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We derive a consistent approach for predicting the solvation free energies of charged solutes in the presence
of implicit and explicit solvents. We find that some published methodologies make systematic errors in the
computed free energies because of the incorrect accounting of the standard state corrections for water molecules
or water clusters present in the thermodynamic cycle. This problem can be avoided by using the same standard
state for each species involved in the reaction under consideration. We analyze two different thermodynamic
cycles for calculating the solvation free energies of ionic solutes: (1) the cluster cycle with an n water cluster
as a reagent and (2) the monomer cycle with n distinct water molecules as reagents. The use of the cluster
cycle gives solvation free energies that are in excellent agreement with the experimental values obtained
from studies of ion—water clusters. The mean absolute errors are 0.8 kcal/mol for H" and 2.0 kcal/mol for
Cu?*. Conversely, calculations using the monomer cycle lead to mean absolute errors that are > 10 kcal/mol
for H and >30 kcal/mol for Cu®>*. The presence of hydrogen-bonded clusters of similar size on the left- and
right-hand sides of the reaction cycle results in the cancelation of the systematic errors in the calculated free
energies. Using the cluster cycle with 1 solvation shell leads to errors of 5 kcal/mol for HT (6 waters) and 27
kcal/mol for Cu®*" (6 waters), whereas using 2 solvation shells leads to accuracies of 2 kcal/mol for Cu®>" (18
waters) and 1 kcal/mol for Ht (10 waters).

1. Introduction

The ability to predict accurately the hydration free energies
of ionic species, including the calculations of their pK,, stability
constants, and redox potentials through the use of appropriate
thermodynamic cycles, is of crucial importance in many areas
of chemistry and biochemistry.'-> Accurately calculating the
hydration free energies for ions, however, is a challenging task
because continuum dielectric solvent models are often inad-
equate when one is dealing with ionic solutes that have
concentrated charge densities with strong local solute—solvent
interactions.*® To overcome this deficiency of continuum
solvent models, it has become a common practice to add explicit
solvent molecules to the model ionic systems.”2” For example,
Kelly et al. showed that adding one explicit solvent molecule
significantly improves the accuracy of the calculated aqueous
solvation free energies’”® and the acid dissociation constants®
when using the SM6 continuum solvation model. Pliego and
Riveros reported that a cluster-continuum solvent model with
two to three explicit water molecules gives calculated pK,’s of
17 organic molecules that are in better agreement with the
measurements than those calculated by using pure continuum
solvent methods.!%!! Solvation calculations for bare metal ions
should include at least a complete first coordination sphere of
solvent (water) molecules.!2-2!

Herein, we derive a thermodynamically consistent approach
for the accurate prediction of the solvation free energies of
charged solutes in the presence of implicit and explicit solvent
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SCHEME 1: Thermodynamic Cycle 1 (Monomer Cycle)
for the Calculation of AGg(A™)

AG®, ping ) - nAG®*

A™ (@) +  nHO(@ — [AH0),]™(g)
AG*solv(Ami) nAG* solv(HZO) AG*SOIV([A (HZO)n]mi)
At (aq)  +  nH0(aq) ————— [A(H,0) ] (aq)

nRTIn{H,0]

SCHEME 2: Thermodynamic Cycle 2 (Cluster Cycle)
for the Calculation of AGgg,(A™F)
AGE, g () - AG
A™ @)+ (H0), (e ———> [A(H0)]™ (g
AG" g (A™) AG 1 (H,0)) AG’ 4, ([A(H0), 1)
A" (aq)  +  (H0),(aq) ————— [A(H,0),]" (aq)
RTIn([H,0)/mn)

molecules from first principles without additional parameters
beyond those used for neutral solutes. We find that some
published methodologies make systematic errors in the com-
puted free energies because of the incorrect accounting of the
standard state corrections for water molecules”® or water
clusters?>-20 present in the thermodynamic cycle. We show that
this problem can be avoided by using the same standard state
for each species involved in the reaction under consideration.339

Cluster/continuum calculations of solvation free energies of
ions with different thermodynamic cycles (see Schemes 1 and
2) have been reported by several research groups.!0-1422-26
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SCHEME 3: Thermodynamic Cycle for the Formation
of Water Clusters
AGS, ing - (m-1)AG™"
nH,0(g) —— (H,0),(2)
nAG*sn]v(HZO) AG*SO]V(O{ZO)H)

nH,0 (aq) ——— (H,0), (aq)
RTIn(n[H,O]™ 1)

SCHEME 4: Thermodynamic cycle for the calculation of
PKa.

AGO&,deprot -(ntm-1) AG
HA(g) + (mm)H,0(g) ——— (H,0), A (z) + (H,0),H' ()

(n+m)AG ’ sulv(HZO) AG*SO]V(HZO)HA-) AG*sol\r(HZO)nA—)

lAG*solv(HA)

HA (aq) + (+m)H,0 (aq) ee—f- (H,0), A" (aq) + (H,0),H" (aq)
AG! + (n+m)RTIn{H,0]

ao derroi

However, the existing discrepancy among the calculated sol-
vation free energies using different thermodynamic cycles has
not been discussed in the literature. In this article, we compare
the performance of two thermodynamic cycles in terms of their
ability to predict solvation free energies for H™ and Cu?" ions.
On the basis of the present and reported cluster/continuum
calculations, we provide a rationale for selecting the most-
appropriate thermodynamic cycle for the mixed cluster/
continuum calculations of ion solvation free energies.

2. Thermodynamics of Solvation

A brief overview of solvation thermodynamics follows the
work of Ben-Naim3!:32 and Marcus,>? to which the reader should
refer for a more thorough discussion. The chemical potential
of a solute S in the gas phase and dilute solution (at a given
temperature 7 and pressure P) can be expressed as

1 (S)=RT In(p(S)A g, ) =[RT In(A g, )+
RT In(N,)] + [RT In(p,(S)) — RT In(N )] = 115 (S) +
RTIn[S,] (1)
Heon(S) = 1z (S) + N, W(Slsolvent) +
RT In[S = /,L;’fﬂv(S) +RT In[S_;,] (2)

where k is the Boltzmann constant, N is Avogadro’s number,
p(S) is the number density of particles S, [S] = p(S)/Na is the
molar concentration, A,® is the momentum partition function,
gs is the molecular partition function, and W(Slsolvent) is the
coupling work or the Gibbs free energy of the interaction of S
with its environment, that is, a pure solvent in this case. The
quantities ﬂ;’(S) and ugn(S) are, respectively, the standard
chemical potentials of S in the gas phase and the solvent.

The standard molar Gibbs free energy of solvation is defined
as the free energy of transfer of one mole of S from an ideal
gas state to an infinitely dilute solution. This free energy of
transfer is the difference between the standard chemical
potentials of S in the two phases:

AG 1 (8) = 5, ()~ (S) 3)
Substituting eq 2 into eq 3 yields

solv]

AG_,,(S) = N, W(Slsolvent) 4)

Thus, the standard free energy of solvation can also be defined
as the work of addition of a particle of S to a fixed position in
the solvent, per mole of solute.

Bryantsev et al.

