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Abstract:  The division of thermodynamic solvation free energies of electrolytes into 

ionic constituents is conventionally accomplished by using the single-ion solvation free 

energy of one reference ion, conventionally the proton, to set the single-ion scales.  Thus, 

the determination of the free energy of solvation of the proton in various solvents is a 

fundamental issue of central importance in solution chemistry.  In the present article, 

relative solvation free energies of ions and ion−solvent clusters in methanol, acetonitrile, 

and dimethyl sulfoxide (DMSO) have been determined using a combination of 

experimental and theoretical gas-phase free energies of formation, solution-phase 

reduction potentials and acid dissociation constants, and gas-phase clustering free 

energies.  Applying the cluster pair approximation to differences between these relative 

solvation free energies leads to values of −263.5, −260.2, and −273.3 kcal/mol for the 

absolute solvation free energy of the proton in methanol, acetonitrile, and DMSO, 

respectively.  The final absolute proton solvation free energies are used to assign absolute 
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values for the normal hydrogen electrode potential and the solvation free energies of 

other single ions in the solvents mentioned above.  

 

1.  Introduction 

For neutral species, experimental solvation free energies have been tabulated for a 

large number of solutes in both aqueous1-8 and nonaqueous3,9,10 solvents.  Typically, these 

solvation free energies are determined directly from experimental partition coefficients,11 

and thus their uncertainty is relatively low (~0.2 kcal/mol).12  Determining accurate 

values for the solvation free energies of ionic solutes is much less straightforward than 

that for neutral solutes.  It is generally agreed upon that the chemical potential of an ion 

has no “operational meaning”13 in classical thermodynamics because the difference in 

electric potential between two media cannot be measured and therefore has no physical 

significance.14-16  Nevertheless, single-ion solvation free energies are well defined in 

statistical mechanics, and determining their values is an important step in understanding 

the structure of solutions. Understanding the partitioning of single ions between different 

liquid phases is also of great importance in many areas of biology.  For example, the 

electrical signals sent by nerve cells are activated by changes in the resting cell potential 

that are caused by the movement of various ions across the neuronal membrane.17 

The first issue to be confronted is identifying precisely what is meant by the 

solvation free energy of a single ion.  The real free energy difference upon moving a 

single ion from the gas phase into a solution includes a contribution from the difference 

between the electric potential of a medium and that of the vacuum.  This potential 

difference is associated with a dipole layer at the interface and is not measurable; it is 



 3 

called the potential of the phase.  Often, however, it is of interest to consider the so-called 

absolute solvation free energy (also called the intrinsic solvation free energy or the Gibbs 

solvation free energy) from which this contribution is removed; the absolute solvation 

free energy differs from the real one by the charge on the ion times the potential of the 

phase.  The present article is concerned with absolute solvation free energies. 

Sums of solvation free energies of neutral pairs of cations and anions are well-

defined and can be determined directly through the use of thermochemical cycles 

involving calorimetric or electrochemical measurements.7,18-22 A number of different 

extrathermodynamic approximations have been used16,23-30  to partition the sums of cation 

and anion solvation free energies into single-ion contributions.  A popular method for 

doing this is based on the model of a structureless, spherical ion in a homogeneous 

continuum dielectric, in which case the solvation free energy depends only on bulk 

electrostatic interactions with the solvent, which are independent of the sign of the ion’s 

charge.31,32  Thus, one assumes that, in a given solvent, the solvation free energy of a 

reference salt composed of a quasi-spherical cation and a quasi-spherical anion of about 

the same size can be divided equally.  Once the absolute solvation free energies of these 

reference ions are known, the absolute solvation free energies of other single ions can 

then be determined using the appropriate thermochemical cycles.  The justification for 

approximations like this is best if the ions are large so that their surface-to-volume ratio is 

minimized.  Commonly, this approximation is invoked using tetraphenylarsonium 

tetraphenylborate (AsPh4BPh4, or TATB)33 as the reference salt, although other reference 

salts have also been used34-40 for dividing free energy, enthalpy, and entropy.  A number 

of experimental and theoretical studies have focused their attention on the spectroscopic 
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and thermodynamic properties of the AsPh4
+ and BPh4

− ions in various solvents.28,41-52 

The current general consensus seems to be that charge-specific interactions do occur 

between these two ions and neighboring solvent molecules (thus bringing into question 

the validity of the TATB approximation), although some experimental28,43 and 

theoretical45,52 work suggests just the opposite.  

 Another approximation that has been used to estimate the solvation free energies 

of single ions is the cluster pair approximation of Coe and co-workers.30,53,54  In this 

approximation, the absolute solvation free energy of a reference ion (usually the proton) 

is determined through comparisons between the stepwise clustering free energies of 

cation-anion pairs containing different numbers of clustering solvent molecules and their 

bulk solvation free energies.  This approximation has been used in several places to 

estimate single-ion solvation free energies in water.53-56  Recently, we applied the cluster 

pair approximation to a database containing relative solvation free energies of ions, 

which are well-defined even in classical thermodynamics, and accurate gas-phase 

clustering free energies for ion-water clusters containing up to six clustering water 

molecules.56  Using this database, we obtained a value of −266.1 kcal/mol for the 

absolute aqueous solvation free energy of the proton, which is in good agreement with 

the recommended57 value of −265.9 kcal/mol.  

 Compared to water, estimates of the absolute solvation free energies of single ions 

in other solvents16 have been very limited.  Kalidas et al. reviewed a large number of 

transfer free energies of single ions between water and 17 different nonaqueous 

solvents.58  The majority of the transfer free energies listed in this compilation were 

determined using the TATB approximation; none of them were determined using the 
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cluster pair approximation.  Tuttle and co-workers have used the cluster pair 

approximation to determine the absolute solvation free energy of the proton in 

ammonia.54  However, on the basis of the limited amount of solution-phase and gas-phase 

data available to these workers, they could only make a tentative estimate.  Besides 

various extrathermodynamic approximations, theoretical calculations have also been used 

to estimate the solvation free energies of single ions in the liquid phase.59-112 However, 

like the majority of previous experimental work, most of these studies too have focused 

solely on water.    

 In this article, the cluster pair approximation will be used to determine the 

absolute solvation free energy of the proton in methanol, acetonitrile, and dimethyl 

sulfoxide (DMSO).  For this purpose, relative solvation free energies obtained using 

experimental gas-phase free energies of formation and solution-phase reduction 

potentials and acid dissociation constants will be combined with experimental and 

calculated gas-phase clustering free energies.   

In the first part of this article, the standard-state conventions used for gas-phase 

and solution-phase free energies will be outlined, followed by a description of the 

thermochemical cycles and experimental and theoretical data used to determine relative 

solvation free energies.  Then, the cluster pair approximation will be briefly described, 

followed by the results obtained through the application of this approximation to the 

relative solvation free energies determined in the previous section.  The accuracy of the 

absolute solvation free energies obtained here will then be discussed, followed by a 

comparison between these solvation free energies and those obtained using other 

extrathermodynamic assumptions and theoretical calculations.   
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2.  Standard States 

 In this article, experimental and calculated gas-phase free energies use a standard-

state gas-phase pressure of 1 atm.  A superscript open circle denotes free energies that use 

this standard-state pressure.  Experimental solution-phase free energies use a standard-

state solution-phase concentration of 1 mol/L.  A superscript asterisk denotes free 

energies that use this standard-state concentration.  Absolute and conventional solvation 

free energies use for a standard state an ideal gas at a gas-phase concentration of 1 mol/L 

dissolved as an ideal solution at a liquid-phase concentration of 1 mol/L.  A superscript 

asterisk denotes solvation free energies that use this standard-state concentration in the 

gas and solution phases.  These standard-state conventions, including procedures for 

converting various experimental quantities tabulated using other standard-state pressures 

and concentrations to the standard-state pressure and concentration used here, are 

described in full detail in Supporting Information.  

 

3.  Relative and Conventional Solvation Free Energies of Unclustered Ions 

Experimentally, only the sum of the solvation free energies of neutral 

combinations of cations and anions can be obtained.  Consequently, solvation free 

energies of single ions are often tabulated as relative free energies by arbitrarily setting 

the free energy of solvation of some reference ion equal to zero.113  The choice of the 

reference ion in a particular solvent is arbitrary, although by convention the proton is 

usually chosen.  For monovalent ions, this results in a set of conventional free energies of 

solvation that for cations are shifted from their absolute values by the unknown value for 

the absolute solvation free energy of the proton 
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(Above, M+ refers generically to any monovalent cation, and X− refers to any 

monovalent anion.  Later in this article, BH+ will be used to refer to a monovalent cation 

that behaves as a Brønsted−Lowry acid, and A− will be used to refer to a monovalent 

anion that behaves as a Brønsted−Lowry base.)  Following the above convention results 

in the following relationship  
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Thus, sums of conventional solvation free energies for neutral cation-anion pairs, which 

can be determined directly through the use of various thermodynamic cycles, are well-

defined.  The thermochemical cycles that are used in this article to determine 

conventional solvation free energies are described below.   

