous Solvation Free Energies of
we suggest that an uncertainty of no less than 2 kcal/mol should!0ns

be assigned to the absolute aqueous solvation free energy of

the proton All of the ion and ion-water cluster data that were previously

used to parametrize and test the SM6 continuum solvation
model* are based on Zhan and Dixon’s valtief —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

Through the use of Tissandier et al.’s value for the absolute free energies determined in this work for the same 112
aqueous solvation free energy of the protet265.9 kcal/mol), unclustered ions that were included in our previous data set,
all of the conventional aqueous solvation free energies in Tablesplus the absolute aqueous solvation free energies determined
1-3 and in Tables 5 and 6 were converted to absolute aqueousn this work for 31 clustered ions containing a single water
solvation free energies using egs 4, 5, 17, and 18. The absolutemolecule that were included in our previous data set, we retested
aqueous solvation free energies of the unclustered ions are giverthe performance of the same continuum models that were tested
in Table 8; those for clustered ions (containing up to six as part of our previous work, namely, SM5.48R2 SM6,14
clustering water molecules) are given in Table 9. Also given in and five variants of the Polarizable Continuum Md&éét
Tables 8 and 9 are the absolute aqueous solvation free energiePCM): dielectric PCM (DPCM) ofGaussian 9% (DPCM/
from our earlier compilation as well as those reported by Pliego 98)20.9394DPCM of Gaussian 0% (DPCM/03)?¢ conductor-
and Riverog? when available. like PCM (CPCM) ofGaussian 9§CPCM/98)?~99 CPCM of

The data set presented in this article contains a significantly Gaussian 03(CPCM/03)77:98.1%0 and the integral-equation-
larger number of absolute aqueous solvation free energies tharformalism PCM (IEF-PCM¥10+103 of Gaussian 03 The
either of the two previous compilations, in particular for combinations of solvation approximation and basis set that we
clustered ions. Our earlier data set of ions contains absoluteused are SM6/MPW2bAsis where MPW?25 is the same as the
aqueous solvation free energies for 112 unclustered ions (notmPW1PW91 functional of Barone and Adaiféwhich they
including H") and 31 clustered ions containing a single water also call mPWO0, andasis is MIDI!6D, 105106 6-31G(d)107
molecule. The current data set, which is both an update and6-314+G(d)1%7 or 6-314-G(d,p)1°7 plus SM6/B3LYP/6-3%G-

6. Absolute Aqueous Solvation Free Energies of Single
lons and lon—Water Clusters Based on Tissandier et al.’s
Value for the Absolute Aqueous Solvation Free Energy of
the Proton
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TABLE 8: Absolute Aqueous Solvation Free Energies of Unclustered lons (kcal/mdl)