Equation 4 can also be applied to the self-solvation of water.
In this case, the substitution of H,O for S into eqs 1 and 2 yields

#t,(Hy0) = pig (H,0) + RT In[H,0,] (5)
oo (H,0) = 15, (H,0) + N, W(H,OIH,0) + RT In[H,O

solv]
(0)

where [H,Oso1v] is the concentration of the pure liquid at a given
T and P. At equilibrium

;ug(H2O) = lusolv(H2O) (7)

This enables us to express the free energy of self-solvation
of water as

AG,,,(H,0) = N, W(H,0lH,0)
=RT ln([HZOg]/[HZOsolv])eq (8)

Substituting the saturation liquid and vapor densities?® of
water at T = 298.15 into eq 8 ([H,O.] = 1.281 1073 mol/L,
and [HyOgo1y] = 55.34 mol/L) yields AG:OIV(HZO) = —6.32 kcal/
mol.

3. Selection of the Standard State

Most tabulations of experimental and calculated free
energies of solvation are based on Ben-Naim’s definition'?
of solvation as the transfer of a solute from a hypothetical
ideal gas at 1 M into a hypothetical ideal 1 M aqueous
solution at infinite dilution. The condition of equality of
concentrations in the two phases yields solvation free energy
with no translational entropy corrections for the phase change.
This quantity is directly related to the solute—solvent
interactions, as defined in eq 4. Although this standard state
convention is fully accepted for solvated species, it still
causes some confusion when water is both a solvated species
and a solvent. According to the widely adopted symmetrical
standard state definition, the activity of a pure solvent at
standard conditions is taken as unity.>*3 For pure water
[H,O(D)] at T = 298 K, this corresponds to a concentration
of 55.34 M. However, using this definition of the standard
state to describe the self-solvation of water leads to a free
energy of transfer that contains an additional term because
of the difference in solute (water) concentrations between
the two phases. This can be avoided by adopting a standard
state of 1 M for water. Although choosing the same standard
state for the solute and the solvent may seem unnatural, a 1
M standard state of water can be thought of as just a
hypothetical reference state, as pointed out by Pliego.?%2?°
Thus, it is correct to use either a 1 M water solution or pure
water as reference states because they can be interconverted
easily by the addition of the translational entropy. This
entropic conversion factor often causes confusion in the
literature, as discussed in the next section of this article.

4. Thermodynamic Cycles for Cluster/Continuum Models

4.1. Thermodynamic Cycles for the Determination of
AGg(A™F). The inability of dielectric continuum models to
give accurate predictions of the solvation free energies of
charged solutes can be overcome by treating a part of the solvent
explicitly. In this case, the solvation free energy of an ionic
solute can be calculated by using the thermodynamic cycles
depicted in Scheme 1'%-!# or 2.22-26 For the monomer cycle
(Scheme 1), an ionic solute reacts with n distinct water
molecules. Conversely, a cluster of n water molecules reacts
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TABLE 1: Absolute Aqueous Solvation Free Energies
(kcal/mol) of H;0"(H,0), and OH (H,0),, Clustered Ions*

H;0*(H,0), OH™ (H,0),
N ref 8 corrected ref 8 corrected
1 —90.2 —87.8 —89.3 —86.9
2 —81.7 —77.0 —82.3 =715
3 —76.7 —69.6 —178.3 —-71.2
4 —75.4 —65.9 —77.1 —67.6
5 —75.4 —63.6 —-77.3 —65.4
6 —76.9 —62.7 —77.4 —63.1

4 Values from ref 8 have been corrected to include the nRT In[H,O]
term.

TABLE 2: Absolute Aqueous Solvation Free Energies
(kcal/mol) of (H,0), Clusters at 7= 298.15 K

n AGgpind AG((H20),)" AGion((H0),)/n
2 2.08 —10.03 —5.01
3 3.51 —13.26 —4.42
4 2.43 —14.06 —3.51
5 2.16 —15.70 —-3.14
Ocyclic 4.07 —19.54 —3.26

“Free energy of forming water clusters in the gas phase
calculated by Dunn et al.”by using the CBS-APNO level of theory.
b Calculated by using the thermodynamic cycle shown in Scheme 3.

with the ionic solute in the cluster cycle (Scheme 2). In both
cases, AG gpind® is the gas-phase free energy of complexation
and AG:OW(X) is the standard free energy of solvation for X =
A", Hy0, (H20),, and A(H,0),"*.

Note that the correct construction of a thermodynamic cycle
requires that each reactant or product in the upper and lower
legs of the cycle be in the same standard state. This is the key
point of our discussion and one that many authors do not
consider properly. Often experimental and calculated gas-phase
free energies are defined with the standard state being that of
an ideal gas at 1 atm (AG;), wheres free energies of solvation
are associated with the 1 M (gas) — 1 M (solution) process
(AGLw). In this article, we evaluate all of the thermodynamic
quantities in Schemes 1-4 by using the 1 M ideal gas and the
1 M solution as standard states.

The free-energy change of 1 mol of an ideal gas from 1 atm
(24.46 L mol ) to 1 M (1 mol L™1) is given by”8

o—*

AG® =—TAS" "=RTIn(V,/V') = RT In(24.46) =
1.89 keal/mol (7= 298.15K) (9)

The conversion from an ideal gas standard state of 1 atm to
a standard state of 1 M yields

o—*

AG,=AG,"+AG (10

Applying eq 10 to each gas-phase reactant and product yields
the corrections given in the upper legs of thermodynamic cycles
1 and 2.

The concentration corrections in the lower legs of cycles 1
and 2 can also be understood in terms of translational entropy
corrections, as discussed below. The formation of a cluster of
a solvated ion in liquid water does not involve any change in
free energy. This can be expressed as

A"*(aq) + nH,0(D)ss 3, =[A(H,0),1"*(aq);
AG. =0 (11)

aqg,clust
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A" (aq) + (H,0),(Dss 345 v=[AH,0),1"“(aq);
AG. . =0 (12)

ag,clust

The concentrations of H,O and (H,0), in liquid water are
55.34 M and 55.34/n M, respectively. To combine reactions 11
and 12 with standard free energies of solvation defined by a
standard state of 1 M, a correction term must be added. In cycle
1, the correction term is the free-energy change of n moles of
H,0 gas from 55.34 M liquid state to 1| M

nAGgg = —nRT In(55.34) = —2.38n kcal/mol
(T=298.15K) (13)

For cycle 2, the correction term is the free-energy change of
1 mol of (H,0), gas from 55.34/n M liquid state to 1 M,

1—*

AGly ), = —RTIn(55.34/n) (T=298.15K) ~ (14)

s

Thus, AG. . (A™) from cycle 1 is given by!®

solv
AG 1 (A"™) = AGy D) + AG 4, ([AGH,0),1") +
nAG,, (H,0) (15)

vap
Here, AG yap(H20O) is the vaporization free energy defined
by

£l

AG,,(H,0) = —G.,,,(H,0) — RT In[H,0] — AG*™

(16)

solv

s

AG (Ami) from cycle 2 can be written as

solv
WA = AGY (D + AG, ([A(H,0), 1) —

AG

AG,;((H,0),) —AG®™ — RT In([H,0]/n) (17)

Note that eq 15 is exactly the equation that Pliego and
Riveros!® and Asthagiri et al.'® derived by using a more formal
description of the thermodynamics of solvation.