 3.1. Conventional Solvation Free Energies from Reduction Potentials.  When 

the convention described above for the absolute solvation free energy of the proton is 

followed, the solution-phase free energy change associated with the following half-cell 

reaction  

! 

1
2
H2(g)"H

+
(S)+ e

#
(g)      (4) 

is equal to zero.  (In the above reaction, g denotes the gas phase and S denotes the liquid 

solution phase.)  Reduction potentials that are tabulated following this convention for the 
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hydrogen electrode are referred to as standard reduction potentials.  The half-cell reaction 

for the reduction of a monovalent metal cation is  

! 

M
+
(S) +e

"
(g)#M (cr)              (5) 

where the symbol cr denotes the crystalline phase.  Combining the half-cell reactions 

shown in eqs 4 and 5 leads to the following redox reaction  

! 

1
2
H2(g) +M

+
(S)"M (cr) +H

+
(S)            (6) 

Through the use of thermochemical cycle 1 (illustrated in Scheme 1) and eq 1, the 

conventional solvation free energy of M+ can be written as 

  

! 

"GS
#,con(M+) = " fG298

o [H+(g)]$" fG298
o [M+(g)]+ FEc
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where 
  

! 

" fG298
o [H+(g)] and 

  

! 

" fG298
o [M+(g)] are the gas-phase free energies of formation 

of H+ and M+, respectively, at 298 K, F is Faraday’s constant which is equal to 23.061 

kcal mol-1 V-1, and 

! 

Ec
"  is the standard reduction potential (in volts) of M+ in the solution 

phase.  (The free energies of formation of H2 in the gas phase and of the neutral metal 

atom in the crystalline phase do not appear in eq 7 because these species correspond to 

the standard states for the elements from which they are composed.  Consequently, their 

gas-phase free energies of formation are defined to equal zero at all gas-phase pressures.)  

The superscript open circles in 
  

! 

" fG298
o [H+(g)] and 

  

! 

" fG298
o [M+(g)] denote the use of a 

standard-state gas-phase pressure of 1 atm.  The superscript asterisk and the subscript c in 

! 

Ec
"  denote the use of a standard-state solution-phase concentration of 1 mol/L (molarity 

scale).  Often, standard reduction potentials taken from the literature use a standard-state 

solution-phase concentration of 1 mol of solute per 1 kg of solvent (molality scale).  The 
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procedure that was used to convert standard reduction potentials tabulated on the molality 

scale to the molarity scale is described in Supporting Information.  

Gas-phase free energies of formation of monatomic ions can be calculated using 

tabulated values for the enthalpy of formation and the entropies computed using the 

Sackur-Tetrode equation.114  In this work, enthalpies of formation of ions are tabulated 

following the electron convention115 for the integrated heat capacity and entropy of the 

electron.  When this convention is followed, the electron is treated as a standard chemical 

element, whereby its integrated heat capacity and entropy can be computed using 

standard formulas from statistical mechanics.  Often, Boltzmann statistics are used to 

compute the integrated heat capacity and entropy of the electron, although Bartmess116 

and several earlier workers117-120 have pointed out that a more correct treatment of the 

electron uses Fermi-Dirac, not Boltzmann, statistics. (Like the electron, the proton is a 

fermion, although for 298 K, its integrated heat capacity and entropy obtained using 

Boltzmann statistics differs very little from the values obtained using Fermi-Dirac 

statistics; see Table 3 of reference 116.)  It is important to point out that conventional 

solvation free energies are independent of the values used for the integrated heat capacity 

and entropy of the electron, as long as the same values are used consistently.  However, 

for reactions where the electron appears as a reactant or product (e.g., chemical reactions 

for the free energies of formation of ionic species) the gas-phase free energy of reaction 

does depend on the values used for the electron integrated heat capacity and entropy.  For 

example, using the integrated electron heat capacity and entropy obtained from Fermi-

Dirac statistics116 leads to a value of 361.7 kcal/mol for the free energy of formation of 

the gas-phase proton at 298 K and 1 atm.  If instead the electron integrated heat capacity 
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and entropy obtained from Boltzmann statistics are used, the free energy of formation of 

the gas-phase proton is equal to 362.6 kcal/mol at 298 K and 1 atm.  In this work, all free 

energies of formation of gas-phase ions are tabulated using the electron integrated heat 

capacity and entropy obtained using Fermi-Dirac statistics.  Further details regarding the 

different conventions that are commonly used for treating the thermochemistry of the 

electron, the equations and literature references that were used to determine the 

enthalpies, entropies, and free energies of formation of ions used in this article, and the 

procedure used to convert entropies computed using a standard-state gas-phase pressure 

of 1 bar to a standard-state gas-phase pressure of 1 atm are given in Supporting 

Information.  

Using the gas-phase free energies of formation of ions tabulated as part of this 

work (see Supporting Information) and the experimental121,122 values for the standard 

reduction potentials of different metal cations in methanol, acetonitrile, and DMSO, we 

have determined conventional solvation free energies in these solvents by eq 7.  These 

conventional solvation free energies and the auxiliary data used in eq 7 are listed in Table 

1.  To verify the accuracy of eq 7, we also determined the aqueous conventional solvation 

free energy of Ag+ using an experimental value123 of 0.7996 V for the standard reduction 

potential of Ag+ in water and using the tabulated values for the gas-phase free energy of 

formation of H+ and Ag+.  Substituting these values into eq 7 gives a value of 147.2 

kcal/mol for the aqueous conventional solvation free energy of Ag+, which is in perfect 

agreement with the aqueous conventional solvation free energy listed in the recent 

compilation by Fawcett.124   
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 Conventional solvation free energies in methanol were also determined using 

experimental values for the reduction potentials at various silver halide electrodes.  The 

half-cell reaction for the silver halide electrode is 

! 

AgX (cr) +e
"
(g)# Ag (cr) +X

"
(S)     (8) 

Combining the half-cell reactions shown in eqs 4 and 8 gives the following redox 

reaction  

! 

1
2
H2(g) +AgX (cr)" Ag (cr) +X

#
(S) +H

+
(S)           (9) 

Through the use of thermochemical cycle 2 (illustrated in Scheme 2) and eq 2, the 

conventional solvation free energy of the halide anion X− can be written as 
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where 

  

! 
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The term   

! 

"G
o#$  appearing in eq 10 is the free energy change associated with moving a 

solute from a standard-state gas-phase concentration of 1 atm to a standard-state solution-

phase concentration of 1 mol/L.  (This free energy change has also been referred to as the 

“compression” work of the gas110 or the liberation free energy125)  At 298 K,   

! 

"G
o#$  is 

equal to 1.9 kcal/mol.  Full details of this free energy change are given in Supporting 

Information.  (Note that the term   

! 

"G
o#$  does not appear in eq 7 because, in this 

equation, the number of moles of reactants that move from the gas phase to solution 

cancels out the number of moles of products that move from the gas phase to solution.)   

Using tabulated values for the gas-phase free energies of formation of AgCl,126 

AgBr,126 and AgI126 (adjusted to a standard-state gas-phase pressure of 1 atm), as well as 
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the gas-phase free energies of formation of H+, Cl−, Br−, and I− tabulated in this work 

and experimental values127 for the standard reduction potentials at the AgCl, AgBr, and 

AgI electrodes, we determined conventional solvation free energies of Cl−, Br−, and I− in 

methanol using eqs 10 and 11.  These conventional solvation free energies and the 

auxiliary data used in eqs 10 and 11 are listed in Table 2.  To verify the accuracy of eqs 

10 and 11, we determined the conventional aqueous solvation free energy of Cl− using 

tabulated values for the gas-phase free energy of formation of AgCl, H+, and Cl− and an 

experimental value123 of 0.22233 V for the standard reduction potential at the AgCl 

electrode in water.  Substituting these values into eqs 10 and 11 gives a value of −340.1 

kcal/mol for the conventional aqueous solvation free energy of Cl−.  Adjusting the value 

for the conventional solvation free energy of Cl− listed in the compilation by Fawcett,124 

which uses a standard-state gas-phase concentration of 1 bar, to a standard-state gas-

phase concentration of 1 mol/L (see Supporting Information for details regarding this 

standard-state conversion) gives a value of −340.4 kcal/mol, which is in good agreement 

with the value obtained in this work.    

 3.2. Conventional Solvation Free Energies from Solubility Products. 

Experimental values for the equilibrium constant associated with the following chemical 

reaction 

! 