M+ ref 14 ref 23 this work M ref 14 ref 23 this work
Ht —264.3 —265.9 —265.9 F —102.8 —105.0 —-104.4
Lit —128.4 Cr —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 HG~ —98.9 —-97.3 —-97.3
TI+ —87.6 Q- —84.9 —83.3
Cu* —141.3 HS —-73.7 —-71.6 —-72.1
Ag* —-118.7 HG™ —78.1 —76.1 —76.5
H;O™ —108.7 —-110.2 —-110.3 CN —-71.8 —67.6 —-70.2
CH3OH," —-91.4 —-93.1 —-93.0 CHO~ —96.6 —95.2 —95.0
CH3;CH,OH,* —86.8 —88.4 —88.4 GHsO~ —-92.3 -91.1 —90.7
(CH3).0H* —-78.1 —79.8 —79.7 CHCH,CH,O —-89.9 —88.3
(CsHs),OH* —69.9 —71.5 —-715 (CH).CHO —87.9 —86.3
CH3;C(OH)CHs*™ —75.5 —76.8 —-77.1 CHCH,CHOCH;~ —85.8 —84.2
CH3;C(OH)GsHs " —62.9 —65.1 —64.5 C(CH);:0~ —83.9 —82.3
NH4*" —83.6 —85.2 —85.2 HC=CHCH,O~ —88.2 —86.6
CHsNHz* —74.8 —76.5 —76.4 CHOCH,CH,O~ —-91.0 —-89.4
CHs(CH,),NHz*" —69.9 —71.5 —-715 HOCHCH,O~ —86.9 —85.3
(CH3),CHNHgz* —68.0 —69.6 GHsCH,O~ —86.7 —85.1
C(CHg)sNHz* —65.7 —67.3 CRCH,O~ —-79.1 —-77.5
Cc-CeH1INH3* —67.1 —68.7 CH(CR).O~ —67.1 —65.5
H,C=CHCH,NH3" —-70.4 —-72.0 CHOO™ —94.8 —93.2
(CHz)NHz* —-67.0 —68.6 —68.6 CHCH,O0~ —90.8 —89.2
(CoHs)oNH, " —61.8 —-63.2 —63.4 HCQ~ —77.8 —76.2 —76.2
(n-CsH7)oNH ™ —58.9 —60.5 CHCO,™ —79.2 —-77.3 —77.6
(H2C=CHCH,),NH," —60.0 —61.6 CHCH,CO,~ —77.8 —-76.2
(CHz)sNH* —59.5 —61.2 —-61.1 CH(CH,)4CO; —76.2 —74.6
(CoHs)sNH* -53.0 —-54.7 —-54.6 HC=CHCO,~ —75.6 —74.0
(n-CsH7)sNH™* —49.3 —-50.9 CHCOCO~ —70.1 —68.5
CeHsNH3"™ —70.8 —72.8 —72.4 CHCICO, —-71.3 —69.7
0-CH3CgH4NH3* —68.7 -70.3 CHC}CO,™ —63.9 —62.3
m-CH3CsH4NH3* —68.0 —69.6 CRCO; —60.9 —59.3
p-CH3CsH4NH3* —68.2 —69.8 GHsCO, —72.8 —-71.2 —-71.2
mM-NH,CeH4NHz™ —64.2 —65.8 GHsO~ —73.5 —-71.3 —-71.9
CeHsNH,CHs " —61.0 —62.6 0-CH3CgH,O~ —71.8 —-70.2
CeHsNH,CH,CH3* —60.6 —62.2 m-CH3CeH,O™ —72.7 —-71.1
CeHsNH(CHg), ™ —55.6 —-57.2 p-CH3CeHA4O~ —73.6 —72.0
p-CH3CsH4NH(CHz),* —54.3 —55.9 m-HOGCsH,0O~ —75.4 —73.8
CeHsNH(CH,CH3)," —-52.4 —-54.0 p-HOCsH,O —79.2 —77.6
CioH/NH3*" —65.8 —67.4 0-NO,CeH,O —61.7 —60.1
CH4NH, " —69.3 —70.9 m-NO,CeH,O~ —63.5 —61.9
C3HeNH" —66.1 —67.7 p-NO.CsH,O~ —-59.4 —57.8
C4HgNH,™ —64.4 —66.0 0-CICeH,O~ —67.7 —66.1
CsHioNH2* —62.6 —64.2 p-CICeH,O~ —67.6 —66.0
CgH1oNH,* —-61.7 —-63.3 CH(O)CH- —78.1 —75.7 —76.5
C4HsNH* —59.8 —61.4 CHC(O)CH~ —77.8 —75.6 —76.2
pyridineH" —59.5 —61.1 —-61.1 CHCH,C(O)CHCH;~ —75.3 —73.7
CoH/NH* —54.4 -56.0 NCNH —73.8 —72.2
C4HgNHNH,*™ —64.4 —66.0 CHCN- —73.5 —65.7 —66.6
CHsCNH* —-73.7 —-75.3 GHsNH~ —64.5 —63.8 —62.9
HoNNH3* —83.0 —84.6 p-NO-CsHsNH~ —59.0 —57.4
p-CH30C6H4NH3+ —69.6 —71.2 (Q;Hs)zN_ —56.2 —54.6
p-NO,CsH4NH3™ —74.3 —75.9 CHCONH- —81.8 —80.1 —80.2
C4HgONH, " —68.0 —69.6 CHNO,~ —78.1 —75.9 —76.5
CH3COHNH,* —-72.3 —73.8 —-73.9 CHS™ —75.4 —-73.7 —73.8
CeHsCOHNH, " —65.6 —67.2 CHCH,S™ —73.4 —71.8
(CHs)SH* —62.9 —64.5 —64.5 GH/S —-72.1 —70.5
(CHs3),SOH* —66.1 —68.2 —67.7 GHsS —65.0 —63.3 —63.4
m-CICsH4NH3* —-73.1 —74.7 CHS(O)CH~ —69.3 —67.7
p-CICsH4NH3" —-72.5 —-74.1 CCk~ —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.
lons in this table are listed in the same order as in Tabte3.1