A number of reports with systematic errors in the computed
solvation free energies have been published recently. The main
source of error is the incorrect assignment of a standard state
for water molecules or water clusters in the solvent phase. For
example, Kelly et al.” employed thermodynamic cycle 1
(Scheme 1) to estimate the aqueous solvation free energies of
solute—water clusters from the corresponding experimental gas-
phase free energies of ion—water clusters and solvation free
energies of bare ions. However, the concentration correction
term, nRT In[H,O], was not included in their analysis. In a more
recent publication,? these authors used H,O(l) in the lower leg
of thermodynamic cycle 1. They argued that the concentration
of pure liquid should not appear in eq 15 because of the use of
a standard state of ideal dilute solution, for which the activity
of water is close to unity. Kelly et al.” subsequently used a value
of AG':.olV(HZO) = —6.32 kcal/mol to calculate the free ener-
gy of solute transfer from 1 M (gas) into 55.34 M (solution).
Note that from our previous discussion, the correct value of
the free-energy change for this process is AGi(H20) + RT
In[H,0] = —4.94 kcal/mol. To illustrate the significance of the
concentration corrections, Table 1 lists published® and corrected
experimental absolute solvation free energies (kcal/mol) for
H;07(H,0), and OH~(H,0), clustered ions. Interestingly, the
solvation free energy of the proton reported by Kelly et al.® is
correct because it is based on the difference between the
solvation free energies of cation—water and anion—water
clusters. In this case, the standard state corrections cancel out.
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Surprisingly, no concentration correction for water clusters
using the cluster cycle (eq 14) was included in previous
calculations of solvation free energies. Although this correction
is smaller in magnitude than that given by eq 13, it is still
significant. That is, it is greater than 1 kcal/mol in absolute value
for 11 > n > 300. For example, Zhan and Dixon?? did not
include concentration corrections in their high level ab initio
calculations of the hydration free energy of the proton. Their
calculated value (—264.3 kcal/mol) is ~1.6 kcal/mol less
negative than the estimated value of —265.9 kcal/mol suggested
by Tissandier et al.3*3¢ However, the addition of concentration
corrections (for (H,O)4 and (H>O),o clusters) to Zhan and
Dixon’s calculations yields a value AG:()IV(HJr) = —265.63 £+
0.22 kcal/mol that is closer to the value given by Tissandier et
21.30.36

Finally, we would like to point out that Gutowski and Dixon?’
have recently employed a correction factor for (H,O), clusters
in the form —(AG°™ + AG i50)/n = —4.3/n, which is quite
different from that in eq 17. Note that this correction goes to
zero when n goes to infinity, whereas the solvation phase
correction factor defined by eq 14 would equal zero only when
n = [H,O] = 55.34 M; that is, there is no change in the
concentration of water molecules between the gas and liquid
phases.

As an illustration of the validity of our approach, consider
the gas-phase process in Scheme 2, where 7 is very large, n =
Na, (Avogadro’s number):

1 ion (Ami(g)) =+ 1 cluster ((H2O)NA) =1 ion([ A(H,0),, ]mi);

[H,0]=55.34 M; AG,,, = AG.,,(A")/N, (12b)

solv

If it is written per particle, then the free-energy change for
reaction 12b is directly related to the solvation free energy,
AG_,(A"*)/N,. Note that the concentration of water as
reagent here is 55.34 M.

If one uses a standard state of 1 M for each component as in
Schemes 14,

I M(A"™(g) +1 M (H0)y )= 1M ([A(Hzo)NA]’"i);

[H,0] =N, M; AG . = AGy (1) — G (120)

then, the free-energy change is expressed as AG =
AG;,bind (II) — AG °*. Note that the concentration of water as
reagent using this standard state convention is No M. The Gibbs
free-energy change for reaction 12c¢ is related to the AGmlv
(A"*) in reaction 12b by converting the concentration of water
from Na to 55.34 M. This is equivalent to changing the
concentration of (H,O)y, from 1 to 55.34/Na M. Using the
conversion factor RT In ([HyOl/N,) for this process leads to

golv(Ami) = AGg bind (I1) = AG " — RT In [H,0]/Na. This
result can be obtained directly from the cluster cycle (eq 17)
by equating AGiv((H0),) and AGn([A(H20),]™%) to 0 for
very large n.

4.2. Thermodynamic Cycle for the Formation of Water
Clusters. The formation of a cluster of n water molecules can
be described as a simple rearrangement of liquid water into
solvated water clusters with no change in free energy:

nH0(0)s5 305 = (H,0),(Ds5340 113 AG, =0 (18)

aq,clust

For the 1 M ideal gas and solution standard states, the
concentration correction is given by

Bryantsev et al.

AG,

aq,clust

= AGlyo), — nAGl s = nRT In[H,0] -

RT In([H,0]/n) = RTln(n[HZO]"_I) (19)

Thus, the corrected solvation free energy of a water cluster
(Scheme 3) is expressed as
DAG™ " +

AGSOIV((HZO) ) G; bind + (n

nAG.,,(H,0)+ RT In(n[H,01"™") (20)

solv

Table 2 lists the estimated solvation free energies of water
clusters. The theses were calculated by using AG;,bind values
for (H,0),, n = 2—6, calculated by Dunn et al.’ [at the CBS-
APNO level of theory] and the experimental solvation free
energy of water [AGo,(H,0) = —6.32 kcal/mol].3* Note that
the solvation free energy of (H,O), clusters [per molecule]
rapidly decreases with increasing n to approximately half the
solvation free energy of a free water molecule because of the
formation of hydrogen bonds between water molecules inside
the clusters.

4.3. Thermodynamic Cycle for the Determination of pK,.
Our methodology can be applied to any reaction in aqueous
solutions. For example, the selection of a consistent thermo-
dynamic cycle for the calculation of acidity constants (pKj,) in
aqueous solutions has been the subject of discussion in recent
years.?82%3% By definition, pK, is given by

HA(aq) = A (aq) + H+(aq); pK,=—log K,=

AG /(RT1n 10) (21)

Combining eq 21 with eq 11 yields
HA(aq) + (n + m)H,0() =[AH,0),,] —
[H(H,0),] + (aq); pK, = AG’

aq,deprot

(aq) +

aq,deprot/RT In(10) (22)

The free-energy change for reaction 22 is independent of the
values of n and m when the activity of liquid water in the
solution phase is unity. However, a correction term, ((n + m)RT
In[H,0]) must be added when the 1 M aqueous solution is used
as standard state. In this case, the pK, can be calculated by using
the thermodynamic cycle shown in Scheme 4,

pK,=1/(RTIn 10)(AG® .., +G° +

g.deprot

(IA(H,0),1) + AG.,([H(H,0),1") —

90]v solv

(HA) + (n+m)AG,,(H,0)) (23)

solv vap

Note that eq 23 is equivalent to the one derived by Pliego in
ref 28. However, it is different from the equations used by Kelly
et al.” and da Silva et al.*® Because of this, the methodologies
employed by these authors in refs 9 and 39 give systematic
errors in the computed pK,.