MX (cr)"M
+
(S)+ X

#
(S)      (12) 

have been measured for a number of salts both in water and in nonaqueous solvents (this 

equilibrium constant is usually referred to as the solubility product or Ksp).  Through the 

use of thermochemical cycle 3 (illustrated in Scheme 3), the sum of the solvation free 

energies for the neutral cation−anion pair M+X− can be written as  
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where pKsp and 
  

! 

"Glat
o
[MX(cr)] are the negative common logarithm of the solubility 

product and the lattice free energy of the crystalline salt, respectively.  The lattice free 

energy is given by 

  

! 

"Glat
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Using tabulated values for the free energies of formation of various salts126 

(adjusted to a standard-state gas-phase pressure of 1 atm), we determined the gas-phase 

free energies of formation of ions tabulated in this work and experimental122,128 values for 

the solubility products of different salts, sums of solvation free energies for different 

cation−anion pairs in methanol, acetonitrile, and DMSO, using eqs 13 and 14.  For the 

majority of the salts considered in this work, experimental values for their solubility 

products were taken from ref 122 in which the authors have compiled experimental 

values taken from their own work and from a number of other experimental and review 

papers.  In cases where more than a single experimental value for a given salt in a given 

solvent was listed by these authors, we took the average of all of the listed values, except 

in cases where an experimental value was designated “uncertain” by these authors, in 

which case it was not used to calculate the average.  More recently, Labban and 

Marcus129 measured the solubilities of KCl and KBr in several nonaqueous solvents 

including acetonitrile and DMSO.  The solubility products of KCl and KBr computed 

using Labban and Marcus’ data are both within 0.1 pKsp units of the average pKsp values 

computed using the data from ref 122. (Reference 122 does not contain data for KCl or 

KBr in DMSO.)  For KBr in DMSO, the pKsp value used in this work (0.6) is the average 

of three different experimental values: 0.5,130 0.5,131 and 0.7.129  (The pKsp value taken 
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from ref 131 was extrapolated to 298 K using pKsp values measured at five other 

temperatures by these workers.)  The sums of solvation free energies obtained using eqs 

13 and 14 and the auxiliary data used in these equations are listed in Table 3.   

To verify the accuracy of eqs 13 and 14, we determined the aqueous solvation 

free energy of the Ag+Cl− cation−anion pair using tabulated values for the free energy of 

formation of AgCl, Ag+, and Cl− and an experimental value123 of 9.75 for the pKsp of 

AgCl in water.  Substituting these values into eqs 13 and 14 gives a value of −193.4 

kcal/mol for the aqueous conventional solvation free energy of the Ag+Cl− cation−anion 

pair.  Taking the sum of the conventional solvation free energies of Ag+ and Cl− in water 

from the compilation by Fawcett124 gives a value of −193.2 kcal/mol, which is in good 

agreement with the value obtained in this work. 

Using the sums of solvation free energies in Table 3, we determined conventional 

solvation free energies of Cl−, Br−, and I− in methanol, acetonitrile, and DMSO by 

subtracting from the solvation free energies of different cation−anion pairs the 

conventional solvation free energies of the corresponding cations from Table 1.  (For 

example, the conventional solvation free energy of I− in acetonitrile was determined by 

subtracting from the solvation free energy of the Ag+I− cation−anion pair the 

conventional solvation free energy of Ag+ from Table 1.)  Thus, all of the conventional 

solvation free energies of anions that are listed in Table 3 are anchored to the data in 

Table 1.  In DMSO, conventional solvation free energies for Na+ and K+ are not listed in 

Table 1.  Instead, these conventional solvation free energies were determined using the 

data in Tables 1 and 3, as described below.  The conventional solvation free energy of 
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Na+ in DMSO was determined by subtracting from the solvation free energy of the 

Na+Cl− cation-anion pair the average value of the conventional solvation free energy for 

Cl− obtained using the Ag+Cl− cation-anion pair and the Tl+Cl− cation-anion pair (these 

two conventional solvation free energies are listed in the final column of Table 3 and are 

within 0.4 kcal/mol of one another).  Two values for the conventional solvation free 

energy of K+ in DMSO were determined in a similar fashion using the K+Cl− and K+Br− 

cation-anion pairs and the conventional solvation free energies of Cl− and Br−.  Thus, the 

conventional solvation free energy of Na+ in DMSO is anchored to the data in Table 3 as 

well as to the conventional solvation free energies of Ag+ and Tl+ from Table 1.  

Similarly, the conventional solvation free energy of K+ in DMSO is anchored to the dat 

in Table 3 as well as to the conventional solvation free energy of Ag+ from Table 1.  

 3.3. Conventional Solvation Free Energies from Acid Dissociation Constants. 

Shown in thermochemical cycle 4 (illustrated in Scheme 4)132 are the chemical reactions 

for the dissociation of a cationic Brønsted−Lowry acid (BH+) in the gas phase and in the 

solution phase.  Through the use of thermochemical cycle 4 and eq 1, the conventional 

solvation free energy of BH+ can be written as 
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B, and pKa(BH+) is the negative common logarithm of the solution-phase acid 

dissociation constant of BH+.  Shown in thermochemical cycle 5 (illustrated in Scheme 
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5)132 are the chemical reactions for the dissociation of a neutral Brønsted−Lowry acid 

(AH) in the gas phase and in the solution phase.  Through the use of thermochemical 

cycle 5 and eq 2, the conventional solvation free energy of A− can be written as 

  

! 
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S
#,con

(A
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where 
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) "G
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! 

"GS
#
(AH)  is the solvation free energy of the neutral species 

AH, and pKa(AH) is the negative common logarithm of the solution-phase acid 

dissociation constant of AH. 

 Listed in Table 4 are experimental pKa values of neutral and cationic acids in 

methanol, acetonitrile, and DMSO.133-156  An experimental value for the solvation free 

energy is available10 for ethanol in DMSO; for all remaining neutral species, the solvation 

free energies in methanol, acetonitrile, and DMSO were calculated at the 

SM5.43R12,157/mPW1PW158/6-31+G(d,p)159 level of electronic structure theory using gas-

phase geometries optimized at the mPW1PW/MIDI!160-162 level of electronic structure 

theory (note that the mPW1PW functional is also called mPW0, mPW1PW91, and 

MPW25).  All SM5.43R calculations were performed using a locally modified version163 

of the Gaussian 03164 electronic structure package.  Using the experimental pKa data in 

Table 4, experimental values for the gas-phase acidity,165 and experimental and 

calculated values for the solvation free energies of neutral species, we determined 

conventional solvation free energies using eqs 15 and 16 for all of the acids in Table 4.  

These conventional solvation free energies and the auxiliary data used in eqs 15 and 16 

are listed in Table 5.  
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 3.4. Comparison between Conventional Solvation Free Energies Obtained 

Using Different Methods.  With the exception of eqs 15 and 16 which have appeared in 

several of our previous papers,7,56,111 the accuracy of all of the equations that were used in 

this article to determine conventional solvation free energies in this article were verified 

by comparing conventional aqueous solvation free energies determined by using these 

equations with those listed in the compilation by Fawcett.124   In all of these cases, the 

conventional aqueous solvation free energies determined here are in good agreement with 

those reported by Fawcett.  This is encouraging because it demonstrates not only the 

correctness of the equations used here but also, more importantly, the accuracy of the 

experimental gas-phase and aqueous-phase data that were used to test the equations.  For 

all of the polyatomic ions considered in this article, the conventional solvation free 

energies were determined using only one of the equations described above (either eq 15 

or eq 16), so that a comparison between these conventional solvation free energies, which 

might provide some insight into the relative accuracy of the experimental pKa data that 

were used in this article, is not possible.  Equations 10 and 13 have both been used to 

determine the conventional solvation free energies of Cl−, Br−, and I− in at least one of 

the nonaqueous solvents considered in this work.  Thus, the conventional solvation free 

energies of these anions can be used to examine the relative accuracy of the remaining 

solution-phase experimental data used in this article.  An additional check on the relative 

accuracy of the data in Table 3 (and thus Table 1) can be made because in all three 

solvents, two or more values for the conventional solvation free energies of Cl− and Br− 

have been determined in each solvent using experimental solubility products of different 

salts.  For example, for Br− in methanol, eq 13 has been used to make four independent 



 18 

determinations of its conventional solvation free energy based on the experimental values 

for the solubility products of KBr, RbBr, AgBr, and TlBr and the conventional solvation 

free energies of corresponding cations.  The largest difference between any of the four 

values listed in Table 3 for the conventional solvation free energy of Br− in methanol is 

0.7 kcal/mol.  The largest discrepancy between any of the conventional solvation free 

energies listed in Table 3 for a given anion in a given solvent is 4.4 kcal/mol, which is the 

difference between the conventional solvation free energy of Br− in acetonitrile 

determined by using the solubility product of AgBr and the conventional solvation free 

energy of Ag+ and the value obtained using the solubility product of CsBr and the 

conventional solvation free energy of Cs+.  Besides this difference, all of the remaining 

conventional solvation free energies listed in Table 3 for a given anion in a given solvent 

are within 2.3 kcal/mol of one another.  