(d,p), SM6/B3PW91/6-31G(d,p), SM5.43R/MPW25/6-34G- theont®and is the recommended method for predicting aqueous
(d,p), DPCM/98/HF/6-31G(d), DPCM/03/HF/6-31G(d), CPCM/ solvation free energies with PCM according to Baussian
98/HF/6-31G(d), CPCM/03/HF/6-31G(d); IEF-PCM/03/HF/6- 03 manual® (Thus, with the exception of IEF-PCM/03/MPW25/
31G(d), and IEF-PCM/03/MPW25/6-315(d,p). For all PCM 6-31+G(d,p), the PCM methods listed above have been tested
calculations, we used the United Atom for Hartrdeock in a way that should allow them to perform at their best.) For
(UAHF) method for assigning atomic radf® the UAHF SM5.43R and SM6, the radii are part of the model and are given
method was optimized for use with the HF/6-31G(d) level of in the original papers}16.32
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TABLE 9: Absolute Aqueous Solvation Free Energies (kcal/mol) of Clustered lonsn(= Number of Clustering Water
Molecules}

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 —785
HO*" —86.1 —90.2 —-81.7 —-76.7 —-75.4 —-75.4 —76.9
CH3OH," —77.4 —79.0 —-71.0 —68.3 —67.7 —68.5 —70.2
CH3CH,OH,* —74.4 —76.0 —69.6 —67.5 —67.1
(CH3),OH" —67.1 —68.7
(CzHs).,OH* —63.0° —64.6
CH3;C(OH)CHs*™ —67.1 —68.7 —66.4 —64.6 —64.7 —65.9
CH3C(OH)GsHs " —56.5 —58.1
NH4* —75.4 —-77.0 —72.8 —-71.0 —-71.2 —72.8
CHsNHz* —70.2 —67.4 —66.8 —67.5
CHs(CH,)NH3* —67.2 —66.3 —67.3 —69.2
(CHz)NHz* —64.3 —62.5 —62.8 —64.3 —66.6
(CHg)sNH* —58.0 —58.2 —59.7
(CoHs)sNH* —54.0
(n-C3H7)3NH+ —51.8
C4HgNH"™ —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 —78.3 771 —77.3 —77.4
HO,~ —86.9° —84.Pc
Oy —77.2 —75.6 —70.3 —67.8
HS™ —69.5 —67.9 —65.8 —65.6
HCy™ -71.9 -70.3
CN™ —68.0 —66.4 —64.5 —64.1
CH;O~ —84.0 —-82.5 —75.2 —-72.1 —71.5
CHsO~ —-82.9 —80.9
CH3CH2CH207 *79.83 *78.23
(CH3),CHO™ —80.0 —78.4
CH3CH,CHOCH;~ —-80.2 —78.7
C(CHg)30~ —76.1 —74.3
H,C=CHCH,O~ —79.7 -77.8
CH3OCH,CH,O~ —-81.9 —-80.2
HOCH,CH,O~ —77.2 —75.7
CeHsCH,O™ —79.4 —-77.8
CRCH,O —72.00 —70.2
CH(CR)O —65.9 —64.00
CH;00 —84.0 —83.00
CH3;CH,00~ —-81.0¢ —-79.9
HCO,™ —-715
CH3CO, —-72.7
CeHsO~ —68.2
CHsS™ —69.6 —67.5 —66.9 —67.4
CeHsS™ —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 (B9#1/MG3S) clustering free energy useédroton transfer from water to HOGoccurs without barrier in this cluster so that the
resulting ion is better described as (HH20) than (HOO)(H:0).