5. Computational Methods

The structures of neutral/protonated water clusters and
Cu(IT)—water clusters were optimized by using the B3LYP*0:4!
variant of density functional theory (DFT). The standard
6-311G++(d,p) basis set with diffuse functions was employed
in the light atoms. The standard Los Alamos effective core
potential LACVP*? uncontracted to form a triple-§ valence basis
set, LACV3P,* and diffuse function was employed in Cu. In
addition, single-point energy calculations were performed by
using more extended basis sets (i.e., the aug-cc-pVTZ(-f) basis
set* for the light atoms and the LACV3P+ basis set augmented
by two f-polarization functions® (o = 4.97 and 1.30) for Cu).
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Frequency calculations were carried out with the smaller
6-31G** basis set. The standard Gibbs free energy of each
species (X) in the gas phase was calculated by using the standard
rigid rotor-harmonic oscillator approximation without scaling.
Three continuum solvent models were evaluated in this study:
the COSMO model*® as implemented in Turbomole,*’ the
Poisson—Boltzmann (PB) model as implemented in Jaguar,*®
and the Jaguar version®® of the SM6 model.” The electronic
energies in the solvent reaction fields were calculated at the
B3LYP/6-311++4G(d,p) level, except for the SM6 model in
which the largest allowed basis set was 6-31+G(d,p). Solvation
calculations for ionic clusters were carried out using the
COSMO model with all of the geometries fully optimized in
the solvent reaction field. COSMO calculations were performed
with the recommended solvation parameters optimized for
neutral solutes:*® solvent probe radius of 1.3 A, solvent dielectric
constant of 78.4, and atomic radii of 1.30 A for hydrogen and
1.72 A for oxygen. The Bondi radius® scaled by 1.17 (2.223
A) was used for copper. Note that the results of the calculations
are not sensitive to the choice of this parameter if the metal ion
is completely surrounded by water molecules. The nonelectro-
static component (cavity term) of the solvation free energy was
estimated by using the empirical relation given in ref 51.

6. Results and Discussion

As previously discussed, the free energy of solvation of an
ionic species A™* can be calculated by using either the monomer
cycle (eq 15) or the cluster cycle (eq 17). However, the two
methods give significantly different results when coupled with
the continuum solvent models. Note that the difference between
the reactions in the cluster and monomer cycles (Schemes 1
and 2) gives the reaction of formation of water clusters (Scheme
3), which we discuss first to provide an explanation for the
inconsistency between the two cycles.

6.1. Solvation of Water and Water Clusters. The calculated
self-solvation free energies of water are, respectively, —8.80,
—8.83, and —6.67 kcal/mol using the PB, the SM6, and the
COSMO models. The latter value compares favorably with the
experimental value of —6.32 kcal/mol.** The calculated gas-
phase cluster free energies and solvation free energies of water
clusters are summarized in Table 3. The residual errors of
theoretical calculations in closing cycle 3 are also listed in Table
3. The magnitude of this error is a measure of deviation between
the two thermodynamic cycles. As shown in Figure 1, the
residual error increases almost linearly with the number of
hydrogen bonds. One source of error is the inaccuracy of the
calculated gas-phase free energies. Note that an extension of
the basis set from 6-311G++(d,p) to aug-cc-pVTZ(-f) or using
MP2/CBS electronic binding energies from ref 52 increases the
residual error even further. The COSMO model provides the
most accurate estimate for the AGZOW(HZO) and gives the lowest
error among the three continuum models tested in this study.
However, even in this case, the residual error is still large (up
to 41.1 kcal/mol for (H,0);g). One of the main sources of these
errors (Figure 1) is the failure of the continuum solvation
methods to describe accurately the solvation of water clusters.
Continuum models are predicated upon the assumption that the
solute (cluster) is a rigid species undergoing only harmonic
vibrational motion. Because of this, changes in the internal
partition function of a hydrogen-bonded solute induced by the
presence of the solvent are generally not taken into account by
continuum solvent models. In solution, however, there might
be a potential of mean force among molecules in the cluster,
resulting in high mobility and diffusion of water molecules.!?
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TABLE 3: Calculated Gas-Phase Clusterization Free
Energies and Solvation Free Energies of Water Clusters and
the Total Residual Error of Closing Thermodynamic Cycle
Shown in Scheme 3 Using Three Different Continuum
Solvation Models®

AG:olv((HZO)n)
n AGgpna Jaguar® COSMO° SM6¢ Jaguar® COSMO° SM6

2 252 —1551 —11.60 —1540 —-0.07 —0.42 0.09
3 471 —1533 —10.73 —14.57  6.59 4.79 7.43
4 263 —18.05 —12.04 —-17.28 6.17 3.63 7.03
5
6
8

residual error

206 —21.27 —1448 —21.15 6.76 2.87 7.01
255 —24.11 —1638 —2432 8284 3.76 8.78
8.11 —21.86 —15.16 —23.94 2554 15.15  23.67
10 9.00 —29.25 —19.23 —=30.17 27.97 16.64 27.31
12 13.85 —27.94 —17.61 —28.09 43.08 27.80 43.24
14 13776 —32.82 —21.01 —34.55 47.09 29.01 45.71
16 19.28 —31.68 —20.01 —3291 62.74 40.25 6191
18 18.70 —36.48 —23.25 —39.46 66.35 41.15 63.82

@ All energies are in kcal/mol. Electronic energies are calculated
at the B3LYP/6-311++G(d,p) level ®The Poison—Boltzmann
continuum solvation model in Jaguar.*® The calculated value for
AG.y (H,0) is —8.80 keal/mol. ¢ The COSMO solvation model“6 in
Turbomole that gives the electrostatic contribution to the solvation
free energy. Nonpolar contributions were estimated by using the
empirical relation given in ref 51. The calculated value for AGany
(H,0) is —6.67 kcal/mol. ¢ The SM6 solvation model of Kelly et
al.” The calculated value for AGey, (H,0) is —8.83 kcal/mol.
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Figure 1. Correlation of the residual error for closing the thermody-
namic cycle depicted in Scheme 3 with the number of hydrogen bonds
in a water cluster. Calculations are performed by using three different
continuum solvation models: COSMO, the Poisson—Boltzmann (PB)
model implemented in Jaguar, and SM6. The line is drawn through
the data points with the COSMO model and the PB model in Jaguar.

Indeed, the calculated gas-phase entropy loss per mole of water
upon the formation of (H,O);s (29.5 eu) is significantly larger
than the experimental entropy change associated with the gas
(1 M) to liquid (1 M) transition (14.1 eu). Thus, the solvation
free energy of (H,O);s will be greatly underestimated in this
case. One can presumably decrease this error by tuning the
default solvent-accessible surface area contributions, which are
primarily optimized for small and rigid molecules. However,
we have not pursued this ad hoc approach and have used the
default solvation parameters with each model.

6.2. Solvation of Ions. As previously discussed, the ability
of mixed cluster/continuum models to describe ion solvation
has also been the subject of several investigations.