Next, we can compare the relative accuracy of the solution-phase data used in eq 

10 to that used in eq 13.  Using eq 10 leads to values of −334.8, −329.0, and −321.6 

kcal/mol for the conventional solvation free energies of Cl−, Br−, and I−, respectively, in 

methanol.  From Table 3, the average values for the conventional solvation free energies 

of Cl−, Br−, and I− are −335.7, −329.4, and −321.7 kcal/mol, respectively.   The 

differences between these two sets of conventional solvation free energies are 0.9, 0.4, 

and 0.1 kcal/mol for Cl−, Br−, and I−, respectively. 
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4.  Conventional Solvation Free Energies of Clustered Ions   

Conventional solvation free energies of clustered ions can be defined in the same 

way as unclustered ions, that is 
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where n is the number of clustering solvent (S) molecules. Through the use of 

thermochemical cycle 6 (illustrated in Scheme 6)132 the conventional solvation free 

energy of clustered cations and anions can be written in terms of the conventional 

solvation free energy of their analogous unclustered ions according to 
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where 
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M
±  is the same as M+, X−, BH+, and A−, 

! 

"Gself
#
(S)  is the free energy associated 

with moving the solute from the gas phase into its own pure liquid phase (often, we refer 

to this free energy as a “self-solvation free energy”166) and 
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Note that the concentration of the pure liquid does not appear in eq 19 because we use as 

a standard state an ideal dilute solution, for which the activity of the pure liquid is very 

nearly equal to unity.167  In this standard-state, the free energy associated with the 

following reaction  
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which we have also used in previous work7,56,111 and is shown in the bottom leg of 

thermochemical cycle 6, is equal to zero for any value of n.168  

 Free energies of self-solvation can be determined using the following equation166 
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where   

! 

M
o is equal to 1 mol/L,   

! 

P
o  is the pressure (24.45 atm) of an ideal gas at a 1 M 

concentration and 298 K, and Mliq is the molarity of the solute in its pure liquid form, 

which can be calculated from the density of the solute in its pure liquid state and its 

molecular weight: 

! 

Mliq = "liqMWliq     (24) 

Using eqs 23 and 24, we determined the free energies of self-solvation of methanol, 

acetonitrile, and DMSO.  These solvation free energies and the auxiliary data used in eqs 

23 and 24 are listed in Table 6. 

Experimental values are available for the gas-phase free energies associated with 

attaching one or more methanol, acetonitrile, or DMSO molecules to many of the 

monatomic ions in Tables 1−3, as well as to some of the polyatomic ions listed in Table 

5.169  These experimental gas-phase free energies are listed in Table 7, for up to n = 3 in 

some cases.  For some of the polyatomic ions in Table 5, we used eq 21 to calculate the 

gas-phase free energy associated with attaching a single solvent molecule to the ion.  

These calculated gas-phase clustering free energies, which are also listed in Table 7, are 

described below.   
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Theoretical gas-phase clustering free energies were calculated at the 

B97-1170/MG3S171 level of theory using Gaussian 03.164  (Because the MG3S basis set is 

not available in the distributed version of Gaussian 03, the “gen” keyword, which allows 

Gaussian 03 to read an external, user-defined basis set, was used for all B97-1/MG3S 

calculations.  The MG3S basis set can be downloaded via the Internet at 

http://comp.chem.umn.edu/basissets/.)  All gas-phase clustering free energies were 

calculated using a single gas-phase geometry for each solvent molecule, each unclustered 

ion, and each clustered ion (full geometry optimizations were carried out for all of the 

clustered ions considered in this work); that is, we did not average over multiple 

conformations.  Gas-phase free energies were calculated following the harmonic-

oscillator rigid-rotor approximation.172  When the rigid-rotor approximation is followed 

for computing the entropy, a contribution equal to RTlnσ, where σ is the symmetry 

number of the molecule, is added to the calculated gas-phase free energy.  (For example, 

the symmetry number for the ammonium cation, which belongs to the Td point group, is 

equal to 12, so 1.47 kcal/mol is added to the gas-phase free energy; when symmetry is 

enforced in the Gaussian 03 program, this is done automatically.)  Because, for many of 

the molecules considered in this article, the above contribution to the gas-phase free 

energy is not negligible, we were careful to ensure that symmetry was enforced during all 

gas-phase calculations (when doing so led to a lowest-free-energy structure).  The 

optimized gas-phase geometries for methanol and DMSO belong to the Cs point group; 

the optimized gas-phase geometry for acetonitrile belongs to the C3v point group.  For the 

majority of the clustered ions, conformational analyses were required in order to identify 

the global minimum.  For this, we used the same level of theory as above.  With the 
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exception of the global minimum for the ammonium-acetonitrile cluster, which belongs 

to the C3v point group, the geometries corresponding to the global minima for the 

remaining clustered ions belong to the C1 or the Cs point groups.  The symmetry point 

groups and Cartesian coordinates for all of the clustered ions for which B97-1/MG3S 

geometries were calculated are listed in Supporting Information.  

Using eqs 19 and 20, the free energies of self solvation listed in Table 6, the 

experimental and calculated gas-phase clustering free energies in Table 7, and the 

conventional solvation free energies of unclustered ions from Tables 1−3 and 5, we 

determined conventional solvation free energies for clustered ions containing up to, in 

some cases, three methanol, acetonitrile, or DMSO molecules.  For the halide anions, in 

cases where more than one value for the conventional solvation free energy of the 

unclustered ion is available, we used the average value from Tables 2 and 3.  Tables 

containing all of the conventional solvation free energies of unclustered ions that were 

used in eq 19, as well as the resulting conventional solvation free energies for all of the 

clustered ions, are included in Supporting Information.  

 

5.  Cluster Pair Approximation for Determining Absolute Solvation Free Energies of 

Single Ions 

The cluster pair approximation described by Coe and coworkers.30,53,54 is based on 

the approximation that the difference between the absolute solvation free energies of a 

positive and negative cluster ion goes to zero as the cluster size becomes infinite: that 

is,173  
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Using eqs 17-19, we can write the above equation as174
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The left-hand-side (lhs) of the above equation is an approximation of the proton’s 

solvation free energy based on conventional solvation free energies of unclustered ions 

and the gas-phase free energy associated with attaching n solvent molecules to the cation 

and to the anion.  On the right-hand-side (rhs) of the above equation are the absolute 

solvation free energy of the proton and the gas-phase free energy associated with 

attaching an infinite number of solvent molecules to an anion and to a cation already 

containing n solvent molecules.  All three of the quantities on the rhs of eq 26 are 

unknown.  Thus, the goal of eq 26, which is also referred to as the cluster pair 

approximation, is to identify a cation−anion pair for which the term in brackets on the rhs 

of eq 26 equals zero, in which case the lhs of eq 26 is equal to the proton’s true aqueous 

solvation free energy (note that this ideal cation−anion pair need not actually exist). It has 

been shown30,53,54 that an effective way to do this is by plotting the lhs of eq 26 against 

half of the difference between the conventional solvation free energy of X− and that of 

M+ for different values of n, giving n straight lines that share a common intersection 

point at the true value for the solvation free energy of the proton.  This is the approach 

that will be used in this article.    
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6.  Absolute Solvation Free Energy of the Proton and Normal Hydrogen Electrode 

Potential in Different Solvents  

 6.1. Methanol.  Shown in Figure 1 is a plot of half the difference between 

conventional solvation free energies of anions and those of cations for cluster ions 

containing up to three methanol molecules against half the difference between 

conventional solvation free energies of anions and those of cations containing no 

methanol molecules, for different numbers of clustering methanol molecules.  The 

differential conventional solvation free energies in this plot were computed using the 

conventional solvation free energies in Tables 1−3, and 5 and the gas-phase clustering 

free energies in Table 6.  All of the conventional solvation free energies that were used to 

determine the differential solvation free energies shown in Figure 1 are listed in Table S2 

in Supporting Information.  (Tables S3 and S4 list the conventional solvation free 

energies that were used to determine the differential solvation free energies plotted in 

Figures 2 and 3.)  The straight lines in Figure 1 are best-fit lines for different numbers of 

clustering methanol molecules.  The line for n = 0 (no clustering methanol molecules) is 

the ideal line (y = x).  The ordinate of the intersection point between each line gives an 

approximate value for the absolute solvation free energy of the proton, so in all, six 

individual determinations can be made from the data shown in Figure 1 (The four straight 

lines give six unique intersection points between different values of n.)  To determine the 

best value of the absolute solvation free energy of the proton, we used the same method 

of statistical analysis as in our earlier work.56  For this, the average intersection ordinate 

of the ith straight line with all others (Yi) is given by   
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where  

! 

yij = (mibj "m jbi ) /(mi "m j )     (28) 

In the above equation, yij is the ordinate of the intersection point between the ith and the 

jth straight line, and mi and bi are the slope and intercept, respectively, of the ith straight 

line.  We take the best value for the absolute solvation free energy of the proton to equal 

the unweighted average of the four Yi values determined using eqs 27 and 28.  For the 

data in Figure 1, this average equals −263.5 kcal/mol.  The standard deviation of the six 

values of yij from the average value of yij is 2.0 kcal/mol.  The individual slopes, 

intercepts, and Yi and yij values obtained from the data shown in Figure 1, as well as 

those from the data shown in Figures 2 and 3 (described below), are included as 

Supporting Information.  Note that we could have also used weighted values of yij 

according to the probable errors of each of the straight lines i and j.  Indeed, the standard 

deviations of the three straight lines in Figure 1 do increase with n (number of clustering 

methanol molecules).  However, this type of analysis would not take into account that the 

ordinate of the intersections between the lines with larger slopes (low n) are more prone 

to error because small changes in their slopes will cause the correspondingly largest 

variations in the value of the ordinate. 