Summarized in Table 10 is the performance of the continuum were not included in the selectively clustered data set (143 total
models listed above for calculating absolute aqueous solvationions), and this is the second set of ionic solutes. Both of these
free energies of unclustered ions and of clustered ions containingsets of ionic solutes are subsets of the ionic data listed in Tables
up to a single water molecule. The mean unsigned errors 8 and 9. A full list of the ionic solutes contained in each of
(MUEsSs) in this table were calculated using two different sets these subsets is given in ref 14. The criteria that we used for
of ionic solutes. The first set, which is also called the selectively deciding which ions to include in this set as clustered ions have
clustered ion set, includes 31 clustered ions containing a singlebeen explained in detail elsewh&te’” and are based on the
water molecule, plus 81 unclustered ions (i.e., ions that are number of atoms in the ion and the magnitude of atomic charge
included in this set as clustered ions are not included as theirconcentrated on single exposed heteroatoms in the ion. We
analogous bare ions). The 112 ions in this set are the same oneshould point out that although we have provided a precise
that we used to optimize the atomic radii used by our SM6 definition of these criteria elsewhere they are necessarily
modell* We also calculated MUEs using all 112 of the arbitrary. Ideally, we would like to give a definite prescription
unclustered ions from above, plus the 31 unclustered ions thatfor when one should include explicit water molecules in implicit
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TABLE 10: Mean Unsigned Errors (kcal/mol) in Absolute Aqueous Solvation Free Energies of lorfsand lon—Water ClustersP
for Various Continuum Solvent Models, Computed Using Absolute Aqueous Solvation Free Energies Reported in Ref 14 and in
This Work

selectively clustered ion data Set all iong
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/MPW25/6-3#G(d) 3.3 35 45 4.6
SM6/MPW25/6-3%G(d,p) 3.2 35 4.4 4.5
SM6/B3LYP/6-3HG(d,p) 3.3 3.6 45 4.7
SM6/B3PW91/6-3+G(d,p) 3.2 35 4.4 4.6
SM5.43R/MPW25/6-31G(d,p) 6.2 5.3 6.9 6.1
DPCM/98/HF/6-31G(d)’ 5.9 5.8 5.8 5.7
DPCM/03/HF/6-31G(d)¢ 14.3 13.0 15.6 14.3
CPCM/98/HF/6-31G(d 6.3 6.0 6.4 6.0
CPCM/03/HF/6-31G(d)® 7.6 7.3 75 7.1
IEF—PCM/03/HF/6-31G(d)9 7.6 7.4 7.5 7.2
IEF—PCM/03/MPW25/6-3%+G(d,py9 9.0 8.6 8.9 8.4

aGas-phase geometries optimized at the MPW25/MIDI! level of theory were used to compute solvation free energies for all unclustered ions in
this table.? Gas-phase geometries optimized at the B/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 Infaveation.
unsigned errors in this column were computed using 81 unclustered ions, plus 31 clustered ions containing a single wate i@aculasigned
errors in this column were computed using 112 unclustered ions, plus 31 clustered ions containing a single water MidheculdHF method®
for assigning atomic radii was used in these calculatibAs.implemented inGaussian 982 9 As implemented irGaussian 03°

solvation model calculations. However, it is not possible to do 8. Conclusions
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. F.O.r ions, we have suggested in previous papers using thermochemical cycles that involvié pgas-phase acidity,
that an e>_<pI|C|t water molecule shpuld be a_dded Wher_le_ver ON€neutral solvation data, and gas-phase clustering free energies,
wants to improve the accuracy, since adding an explicit water e cjyster pair approximation has been used to obtain a value
should almost always improve the accuracy when the effectis ot _266.1 kcal/mol for the absolute agueous solvation free
large but is relatively safe becguse it cannot make the accuracyenergy of the proton. This value is in good agreement with
much worse when the effect is small. Tissandier et al.’s value 0f265.9 kcal/moP4 which these

For each set of ionic solutes, MUEs were calculated using workers obtained using the same approximation, applied to a
the absolute aqueous solvation free energies taken from ourmuch smaller set of ions. Thus, we agree with Camaioni and
previous compilatiotf and those taken from the compilation ~Schwerdtfegel and suggest using a value €265.9 kcal/mol
developed as part of this work. Thus, MUEs were calculated for the absolute aqueous solvation free energy of the proton in
using a total of four different sets of absolute aqueous solvation all future applications.
free energies. By analyzing subsets of data containing different types of