Pratt and co-workers!>'* were the first to use rigorous
statistical thermodynamic considerations to combine hybrid
solvation models with a monomer cycle. They found that the
best estimates of the solvation free energies are obtained when
the size of the cluster (n) is selected variationally to produce
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Figure 2. Dependence of the overall stability of (H,O), clusters in
the aqueous phase defined as the sum of the gas-phase, AGg bind, and
solution phase, AGio((H>0),,, contributions (listed in Table 3) on the
number of water molecules in the cluster. Solvation calculations are
performed with the COSMO//B3LYP/6-3114++G(d,p) method.

the lowest solvation free energy. For ions with well-defined
coordination numbers, the optimum 7 is often equal to the
number of solvent molecules in the first coordination shell.
These authors also provided a detailed discussion of standard
states pertinent to a monomer cycle. A closely related approach
has been subsequently employed by Pliego and Riveros.!%!!

The combination of a cluster/continuum model with a cluster
cycle (Scheme 2) provides an alternative approach for the
solvation free energy of ions. The underlying premise behind
this methodology is that the interactions between [A(H,0),]"*
and bulk water are similar to those between (H,0), and bulk
water in the limit of large n.22 Thus, it is critical in this case to
ensure that calculations are well converged as the number of
explicit water molecules increases. This could significantly
increase the computational cost due to the need to locate the
low-energy isomers of relatively large solute—water clusters.

The selection of the number of explicit water molecules (7)
is another important factor when using a cluster/continumm
approach with a cluster cycle. The results of calculations shown
in Figure 2 suggest that clusters with even numbers of water
molecules (n = 4 to 18) break down into two subgroups with
quite different sums of AG;,bind and AGeyy ((H20),). This is
due to different patterns of hydrogen bonds for the most stable
(H,0),, water clusters with n and n + 2 (Figure 3).5-57 Thus,
for the determination of the solvation free energies by using
the cluster cycle we recommend to employ water clusters from
the lowest-energy subgroup (n = 6, 10, 14, 18...).

6.2.1. Calculations of AGs,,(H"). Direct experimental mea-
surements can only provide relative values for the solvation free
energies of ions. These are often tabulated with respect to the
solvation free energy of the proton. Thus, the accurate estimation
of the absolute solvation free energy of the proton is of
fundamental importance and has been the subject of numerous
theoretical and experimental studies.>%13-2225.26.36.58-61 The key
issue is that the solvation free energy of the proton cannot be
measured directly. Because of this, assumptions are often made
to separate the solvation free energy of a salt into contributions
from the cation and anion. As a result, there is a large spread
(> 13 kcal/mol) in the reported values of the proton solvation
free energy. Camaioni and Schwerdtfeger®” have recommended
using AG?OIV(HJr) = —265.9 kcal/mol, a benchmark value
derived by Tissandier et al.’%3¢ by using the cluster pair
approximation and recently reproduced to within 0.2 kcal/mol
by Kelly et al.8
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Figure 3. Most stable geometries of (H,0),, n = 4 to 18, as obtained
from B3LYP calculations using the 6-3114++G(d,p) basis set. (H,0),

clusters with n = 6 + 4m and 4 + 4m and m = 1 to 3, broken down
into two subclasses with different arrangements of the hydrogen bonds.

The cluster pair approximation is based on the assumption
that the difference between the absolute solvation free energies
for positively and negatively charged ion—water clusters goes
to zero as the cluster becomes infinitely large. The solvation
free energy of the proton is determined by comparing the
difference in the clustering free energies of cation—anion pairs
containing clustered water molecules (up to six water molecules
in the Kelly’s et al.® analysis) with the difference between
conventional solvation free energies of the ion-pairs containing
no water molecules. Warren et al. in a recent publication
advocated using solvation free energies of ions on the basis of
this approximation as a benchmark set for parametrization of
ion force fields. However, they and several others'301-92 have
argued that the value of Tissandier et al. is not the absolute
value for the solvation free energy, but rather, this value also
includes an additional contribution from the electrostatic
potential of the liquid phase relative to that in the gas phase
(potential of the phase). This statement is supported by liquid
simulation results using classical potentials.'361-92 This statement
has been criticized®? because of the conceptual difficulty in
defining such a potential for clusters of just a few water
molecules that needs to be considered to be a part of intermo-
lecular interactions between a solute and a solvent AG.,,
(A™®) . There is a general agreement that the potential of the
phase is not present in pure continuum solvent calculations and
bulk solvent simulations performed under periodic boundary
conditions. More importantly for our present discussion, how-
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TABLE 4: Solvation Free Energy of the Proton (kcal/mol) Calculated Using the Monomer Cycle and the Cluster Cycle
monomer cycle cluster cycle
AG:olv(H+)(I) AG:OIV(HJr)(H)
AGg,bindo b * - SScor A AGg,bindo b AAG:(,]V SScor A
n Iy BSIE? AAG(I) 1y (el)*  (nonely  (full) (e BSEI a1y () (el)*  (nonel)  (full)

1 —156.9 0.6 —82.2 —43 —242.8 0.0 —2428 —1569 0.6 —822 —43 -—-2428 00 —242.8
2 —185.4 2.6 —58.0 —8.5 —2493 —14 -—250.7

4 —209.2 5.8 -27.7 —17.1 —2482 —43 -2525 —-211.8 1.0 —466 —34 —-260.8 0.1 —260.7
6 —215.5 8.4 -10.2 —25.6 —2429 —73 -=2502 —218.0 02 —409 -32 -2619 00 —261.9
10 —-214.8 140 20.6 —4277 —=2229 —13.7 -236.6 —2238 —02 —385 —29 -2654 0.1 —265.3
14 —-215.0 206 55.0 —-59.8 —199.2 —20.0 —219.2 —228.8 0.0 —349 =27 -2664 00 —266.4
best estimate —252.5¢ —266.7"

¢ Electronic binding energies are calculated at the B3LYP/6-311G++G(d,p) level. Harmonic frequency analysis is performed using the
6-31G(d,p) basis set. » Basis set incompleteness error (BSIE) calculated as the change in the electronic binding energy with increasing the basis
set size from 6-311G++(d,p) to aug-cc-pVTZ(-f). < Bulk solvent free-energy change: AAGin() = AGen([HH20),]7) — nAGew(H,0) and
AAG:(,IV(II) = AG;W([H(HZO),,]*) — AG:O]V((HQO),«,). 4 Standard state correction: SScor(I) = —nRTIn[H,O] — nAG® ™" and SScor(Il) = —RTIn([H,O)/
n) — AG°". ¢Total solvation free energy including only electrostatic contribution to solvation from COSMO/B3LYP/6-311G++(d,p).
s Nonelectrostatic contribution to solvation using the cavity-formation term as described in ref 51. ¢ The minimal value of AG:()]V(H+)(I) with respect to
n. " AG,(H") extrapolated to n — oo assuming exponential decay of AGe(HT) with .