Through the use of thermochemical cycle 7 (illustrated in Scheme 7), the absolute 

solvation free energy can be used to set the normal hydrogen electrode potential 

according to  
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where 
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" fG298
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+
)  is the gas-phase free energy of formation of the proton.  (The free 

energy of formation of H2(g) and of the electron do not appear in eq 29 because they are 

equal to zero.)  As was pointed out above, the value for the free energy of formation of 

the proton depends on whether Boltzmann or Fermi-Dirac statistics are used to compute 

the integrated heat capacity and entropy of the electron.  In this article, we have used the 

electron integrated heat capacity and entropy reported by Bartmess,116 which were 

obtained using Fermi-Dirac statistics.  When these values for the electron integrated heat 

capacity and entropy are used, the free energy of formation of the gas-phase proton 

equals 361.7 kcal/mol at 298 K and 1 atm, which when substituted into eq 29 gives a 

value of −4.34 V for the normal hydrogen electrode potential in methanol.  (Using the 

electron integrated heat capacity and entropy obtained from Boltzmann statistics leads to 

a value for the normal hydrogen electrode potential 0.04 V more negative than the value 

above). 

 6.2. Acetonitrile.  Applying eqs 27 and 28 to the data in Figure 2 gives an 

average value of −260.2 kcal/mol for the absolute solvation free energy of the proton in 

acetonitrile.  The standard deviation of the six values of yij from the average value of yij 

is 1.4 kcal/mol.  In our initial fit, we discovered that for n = 1 the differences between the 

conventional solvation free energies of anions and that of anilinium (nine data points) 

were systematically more positive than the differences between the conventional 

solvation free energies of anions and those of the remaining cations by ~3 kcal/mol.  The 

experimental value for the gas-phase free energy associated with attaching a single 
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acetonitrile molecule to anilinium is −12.0 kcal/mol.169,175  We also calculated this free 

energy at the B97-1/MG3S level of theory, which leads to a value of −14.4 kcal/mol.  

When the calculated instead of the experimental value for the gas-phase clustering free 

energy is used to determine the conventional solvation free energy of the anilinium-

acetonitrile cluster, the differences between the conventional solvation free energies of 

clustered anions and those of the anilinium-acetonitrile cluster fall into line with the 

remaining data points.  Because of this, we used the calculated instead of the 

experimental value for this clustering free energy in our final fit, which is the one shown 

in Figure 2.  

 Substituting the value obtained above for the absolute solvation free energy of the 

proton in acetonitrile (−260.2 kcal/mol) and substituting the value for the free energy of 

formation of the gas-phase proton obtained using Fermi-Dirac statistics for the integrated 

heat capacity and entropy of the electron into eq 29 gives a value of −4.48 V for the 

normal hydrogen electrode potential in acetonitrile.   

 6.3. DMSO.  Applying eqs 27 and 28 to all of the data in Figure 3 gives an 

average value of −273.7 kcal/mol for the absolute solvation free energy of the proton in 

DMSO. The standard deviation of the six values of yij from the average value of yij is 1.8 

kcal/mol.  For n = 1, the differences between the conventional solvation free energies of 

anions and that of pyridinium, which are shown in the lower left-hand corner of Figure 3, 

tend to fall on a different line than the differences between the conventional solvation 

free energies of anions and those of the remaining cations.  Because of this, we removed 

all of the differences between the conventional solvation free energies of anions and that 
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of pyridinium and then repeated the n = 1 fit using the remaining data.  The resulting 

best-fit line is shown as a solid line in Figure 3.   

Experimental gas-phase clustering free energies for ion−DMSO clusters 

containing more than a single DMSO molecule are scarcer than those for the other 

solvents considered in this work.  Experimental clustering free energies for n > 1 are only 

available for four of the ions in Table 6 (Br−, Cl−, I−, and K+).  The best-fit lines for n = 2 

and n = 3, albeit on the basis of the minimum amount of data points required to determine 

a statistically meaningful best-fit line, suggest that the best-fit line for n = 1 obtained after 

removing pyridinium (solid n = 1 line) is more accurate than the best-fit line obtained 

using all of the data (dashed n = 1 line).  Applying eqs 27 and 28 to the slopes and 

intercepts of the solid n = 1 line and the n = 2 and n = 3 lines in Figure 3 gives an average 

value of −273.3 kcal/mol for the absolute solvation free energy of the proton in DMSO.  

The standard deviation of the six values of yij from the average value of yij is 0.6 

kcal/mol.  

Substituting the final value obtained above for the absolute solvation free energy 

of the proton in DMSO (−273.3 kcal/mol) and substituting the value for the free energy 

of formation of the gas-phase proton obtained using Fermi-Dirac statistics for the 

integrated heat capacity and entropy of the electron into eq 28 gives a value of −3.92 V 

for the normal hydrogen electrode potential in DMSO. 

 

7.  Accuracy of the Absolute Solvation Free Energies Obtained in This Work  

 In our previous work where we applied the cluster pair approximation to an 

aqueous solution,56 we estimated that the uncertainty associated with the absolute 
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aqueous solvation free energy of the proton is no less than 2 kcal/mol.  On the basis of 

the uncertainties associated with the experimental and calculated data used in this work, 

we estimate that the uncertainties associated with the absolute solvation free energy of 

the proton in methanol and acetonitrile are 2−3 kcal/mol.  For DMSO, where only a 

limited amount of gas-phase clustering data for n > 1 is available, the estimated 

uncertainty for the absolute solvation free energy of the proton is 3−4 kcal/mol.   

Because many of the gas-phase clustering free energies for singly clustered 

polyatomic ions that were used in this work were obtained theoretically (all gas-phase 

clustering free energies for clusters containing more than a single solvent molecule are 

experimental), an important issue is what effect the inclusion of these theoretical data has 

on the overall accuracy of the results obtained here.  In previous work where we 

determined the absolute aqueous solvation free energy of the proton using the cluster pair 

approximation,56 we showed that augmenting experimental gas-phase clustering data with 

theoretical data had little effect on the accuracy of the predictions made there.  The same 

level of theory that was used in that work, B97-1/MG3S, was also used here because it 

has been shown in several places176-179 to perform well for nonbonded interactions in the 

gas phase.  To further demonstrate the accuracy of this level of theory, we calculated gas-

phase clustering free energies for all of the polyatomic ions in Table 7 for which 

experimental n = 1 clustering free energies are available (total of eight ion-solvent 

clusters).  Excluding the difference between the experimental and the calculated value for 

the anilinium−acetonitrile cluster (the experimental value for this free energy may be in 

error, see above), the mean unsigned error between the calculated and the experimental 

clustering free energies for the remaining seven ion-solvent clusters is only 0.26 
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kcal/mol.  The maximum difference is 1.82 kcal/mol, which is the difference between the 

calculated and the experimental gas-phase clustering free energy of the acetate−methanol 

cluster.     

Besides gas-phase clustering free energies for singly clustered ions, calculated 

values for the solvation free energies of neutral species were used in eqs 15 and 16 to 

determine conventional solvation free energies.  In this work, we used the SM5.43R 

continuum solvation model to calculate solvation free energies of neutral species.  The 

accuracy of this model has been previously demonstrated in several places,12,157 where it 

has been shown that, for typical neutral organic compounds, the solvation free energies 

calculated using this model are accurate to within ~0.5 kcal/mol.  Thus, the accuracy of 

the results obtained here has most likely not been compromised by the inclusion of 

calculated solvation free energies of neutral species.  On the contrary, the consistency of 

the theoretical and experimental data gives us further confidence in the soundness of our 

approach. 