The conclusions that we made using our previous data set ofCations (monatomic cations, oxonium cations, or ammonium
solvation free energies do not change when absolute aqueoud®ns), we demonstrated the sensitivity of the cluster pair
solvation free energies taken from the updated data set are used@PProximation to variations in the data set, particularly if
In particular, SM6 outperforms all of the continuum models analys_ls IS restrlcte_d to _smgly cluster_ed 1ons. Tak|_ng this
against which it was tested; for the selectively clustered ion behawo_r into cons_lderatu_)n, along with the expenmen_tal
set, all levels of theory used with SM6 give MUEs of 3.7 kcal/ uncertainties associated with the gas-phase free energy differ-
mol or less, whereas the closest competing model is SM5.43R ences that are required to use the cluster pair approximation,
which give’s a MUE of 5.2 kcallmol when tested against 'this 'we estimate an uncertainty of no less than 2 kcal/mol for the

- ) X - X absolute aqueous solvation free energy of the proton.
set of ions. As before, clustering significantly improves the d 9y P

i Using Tissandier et al.’s value for the absolute aqueous
performance of SM6. For all levels of theory, SM6 gives MUEs .
- solvation free energy of the proton, we updated and expanded
that are at least 1 kcal/mol smaller for the selectively clustered vat 9y P we up XP

. . . .~ our previous compilatiort of absolute aqueous solvation free
lon set thar_l for th_e full ;et of ions. Whe_n SM6 is used with ener%ies of ions (vt:/)hich was based on Z?wan and Dixon’s value
dlffu_se basis fur_lctlons, its performance is better when testedy, ihe absolute aqueous solvation free energy of the proton).
against our previous data set but only by a small amount{0.2 1 resulting data set, which contains absolute aqueous solvation
0.3 kcal/mol). For a}II other levels of theory., the overall fee energies for 121 unclustered ions (not includirt) Bind
performance of SM6 improves when tested against the updated; 47 apsolute aqueous solvation free energies for 51 clustered
absolute solvation free energies. Thus, although SM6 was jons containing up to, in some cases, 6 water molecules, is the
originally developed for predicting absolute aqueous solvation most accurate and comprehensive data set of its type to date.
free energies that are based on Zhan and Dixon’s value of Using absolute aqueous solvation free energies taken from this
—264.3 kcal/mol for the absolute aqueous solvation free energy new data set, we retested the performance of the same continuum
of the proton, the performance of SM6 is also good (and in solvation models that were tested as part of our previous ¥ork.
some cases even better) when the recommended vah @659 As before, SM6 outperforms all of the continuum models against
kcal/mol is used for the absolute aqueous solvation free energywhich it was tested. Also as before, adding a single explicit
of the proton. water molecule to some ions greatly improves the accuracy of

Augmenting conventional aqueous solvation free energies of
monatomic ions taken from the literature with conventional
aqueous solvation free energies of polyatomic ions determined
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SM6. Comparing the results obtained here to our previous results  (20) Lewis, G. N.; Randall, M.; Pitzer, K. S.; Brewer, Thermodynam-
reveals that when diffuse basis functions are used the overallics 2nd €d.; McGraw-Hill: New York, 1961; p 399.

performance of SM6 becomes worse by 0.3 kcal/mol or less

(21) Pliego, J. R., Jr.; Riveros, J. @hem. Phys. Let200Q 332 597.
(22) Borin, L. L. Russ. J. Phys. Chem991, 65, 1328. Translated

when tested against the updated data set of solvation freefrom: Borin, L. L. Zh. Fizi. Khim.1991, 65, 2517.

energies. When nondiffuse basis functions are used, the
performance of SM6 actually increases when tested against thet®22

(23) Pliego, J. R., Jr.; Riveros, J. ®hys. Chem. Chem. PhyX)02 4,

(24) Tissandier, M. D.; Cowen, K. A.; Feng, W. Y.; Gundlach, E.;

updated data set. This is encouraging, because it shows thatoehen, M. J.; Earhart, A. D.; Coe, J. ¥. Phys. Chem. A998 102, 7787.

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 6f265.9 kcal/mol is used for this
quantity.
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