TABLE 5: Solvation Free Energy of the Cu?* Ion (kcal/mol) as Calculated Using the Monomer Cycle and the Cluster Cycle

monomer cycle cluster cycle

AG:o]\'(Cu2+)(I) AG:OIV (Cu2+)(H)
AG gﬂbi"do ) SScor AGg,bind ° AAG:OW SScor

n D BSIE? AAGw (I (1Y (el)*  (nonel)y  (full) D¢ BSEI’ () D¢ (el)* (nomely  (full)
4 —271.6 1.6 —1772 —17.1 —4643 —43 —468.7
6 —304.3 4.8 —137.7 =256 —4628 —7.4 —470.2 —306.8 —3.5 —1684 —32 —481.9 0.0 —481.9
8 —333.0 9.3 —101.9 —342 —459.8 —10.4 —470.2
10 —3437 118 —80.6  —42.77 —4552 —13.5 —468.7 —352.7 —23 —139.7 —-29 —-497.6 03 —4973
18 —362.5 249 09 —769 —4136 —262 —4398 —381.2 —-25 —1206 —2.6 —5069 0.1 —506.8
best estimate —470.2¢ —509.0"

“ Electronic binding energies are calculated at the B3LYP/6-311G++G(d,p) level. Harmonic frequency analysis is performed using the
631G(d,p) basis set. » Basis set incompleteness error (BSIE) calculated as the change in the electronic binding energy with increasing the basis
set size from 6-311G+-+(d,p) to aug-cc-pVTZ(-f). ¢ Bulk solvent free-energy change: AAG:(I) = AGi([Cu(H,0),1*Y) — nAGen(H,0) and
AAG(ID) = AGun([Cu(H20),12Y) — AGin((H,0),). ¢ Standard state correction: SScor(I) = —nRTIn[H,0] — nAG°™ and SScor(Il) =
—RTIn([HO/n) — AG°™. <Total solvation free energy including only electrostatic —contribution to solvation from
COSMO/B3LYP/6-311G++(d,p). / Nonelectrostatic contribution to solvation using the cavity-formation term as described in ref 51. ¢ The
minimal value of AG;IV(Cu”)(I) with respect to n. * AGeo(Cu?t) extrapolated to n — oo assuming exponential decay of AG;)[V(Cu”) with n.

ever, is that irrespective of the outcome of the ongoing
discussion on the absolute solvation free energy of the
proton,33:13.30.36.61.62 gur cluster/continuum calculations can be
properly compared with the set of experimental data interpreted
by using the cluster pair approximation. Indeed, the potential
of the phase, if included in the Tissandier et al. analysis, would
also be included in eqs 15 and 17 for calculation of AG:OIV
(A'"i) as a part of the gas-phase clustering free energy. As
mentioned above, continuum dielectric calculations treat
[A(H,0),]"* as a rigid cluster with no change in solute—solvent
interaction (partition function) inside the cluster (including the
part of the interaction corresponding to the potential of the
phase). Thus, it is warranted to make a direct comparison
between the calculations of ion—water clusters (cluster/
continuum calculations) and the ion solvation free energies
assigned using the gas-phase experiments on ion—water clusters
(cluster—pair approximation).

Table 5 list the free energies of solvation of the proton
(AG(H™)) and the various gas- and solvent-phase contribu-
tions calculated by using the monomer and cluster cycles
(Schemes 1 and 2). Hodges et al.%3 have carried out an extensive
search of the conformational space of protonated water clusters.
They combined a basin-hopping algorithm with the potentials
developed by Kozack and Jordan® and Hodges and Stone.®
We used the five structures with the lowest gas-phase energies
for n = 6 located by Hodges et al.® as initial structures in our

geometry optimizations. These were carried out at the B3ALYP/
6-311G++(d,p) level of theory in the gas phase and COSMO
solvent reaction field. Geometries and electronic energies of all
H(H,0)," complexes optimized in the gas phase and in the
solvent are provided in the Supporting Information.

The AGjolv(HJr) for each cluster size is computed by using
the lowest-energy structure in the solvent reaction field. Table
4 highlights the effect of basis set on the calculated electronic
energies. The effect of extending the basis set from 6-311G++(d,p)
to aug-cc-pVTZ(-f) is significant for the monomer cycle
(Scheme 1). In this case, the difference in the binding energy
increases with the size of the cluster. Conversely, the effect of
the basis set size on the calculated binding energies for the
cluster cycle (Scheme 2) is small and becomes negligible for
larger n. Note also that the cavity contributions to the solvation
free energies are significant and increase linearly with # for the
monomer cycle but are negligible for the cluster cycle (Table
4).

The B3LYP method used in conjunction with large basis sets
is known to underestimate the binding energies of water clusters
compared with the more accurate but computationally more
demanding calculations at the MP2 and CCSD(T) level.
However, the error given by B3LYP for the difference in total
binding energies between H"(H,0), and (H,0), clusters is
expected to be much smaller. Indeed, the gas-phase free-energy
change of —210.8 kcal/mol calculated at the B3LYP/aug-cc-
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Figure 4. Most stable structures of [H(H,0),]* found in our calcula-
tions after COSMO optimization at the B3LYP/6-311G++(d,p) level.

pVTZ(-£)//6-311G++(d,p) level is in excellent agreement with
the value of —211.1 kcal/mol calculated in ref 22 for the same
process at the CCSD(T) level with extrapolation to complete
basis set limit and corrections for core-valence correlation and
relativistic effects.

The bulk solvent shift, AAGsy (II), calculated with the
B3LYP-COSMO method for n = 4, is —46.6 kcal/mol. It can
be compared with the —51.3 kcal/mol for the same process in
ref 22 using the MP2-SVPE method. This difference is likely
to arise from a different parametrization of the two solvation
models. The COSMO model overestimates the hydration free
energy of water by 0.3 kcal/mol, whereas the SVPE model used
in ref 22 overestimates it by 2.6 kcal/mol (by 0.9 kcal/mol after
including the cavity contribution’!). We emphasize that it is
critical to model accurately the solvation free energy of water
for the accurate estimation of AGu (A"F) because the
interaction between [A(H,0),]”* and bulk water is mainly due
to interactions between water molecules.

The best estimate of AGayy (HT) is obtained by analyzing
its dependence on the number of water molecules in the
solute—water cluster (Figure 5). For the monomer cycle, AGily
(H") exhibits a minimum at n = 4, followed by a gradual
increase. The minimum value of —252.5 kcal/mol for AGy
(H™) provides the best estimate for the solvation of the proton
using the monomer cycle (Scheme 1). Note that the calculated
AGiy (H) are sensitive to the nonelectrostatic contributions
(cavity term). The calculations performed without cavity terms
yield the lowest solvation energy of —249.3 kcal/mol for the
[H(H>0),]" cluster.