Most of the experimental pKsp values used in this work are sufficiently large so as 

to safely assume that the solvation free energies of the corresponding salts are fairly 

representative of the ion pairs in an infinitely dilute solution.  A notable exception is the 

experimental pKsp of KBr in DMSO (equal to 0.6), which we used to determine the 

conventional solvation free energy of K+ in DMSO.  In this case, the ionic strength of the 

saturated solution is equal to 1 mol/L, whereas the concentration of pure DMSO is 14 

mol/L.  Thus, for this electrolytic solution the above assumption of a dilute solution does 

not apply.  However, we also determined the conventional solvation free energy of K+ in 

DMSO using an experimental value (3.1) for the pKsp of KCl.  The conventional 
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solvation free energies of K+ from these two pKsp values are within 0.3 kcal/mol of one 

another, suggesting the above concern is not a serious issue.  

Finally, it should be noted that, in this work, we assume all experimental pKa 

values correspond to the equilibrium constant between the neutral and the ionic species in 

their completely dissociated states.  Ion pairing is generally negligible in solvents with 

dielectric constants above 40, whereas its importance depends on the structure of the 

solvent and the electrolyte for solvents with dielectric constants of 15−20.180  The 

solvents considered in this paper have dielectric constants of 32.66 (methanol), 35.94 

(acetonitrile), and 46.45 (DMSO), and we will assume that ion pairing is negligible.   

 

8.  Previous Estimates of the Absolute Solvation Free Energy of the Proton in 

Methanol, Acetonitrile, and DMSO 

 Kalidas and co-workers58 have reported values for the transfer free energies of 

single ions between water and 17 different organic solvent systems, including pure 

methanol, acetonitrile, and DMSO.  On the basis of a careful evaluation of the available 

literature data, these authors were able to list recommended values for the transfer free 

energies of the proton between water and the above solvents.  All of these recommended 

transfer free energies were obtained using the TATB approximation.  The values 

recommended by these workers for the transfer free energy of the proton between water 

and methanol, acetonitrile, and DMSO are 2.1, 10.7, and −4.6 kcal/mol, respectively.  

These transfer free energies, as well as the transfer free energies discussed below, are 

listed in Table 8.  (It is worth noting that the value above for the transfer free energy of 
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the proton between water and DMSO has been used by Pliego and Riveros to determine 

the absolute solvation free energies of 30 other monovalent ions in DMSO.181) 

Combining Tissandier et al.’s value for the absolute aqueous solvation free energy 

of the proton (−265.9 kcal/mol) with the values for the absolute solvation free energy of 

the proton obtained here leads to transfer free energies of 2.4, 5.7, and −7.4 kcal/mol for 

methanol, acetonitrile, and DMSO, respectively.  For methanol, the transfer free energy 

obtained here using the cluster pair approximation is within 0.3 kcal/mol of the value 

recommended by Kalidas et al.  Considering the uncertainties associated with the 

absolute solvation free energies obtained here, the agreement between the transfer free 

energy of the proton in DMSO obtained here and that reported by Kalidas et al. is 

satisfactory.  On the other hand, for acetonitrile the agreement between the value 

obtained here and that reported by Kalidas et al. is not very good (5.0 kcal/mol 

difference).  One reason for this difference is that errors might be present in the 

experimental data used by Kalidas et al. to derive this transfer free energy.  Indeed, unlike 

most of the transfer free energies recommended by these workers, which are average 

values taken from several places, the experimental data used to determine the transfer 

free energy of the proton between water and acetonitrile was taken from a single 

source.182  Furthermore, Kalidas et al. list this value as tentative and state that it “must be 

considered doubtful at this stage”. 

It is important to point out that, like the transfer solvation free energies reported in 

this work, many of the transfer free energies reported by Kalidas et al. are also based on 

differences between experimental standard reduction potentials and solubility products in 

water and in nonaqueous solvents (see ref 183).  The u ncertainties in the relative 
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solvation free energies determined using these data are relatively small, whereas for 

single ions we assign uncertainties that are much larger (2-4 kcal/mol) based on our 

estimate of the uncertainty associated with the extrathermodynamic assumption used in 

this article (i.e. the cluster pair approximation) for splitting well-defined sums of 

solvation free energies into single-ion values.  It is not exactly clear what value for the 

uncertainty should be assigned to the single-ion transfer free energies reported by Kalidas 

et al., although these authors state that their values are accurate “within the constraints of 

the TATB assumption” to ± 0.7 kcal/mol.  However, the above differences, as well as 

previous experimental41,42,44,46-48 and theoretical work,49-51 suggest that the uncertainty 

associated with single ion solvation free energies obtained using the TATB assumption is 

larger than 0.7 kcal/mol (and perhaps larger than any of the uncertainties reported here). 

Recently, Westphal and Pliego performed high-level gas-phase calculations on 

Li+ and Na+ clusters containing up to four and five explicit DMSO molecules, 

respectively.107   Using these clustered ions and a dielectric continuum model, these 

workers calculated the absolute solvation free energies of Li+ and Na+ using an equation 

similar to eq 19 shown here.  On the basis of the difference between the calculated 

absolute solvation free energies of these ions, these workers determined the absolute 

solvation free energy of the proton in DMSO to be −273.2 kcal/mol.  Combining this 

value with Tissandier’s value for the absolute aqueous solvation free energy of the proton 

leads to a transfer free energy of −7.3 kcal/mol, which is in nearly perfect agreement with 

the value obtained in this work.   

Besides the two extrathermodynamic assumptions discussed above (cluster pair 

and TATB) single-ion solvation free energies have also been estimated on the basis of 
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measurements of the Volta (outer) potential between two different phases brought into 

contact with one another.18,184-193  Unlike the solvation free energies obtained using the 

cluster pair or TATB approximations, the solvation free energies obtained from these 

types of experiments contain, in addition to the free energy required to couple the solute 

to the bulk solvent, a free energy term that depends on the surface potentials of the two 

phases that are brought into contact with one another.  (As discussed in the first 

paragraph of the present article, the solvation free energies resulting from these types of 

experiments are usually referred to as real solvation free energies to distinguish them 

from absolute, or Gibbs, solvation free energies, which do not contain the contribution 

due to the potential of the phase.)  Because it is generally agreed that the surface potential 

of a bulk liquid cannot be directly measured experimentally, one must resort to 

extrathermodynamic assumptions or theoretical calculations in order to make direct 

comparisons between real and absolute solvation free energies of single ions.  (The 

distinction between real and absolute solvation free energies does not need to be made 

when one considers the transfer for pairs of ions with no net charge because the 

contribution to the solvation free energy due to the potential of the phase cancels out.)  

For example, Coetzee192 assigned tentative values to the surface potential of several 

nonaqueous solvents by combining transfer free energies obtained from measurements of 

Volta potential differences and those estimated using the TATB approximation.194 

In this article and in our previous work,111,195,196 we have assigned values to the 

normal hydrogen electrode potential using the absolute solvation free energy of the 

proton, which does not contain the contribution to the free energy due to the potential of 

the phase.  However, in other work (cf. ref 191), real solvation free energies, which do 
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contain this contribution, have been used to assign a value to the normal hydrogen 

electrode potential.  In principle, it is correct to use either real or absolute solvation free 

energies for assigning a value to the normal hydrogen electrode potential because, as 

pointed out by Trasatti,197 there are several different but equally valid ways to define the 

normal hydrogen electrode potential.  However, reported values for the normal hydrogen 

electrode potential are often used in conjunction with thermochemical cycle 7 in order to 

“back out” the absolute value for the solvation free energy of the proton.  Thus, from a 

practical standpoint, one must be aware of whether this value represents a real or an 

absolute solvation free energy since these two quantities can differ significantly.  (A 

recent theoretical estimate of the surface potential of bulk water puts this value at −12.7 

kcal mol−1 e−1.198)  The distinction between these two quantities can become especially 

important when absolute solvation free energies obtained from continuum solvation 

calculations, which do not include the contribution due to the potential of the phase, are 

unknowingly combined with solvation free energies that do contain this contribution.  

Because of this, for applications that involve the use of solvation free energies obtained 

from continuum solvation calculations (e.g., calculating absolute acid dissociation 

constants via thermochemical cycles 4 and 5), we recommend using the absolute 

solvation free energies reported in this article. 

   

9.  Conclusions 

 Using a combination of experimental gas-phase free energies of formation and 

solution-phase reduction potentials and acid dissociation constants, we determined 

conventional solvation free energies of unclustered ions in methanol, acetonitrile, and 
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DMSO.  These conventional solvation free energies were then combined with 

experimental and calculated gas-phase clustering free energies to determine conventional 

solvation free energies of ion-solvent clusters containing up to three solvent molecules.  

The cluster pair approximation was applied to the above data in order to determine the 

absolute solvation free energy of the proton in methanol, acetonitrile, and DMSO.  For 

methanol, the value obtained here agrees fairly well with an earlier value based on the 

TATB approximation, whereas the agreement is satisfactory for DMSO and not very 

good for acetonitrile.  The values for the absolute solvation free energy of the proton 

obtained in this work should be useful as standards against which the absolute solvation 

free energies of other single ions can be derived.  For example, Table 9 shows the 

absolute single-ion solvation free energies of the ions considered in this work.  
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TABLE 1:  Gas-Phase Free Energies of Formation (kcal/mol),a Standard Reduction Potentials (Volts), and 
Conventional Solvation Free Energies (kcal/mol) of Metal Ions in Different Solvents 

  

! 

Ec
"  b  

! 

"G
S
#,con

(M
+
)c 

M+   

! 

" fG298
o [M+(g)]d CH3OHe        CH3CN DMSOe   CH3OH CH3CN DMSO 

Na+ 136.4 -2.728 -2.87e   162.4 159.1  
K+ 114.1 -2.921 -3.16e   180.2 174.7  
Rb+ 108.5 -2.912 -3.17,e -3.316f   186.0 178.4  
Cs+ 101.1  -3.16e    187.8  
Tl+ 175.6 -0.379 -0.682f -0.352  177.3 170.4 178.0 
Ag+ 232.9 +0.764 +0.23,e +0.096f +0.680, +0.668  146.4 132.4 144.3 

     a1 kcal = 4.184 kJ.  bStandard reduction potential for a standard-state solution-phase concentration of 1 mol/L.  If more 
than a single experimental 

! 

Ec
"  value is listed, the average value was used to determine the conventional solvation free energy. 

cBased on the convention that 

! 

"G
S
#,con

(H
+
) = 0 . dFree energy of formation obtained following the electron convention and 

Fermi-Dirac statistics for the electron integrated heat capacity and entropy,116 for a standard-state gas-phase pressure of 1 atm.  
eReference 121.  fReference 122. 
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TABLE 2: Gas-Phase Free Energies of Formation (kcal/mol), Standard Reduction 
Potentials (Volts), and Conventional Solvation Free Energies (kcal/mol) of Halide 
Ions in Methanol 

X−   

! 

" fG298
o [X#(g)]a 

  

! 

" fG298
o [AgX(cr)]b 

! 

Ec
"c 

! 

"G
S
#,con

(X
$
)d 

Cl− -56.4 -26.2 -0.0221 -334.8 
Br− -56.2 -23.2 -0.1507 -329.0 
I− -52.1 -15.8 -0.32987 -321.6 

      aFree energy of formation obtained following the electron convention and Fermi-
Dirac statistics for the electron integrated heat capacity and entropy116 for a standard-state 
gas-phase pressure of 1 atm.  bExperimental values were taken from ref 126, and adjusted 
to a standard-state gas-phase pressure of 1 atm using the procedure described in 
Supporting Information. cStandard reduction potential for a solution-phase concentration 
of 1 mol/L.  Values were taken from ref 127.  dBased on the convention that 

! 

"G
S
#,con

(H
+
) = 0 . 
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TABLE 3: Solubility Products and Conventional Solvation Free Energies (kcal/mol) of Metal Halides in Different Solvents  

  pKsp
a  

! 

"GS
#
(M

+
) +"GS

#
(X

$
)   

! 

"G
S
#,con

(M
+
) b,c  

! 

"G
S
#,con

(X
$
) c 

MX 
  

! 

"Glat
o
[MX(cr)]d CH3OH CH3CN DMSO  CH3OH CH3CN DMSO  CH3OH CH3CN DMSO  CH3OH CH3CN DMSO 

KCl -155.5 3.1 8.0 3.1  -155.0 -148.5 -155.1  180.2 174.7 180.9e  -335.3 -323.2  
NaCl -171.8  8.3 2.9   -164.3 -171.6   159.1 164.4f   -323.4  
AgCl -202.8 13.3 13.2 10.8  -188.5 -188.7 -191.9  146.4 132.4 144.3  -334.8 -321.1 -336.2 
TlCl -163.4 5.6 13.2 6.9  -159.5  -157.8  177.3  178.0  -336.9  -335.8 
KBr -148.9 2.5 5.7 0.6g  -149.3 -145.0 -151.9  180.2 174.7 181.2h  -329.6 -319.7  
RbBr -143.6 2.7 5.5   -143.7 -140.0   186.0 178.4   -329.7 -318.4  
AgBr -199.9 15.5 13.6 11.0  -182.7 -185.3 -188.8  146.4 132.4 144.3  -329.0 -317.7 -333.1 
CsBr -138.4  5.8    -134.3    187.8    -322.1  
TlBr -159.4 8.2 13.0   -152.1    177.3    -329.4   
AgI -196.7 18.5 14.5 12.1  -175.4 -180.8 -184.1  146.4 132.4 144.3  -321.7 -313.2 -328.4 

     aAverage value from reference 122 unless indicated otherwise.  bFrom Table 1, unless indicated otherwise. cBased on the convention that 

! 

"G
S
#,con

(H
+
) = 0 .  dGas-phase lattice free energy calculated using eq 14. eCalculated from pKsp (KCl) and average 

! 

"G
S
#,con

(Cl
$
)  values from this 

table.  fCalculated from pKsp(NaCl) and average 

! 

"G
S
#,con

(Cl
$
)  values from this table.  gAverage value, see text.  hCalculated from pKsp(KBr) and 

! 

"G
S
#,con

(Br
$
)  values from this table. 
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TABLE 4:  Acid Dissociation Constants in Different Solvents 
  pKaa 

ion neutral CH3OH CH3CN DMSOb 

NO2
− nitrous acid   7.5 

NO3
− nitric acid    8.9136  

CH3CO2
− acetic acid   9.5,140 9.6,135 9.6,148  

  9.6,156 9.7,154 9.8139  
22.3,147 22.3,151 22.3153 12.3 

CH3CH2CO2
− propionic acid   9.7,140 9.7156   

NCCH2CO2
− cyanoacetic acid  18.0152  

CF3CO2
− trifluoroacetic acid  12.7153  

C6H5CO2
− benzoic acid   9.3,140 9.3,156 9.4,134  

  9.4,137 9.4,149 9.5139  
20.7,142 20.7141 11.0 

p-FC6H4CO2
− 4-fluorobenzoic acid   9.2156   

C6H5O− phenol 14.3,156 14.4,142 14.5148 26.7,138 27.2143 18.0 
p-NO2C6H4O− 4-nitrophenol 11.1,140 11.3,156 11.5148   
CH3O−  methanol   29.0 
C2H5O−  ethanol   29.8 
NH4

+  ammonia 10.8156 16.5138 10.5 
CH3NH3

+ methylamine 11.0156 18.4138 11.0 
(CH3)3NH+ trimethylamine   9.8156   

C5H10NH2
+ piperidine 11.1156   

pyridineH+ pyridine   5.4,142 5.4156 12.3,138 12.3146 3.5 
C6H5NH3

+ aniline   6.1156 10.6,138 10.7,144 10.7146 3.6 

     aFor anions, pKa of the neutral species.  For cations, pKa of the ionic species.  For methanol and acetonitrile, 
the literature reference for each experimental value is listed to the right of the value in superscript.  For DMSO, all 
experimental values were taken from ref 155.    
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TABLE 5: Absolute (Neutral Species) and Conventional (Ionic Species) Solvation Free Energies of Brønsted-Lowry Acids and Bases 
(kcal/mol) 

   pKa
a  

! 

"GS
#
(neutral) b  

! 

"G
S
#,con

(ion) c 

ion neutral 
  

! 

"Gg
o d CH3OH CH3CN DMSO  CH3OH CH3CN DMSO  CH3OH CH3CN DMSO 

NO2
− nitrous acid 333.7   7.5    -4.2   -329.6  

NO3
− nitric acid 317.8  8.9    -5.7    -313.3  

CH3CO2
− acetic acid 341.4 9.7 22.3 12.3  -7.2 -6.5 -7.4  -337.3 -319.5 -333.9 

CH3CH2CO2
− propionic acid 340.4 9.7    -7.1    -336.2   

NCCH2CO2
− cyanoacetic acid 323.7  18.0    -8.5    -309.6  

CF3CO2
− trifluoroacetic acid 316.7  12.7    -7.4    -308.7  

C6H5CO2
− benzoic acid 333.0 9.4 20.7 11.0  -9.7 -9.4 -10.3  -331.8 -316.1 -330.2 

p-FC6H4CO2
− 4-fluorobenzoic acid 330.0 9.2    -8.6    -328.0   

C6H5O− phenol 342.9 14.4 27.0 18.0  -8.2 -7.5 -8.1  -333.5 -315.6 -328.4 
p-NO2C6H4O− 4-nitrophenol 320.9 11.3    -11.0    -318.5   
CH3O−  methanol 375.0   29.0    -4.8    -342.2 
C2H5O−  ethanol 371.3   29.8    -5.3e    -337.9 
NH4

+  ammonia 195.7 10.8 16.5 10.5  -5.0 -4.5 -4.3  177.9 170.7 179.0 
CH3NH3

+ methylamine 206.6 11.0 18.4 11.0  -4.6 -3.7 -3.6  188.9 179.8 189.9 
(CH3)3NH+ trimethylamine 219.4 9.8    -5.0    203.0   
C5H10NH2

+ piperidine 220.0 11.1    -6.5    200.3   
pyridineH+ pyridine 214.7 5.4 12.3 3.5  -6.4 -6.1 -5.6  202.9 193.8 206.3 
C6H5NH3

+ aniline 203.3 6.1 10.7 3.6  -7.4 -7.3 -7.1  189.5 183.4 193.2 

     aAverage value from Table 4.  bCalculated (SM5.43R/mPW1PW/6-31+G(d,p)//mPW1PW/MIDI!) value, unless indicated otherwise. cBased on 
the convention that 

! 