Figure 5 shows that the cluster cycle (Scheme 2) gives
calculated proton solvation free energies that monotonically
decrease and level off as n increases. The change in AGion (HM)
is significant from n = 1 to n = 6 (~19 kcal/mol), moderate
from n = 6 to n = 10 (~3.4 kcal/mol), and relatively small
from n = 10 to n = 14 (~1.1 kcal/mol). The results are
reasonably converged at n = 14. This enables us to estimate
AGey (H) by extrapolating the calculated energies to n—oo
by using the exponential function

AG . (n) = AG,y,(n— ) — (a) exp(—(b)n) ~ (24)

where a and b are the fitting parameters. This yields a
AGioy (n—0) of —266.7 kcal/mol, which is our best estimate
of the proton hydration free energy using the cluster cycle. This
estimate is very close to the value (—265.9 kcal/mol) recom-
mended by Tissandier et al.3® Conversely, the difference between
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Figure 5. Solvation free energy of the proton as a function of the
number of water molecules in the cluster. The monomer cycle is shown
in Scheme 1, and the cluster cycle is shown in Scheme 2. Solvation
calculations are performed with the COSMO method giving the
electrostatic contribution (el) and by including the nonelectrostatic cavity
formation contribution (full) to the solvation free energy. The later term
appears to be negligible for the cluster cycle, and thus, only the cluster
cycle (full) data points are shown.

the monomer cycle estimate and the recommended value of
AGioly (H") is ~14 kcal/mol. The overall results of our
calculations suggest that the monomer cycle does not produce
accurate estimates of solvation free energies. This may be the
result of an unbalanced reaction scheme involving n separate
water molecules on the reactant side and a solute—water cluster
on the product side (Scheme 1) having problems similar to those
observed for the water cluster formation cycle (Scheme 3 and
Table 3). The reaction scheme for the cluster cycle (Scheme 2)
is more balanced with clusters of similar size on both the
reaction and product sides. Because of this, calculation errors
associated with the treatment of solvation effects in hydrogen-
bonded clusters largely cancel out. In this case, our results
suggest that high-level correlated ab initio methods, extended
basis sets, and surface-area-dependent nonpolar solvation con-
tributions are not needed to obtain accurate solvation free
energies (see Table 4).

6.2.2. Calculations of AG,,, (Cu?*). The next example
compares the performance of the two thermodynamic cycles
for predicting the solvation free energy of a Cu(Il) ion. The
solvation of transition metal ions is particularly difficult to model
because of the pronounced ligand field stabilization effects and
significant extent of the charge transfer from the ligands to the
metal.2”667 We have studied the electronic and geometric
structures of various hydrated Cu(II) complexes, [Cu(H,0),]*",
as a function of the metal coordination number (4 to 6) and the
cluster size (n = 4 to 18). The lowest-energy structures of the
[Cu(H,0),]** complexes in the aqueous phase for n = 4, 6, 8,
10, and 18 are depicted in Figure 6. More detailed analysis of
the role of the first and second shells of water on the structure
and energetics of [Cu(H,0),]** will be reported in a separate
article.®

Table 5 and Figure 6 summarize the calculated hydration free
energies of Cu®>™ as a function of n. Comparative analysis of
the results obtained using the monomer and the cluster cycles
reveals the same qualitative differences as noted for the solvation
of the proton. Again, the cluster approach is intrinsically less
sensitive to the use of the extended basis set and the inclusion
of nonpolar solvation contributions. The best estimate of the
AGiy (Cu?™) with the monomer cycle (Scheme 1) is —470.2
kcal/mol, which is the shallow minimum around n = 6 to 8.
The results for the cluster cycle (Scheme 2) show that the
convergence of AGiy (Cu?") as a function of n is much slower
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than that of AGuy (H™). There is a very large change in
hydration free energy from n = 6 to 10 (~15.4 kcal/mol) and
a significant change from n = 10 to 18 (~9.5 kcal/mol).
Although we cannot claim that the calculated hydration free
energy of Cu(Il) has fully converged at n = 18, we can estimate
the limit of AGyyy (Cu?™) when n — o by using the exponential
fit (eq 24). This leads to a value of —509.0 kcal/mol, which is
our best estimate of the AGs, (Cu?t) with the cluster cycle.

Similar to the results obtained for the proton, the value of
AGion(Cu?t) calculated with the cluster cycle is within the
experimental uncertainty (507.0 & 4 kcal/mol). Conversely, the
value of AGi(Cu?t) calculated with the monomer cycle
underestimates the experimental value by more than 35 kcal/
mol. Again the inability of the monomer cycle to give adequate
estimates can be attributed to systematic errors resulting from
an unbalanced reaction scheme involving n separate water
molecules on the reactant side and a solute—water cluster on
the product side (Scheme 1). Note the decrease in the
AG:olv(CuH) calculated with the cluster cycle as more water
molecules are added to the outer shells of the ion—water clusters.
This can be attributed to the fact that there is still a significant
charge transfer between the ligands and the metal center beyond
the first coordination shell, as illustrated in Figure 8 by using
charges from natural atomic orbitals (NAO).% For soft divalent
d- and f-block?’ metal ions, this is likely to be a general
phenomenon. Continuum solvent models and classical molecular
dynamics simulations with nonpolarizable potentials are not able
to describe the charge-transfer effect. Thus, the solvation free
energies for transition metal ions will be underestimated when
they are calculated by using cluster/continuum models with only
a single (first) hydration shell treated explicitly. Note that charge
transfer is expected to die out quickly with increasing distance
from the metal center, thus justifying the use of eq 24 to estimate
the bulk limit solvation free energy of metal ions in solutions.

6.2.3. Comparison with Published Results. The monomer
cycle was used by Asthagiri et al.'!# in the framework of the
quasi-chemical theory and by Pliego et al.!®!! within a
conceptually similar cluster-continuum model. Tawa et al.>> and
Mejias et al.?® were among the first investigators to use the
cluster cycle to calculate the solvation free energy of an ionic
solute, although no standard state correction expressed by eq
14 was applied. Calculations performed at the higher level of
theory using a cluster cycle were reported by Zhan et al.?*> Table
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Figure 7. Solvation free energy of Cu®* as a function of the number
of water molecules in the cluster. The monomer cycle is shown in
Scheme 1, and the cluster cycle is shown in Scheme 2. Solvation
calculations are performed with the COSMO method giving the
electrostatic contribution (el) and by including the nonelectrostatic cavity
formation contribution (full) to the solvation free energy. The later term
appears to be small for the cluster cycle, and thus, only the cluster
cycle (full) data points are shown.
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Figure 8. Dependence of the natural atomic orbital (NAO) charge
confined by the Cu?* and the four equatorial water molecules on the
total number of water molecules in [Cu(H,0),]?>". This indicates a
significant charge transfer from the metal ion to the second and outer
hydration shells.

6 compares the results of these calculations with respect to their
accuracy in predicting solvation free energies of a few simple
ions. Classical liquid simulation results from polarizable and
nonpolarizable force fields are also included for the compar-
ison.!301.62 In addition to the experimental data based on
Tissandier’s proton hydration free energy of —265.9 kcal/mol,
we also list the data compiled by Marcus using the proton
hydration free energy of —254.3 kcal/mol.? The latter ion-cluster
data are consistent with the tetraphenylarsonium tertaphenylbo-
rate (TATB) assumption®®7? commonly adopted by the molec-
ular dynamics simulation community.

A close examination of Table 6 reveals several important
points: (1) Our results are consistent with all of the reported
values when they are compared using the same thermodynamic
cycle. (2) Solvation calculations using the cluster cycle are in
excellent agreement with the values recommended by Tissandier
et al.? (3) There is also a very reasonable agreement between
independent classical liquid simulation results and the values
suggested by Marcus.? These two sets of data can be reconciled
by assuming a contribution from the potential of the phase (see
section 6.2.1) present in the cluster/continuum calculations
(using both the monomer and the cluster cycle) and the data
from Tissandier but absent in the classical liquid simulations
and the data from Marcus. Indeed, taking into account the total
liquid—vacuum interfacial potential of —11.5 to —12.7 kcal
mol~'e™!, estimated for various water models,%>71-73 yields a
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TABLE 6: Comparison of the Theoretical Values of Hydration Free Energy for Ionic Solutes Obtained Using the Monomer
Cycle, the Cluster Cycle, and Classical Liquid Simulations with Experiment (kcal/mol)

monomer cycle cluster cycle classical liquid simulations® expt
ion  Asthagiri'>'* Pliego!® this work Zhan** Zhan (cor)’ this work Asthagiri'? Grossfield®! Warren®? Marcus®>  Kelly?
H* —254.6 —257.7¢  —252.5 —264.3 —265.6 —266.7 —254.44 —254.3 —265.9
OH™ —105.3 —93.1 —106.4 —107.1 —121.1; —123.8  —116.8¢ —116.3" —104.7
Lit —120.5 —127.0 —128.5 —102.3—-105.4" —116.9 —1284
K* =752 —=74.5 —56.2—69.5" —74.6 —86.0
Cu?* —473.6 —470.2 —509.0 —483.7 —507.00

“ Converted to the AG;IV(H*) given the calculated value of AG;IV(H3O+) and the known experimental difference®® between the solvation
free energies for H" and H;O". » Computational results of Zhan et al.”? corrected for the standard state change according to eq 14. ¢ Not
adjusted for the potential of the phase. ¢ Converted to the AG:‘,IV(HJr) given the calculated value of AG:W(KU (—74.5 kcal/mol) and the known
difference, AGi(HY) — AGi (K = —179.9 keal/mol.8' ¢ Converted to the AG,,(OH™) given the calculated value of AGe(Cl7) (—84.6
kcal/mol) and the known difference, AG:OIV(OH’) — AG:olv(Cl’) = —30.3 kcal/mol. There is a typographical error in Table 8 of ref 61 for
AGio(OH™). f The variation in the solvation free energy calculated by using five ion model sets. ¢ Adjusted to correspond to the 1 M (gas) —
1 M (solution) process. " Adjusted according to the AGo(H™) of —254.3 kcal/mol and the known sum, AGe(H) + AGi(OH™) = —370.7
kcal/mol. / An uncertainty of experimental data is no less than 2 kcal/mol for singly charged ions and 4 kcal/mol for doubly charged ions.?
J Taken from ref 2 and adjusted according to the AGio(HY) value of —265.9 kcal/mol.

remarkable agreement (within 1 kcal/mol) among cluster cycle
calculations, best liquid simulations using polarizable force
fields,%! and experiment. The only serious discrepancy is for
the monomer cycle, which produces solvation free energies that
are significantly underestimated compared to the values of
Tissandier et al.’

One important test of the accuracy of the two cluster/
continuum methods is the ability to reproduce the difference
between AGo(Cu?t) and AGe,(HY), which is directly mea-
surable. The cluster cycle yields 24.4 kcal/mol, which is in
excellent agreement with the experimental value of 24.9 kcal/
mol. Conversely, the calculations with the monomer cycle
performed by us and by Asthagiri et al.'# lead to a mean absolute
error of 9.9 and 10.7 kcal/mol, respectively.

These results are consistent with the statement we made
earlier that coupling the monomer cycle with continuum solvent
calculations leads to systematic errors in the calculated
AGa(A"™) values that are too positive. The fundamental
problem here is that continuum dielectric calculations treat
hydrogen-bonded complexes as rigid clusters with no change
in the internal partition function caused by the solvent.

The boundary defining a separation between inner and outer
solvent molecules in the monomer cycle is obtained by applying
a variational check to the right-hand side of eq 15 (the value of
n that yields the lowest AG., (A"®)). Note that eq 15 is, in
principle, exact. AGio(A"%) has a minimum with respect to
some finite n only because the calculated value of
AG:0|V([A(H2O),,]mi) using continuum models is underestimated
and the calculational error increases with increasing cluster size.
Because this minimum of AGjolv(Ami) with respect to n is an
artifact of continuum calculations, the boundary from applying
this variational check has no real physical meaning.

There is no such boundary in the cluster approach because
the dependence of the right-hand side of eq 17 on 7 is expected
to be monotonic (apart for some oscillations with cluster size),
converging to some limit at large n. This provides a reasonable
picture of solvation thermodynamics, especially for multiply
charged ions (such as Cu?") in which water molecules in the
second hydration shell have a significant influence on the
calculated AG_, (A™).

A much better overall performance of the cluster cycle can
be attributed for the most part to its tendency to compensate
for systematic errors present in gas- and solvation-phase
calculations by considering the difference in free energies for
clusters of similar size. This makes the cluster approach much

less sensitive to such factors such as the deficiency of continuum
solvation models, the incompleteness of the basis sets, the
approximate nature of DFT functionals, the inclusion of
anharmonic corrections to the vibrational frequencies, the
nonpolar contributions to solvation, and so forth.

The difference in solvation free energy between the two
approaches is particularly striking for Cu?". The full solvation
of the first and the second shells around Cu®* is needed for an
accurate prediction of the solvation free energy with the cluster
approach. This can be attributed to significant charge transfer
involving the first and the second solvation shell. Conversely,
the stabilizing effect of the second coordination sphere cannot
be properly described with the monomer cycle suffering from
uncompensated errors associated with the solvation of ion—water
clusters.

This study provided a critical analysis of the monomer and
the cluster cycle results and raised several important issues
regarding the choice of the most appropriate calculation method.
We hope this paper will spur further research into the develop-
ment of accurate methods for calculation of solvation free
energies of ionic solutes.

7. Conclusions

We have presented a simple methodology that leads to
thermodynamically consistent equations for the calculation of
solvation free energies using mixed cluster/continuum models.
The approach is based on the use of consistent thermodynamic
free-energy cycles with the same standard state for each species
involved in the reactions. Ignoring this requirement leads to
systematic errors in the computed free energies.

We analyze two different thermodynamic cycles for calculat-
ing the solvation free energies of ionic solutes: the cluster cycle
with an n water cluster as a reagent (Scheme 2) and the
monomer cycle with n distinct water molecules as reagents
(Scheme 1). Using the cluster cycle leads to a mean absolute
error of 0.8 kcal/mol for H* and 2.0 kcal/mol for Cu*" when
compared with the experimental values suggested by Tissandier
et al.3%-3 Conversely, calculations using the monomer cycle yield
solvation free energies that are underestimated by >10 kcal/
mol for H* and >30 kcal/mol for Cu?*. This is likely due to
systematic errors present in the solvation energy calculations
for hydrogen-bonded clusters that are not compensated for in
the monomer cycle but largely cancel out in the cluster cycle.
We find that the stabilizing effect resulting from the inclusion
of water molecules beyond the first coordination shell is
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significant and amounts to 5 kcal/mol for H* and 27 kcal/mol
for Cu?". Thus, accurate estimations of solvation free energies
for these systems require the explicit inclusion of at least the
first and second hydration shells.
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