"G
S
#,con

(H
+
) = 0 .  dFor anions, gas-phase acidity of the neutral species.  For cations, gas-phase acidity of the ionic species.  

Experimental data are from ref 165.  eReference 10. 



 56 

TABLE 6: Solvation Free Energies of Different Solutes in Their Pure Liquids 

solvent MW (g/mol) ρ (g/mL)a Pvapor (atm)b 

! 

"Gself
# (kcal/mol) 

CH3OH 32.04 0.7914 0.166 -4.84 
CH3CN 41.05 0.7857 0.120 -4.88 
DMSO 78.13 1.0955 0.00798 -7.66 

     aReference 123.  bReference 166. 
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TABLE 7: Gas-Phase Clustering Free Energiesa (kcal/mol) of Ions with Various Solvents 
 CH3OH  CH3CN  DMSO 

 (0,1) (1,2) (2,3)  (0,1) (1,2) (2,3)     (0,1) (1,2) (2,3) 
Cl− -10.0 -7.0 -4.7  -9.5 -7.1 -5.0  -12.5 -8.9 -6.0 
Br− -8.4 -6.3 -4.2  -8.7 -6.2 -3.9  -10.9 -7.8 -5.4 
I− -5.9 -4.4 -3.1  -6.6 -4.6 -3.0  -9.2 -6.2 -4.1 
NO2

−         -8.7   
NO3

−     [-7.3]       
CH3CO2

− -10.5    -9.4    [-10.2]   
CH3CH2CO2

− [-8.0]           
NCCH2CO2

−     [-7.0]       
CF3CO2

−     [-9.0]       
C6H5CO2

− [-7.3]    [-7.6]    [-7.7]   
p-FC6H4CO2

− [-6.9]           
C6H5O− [-8.1]    [-7.0]    [-7.9]   
p-NO2C6H4O− -5.0           
CH3O−          [-17.4]   
C2H5O−          [-14.0]   
Na+ -16.7 -14.2 -9.9  -23.6 -18.5 -12.7  -31.0   
K+ -12.5 -7.6 -6.2  -18.0 -13.4 -9.8  -25.8 -18.9 -11.7 
Rb+     -15.3 -11.5 -8.3     
Cs+     -13.7 -10.3 -7.2     
NH4

+  [-16.1]    -20.4 -13.6 -8.4  [-29.1]   
CH3NH3

+ -11.8    [-17.6]    [-23.1]   
(CH3)3NH+ -8.8 -4.6 -2.5         
C5H10NH2

+ [-7.6]           
pyridineH+ [-8.8]    [-13.9]    [-18.3]   
C6H5NH3

+ [-9.6]    [-14.4]b    [-18.9]   

     aGas-phase free energy change for the reaction 

! 

(S)i"1M
±

+S# (S)iM
± , for a standard-state gas-phase pressure of 1 atm.  

Experimental free energies are from ref 169.  Calculated (B97-1/MG3S) free energies are listed in brackets.  bAn 
experimental value of −12.0 kcal/mol is reported for this free energy but was not used in this work (see text). 
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TABLE 8: Solvation Free Energy of the Proton (kcal/mol) 
and Normal Hydrogen Electrode Potential (Volts) in 
Different Solvents 

    

! 

"Gt
#
(H2O$S)a 

solvent 

! 

"GS
#
(H

+
)b 

! 

ENHE
" c  this work literature 

H2O -265.9d -4.24     -      - 
CH3OH -263.5 -4.34     2.4    2.1e 
CH3CN -260.2 -4.48     5.7  10.7e 
DMSO -273.3 -3.92    -7.4   -4.6,e -7.3f 

     aTransfer free energy of the proton from water. bAbsolute 
solvation free energy of the proton obtained using the cluster 
pair approximation.  cNormal hydrogen electrode potential.  
These values were obtained using the values for the electron 
integrated heat capacity and entropy reported by Bartmess,116 
who used Fermi-Dirac statistics.  Using Boltzmann statistics for 
the integrated heat capacity and entropy of the electron gives 
values of −4.28, −4.38, −4.52, and −3.96 V for the normal 
hydrogen electrode potential in water, methanol, acetonitrile, 
and DMSO, respectively.  dReference 53.  eReference 58.  
fReference 107. 
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TABLE 9:  Absolute Single-Ion Solvation Free Energies 

! 

"GS
#  (in kcal/mol) in Four Solventsa 

ion H2Ob CH3OHc CH3CNc DMSOc 

H+ -265.9 -263.5 -260.2 -273.3 
Na+ -103.2 -101.1 -101.1 -108.9 
K+ -86.0 -83.3 -85.5 -92.2 
Rb+ -80.6  -81.8  
Cs+ -75.1  -72.4  
Tl+ -87.6 -86.2 -89.8 -95.3 
Ag+ -118.7 -117.1 -127.8 -129.0 
NH4

+ -85.2 -85.6 -89.5 -94.3 

CH3NH3
+ -76.4 -74.6 -80.4 -83.4 

(CH3)3NH+ -61.1 -60.5   

C5H10NH2
+ -64.2 -63.2   

pyridineH+ -61.1 -60.6 -66.4 -67.0 
C6H5NH3

+ -72.4 -74.0 -76.8 -80.1 
Cl− -74.5 -71.5 -62.4 -62.7 
Br− -68.3 -65.8 -59.3 -59.8 
I− -59.9 -58.2 -53.0  
NO2

−    -56.3 
NO3

−   -53.1  
CH3CO2

− -77.6 -73.8 -59.3 -60.6 
CH3CH2CO2

− -76.2 -72.7   
NCCH2CO2

−   -49.4  
CF3CO2

− -59.3  -48.5  
C6H5CO2

− -71.2 -68.3 -55.9 -56.9 
p-FC6H4CO2

−  -64.5   
C6H5O− -71.9 -70.0 -55.4 -55.1 
p-NO2C6H4O− -57.8 -55.0   
CH3O− -95.0   -68.9 
C2H5O− -90.7   -64.6 
CH2NO2

− -76.5   -61.3 
CH3SOCH2

− -67.7   -55.4 

     aAdd 1.9 kcal/mol to obtain 
  

! 

"GS
o . bReference 56.  cPresent work, based on the average 

! 

"G
S
#,con  

values of Table 1-3 and 5 and the 

! 

"GS
#
(H

+
) values in the first row (from Table 8).  dFrom

  

! 

"Gg
o  = 

350.4 kcal/mol,165 

! 

"GS
#
(CH3NO2)  = −5.7 kcal/mol,10 and pKa = 17.2.155  eFrom 

  

! 

"Gg
o  = 366.8 

kcal/mol,165 

! 

"Gself
#
(DMSO)  = −7.7 kcal/mol (from Table 6) and pKa = 35.155 
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Figure 1. Half the difference between conventional solvation free energies of anions and 
those of cations in methanol for cluster ions containing up to three methanol molecules 
plotted vs half the difference between conventional solvation free energies of anions and 
those of cations in methanol containing no methanol molecules. Differences between 
cluster ions containing one methanol molecule are plotted as circles, two as squares, and 
three as triangles.  The ordinate of the average intersection point between each of the 
straight lines is an estimate of the value for the absolute solvation free energy of the 
proton.  The asterisk on the ordinate is the absolute solvation free energy that results from 
using the TATB approximation.  
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Figure 2.  Same as Figure 1, except for acetonitrile. 
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Figure 3.  Same as Figures 1 and 2, except for DMSO.   The dashed line is the best-fit line 
computed using differential solvation free energies between all anions and all cations, containing 
up to a single DMSO molecule (open circles).  The corresponding solid line is the best-fit line 
computed after excluding differential solvation free energies between anions and pyridinium 
(lower leftmost open circles).  The slope and intercept obtained after excluding pyridinium (solid 
line) were used to obtain the final value of the absolute solvation free energy of the proton in 
DMSO.     

∗ 
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SCHEME 1: Thermochemical Cycle 1 
 
 
 

 
 

SCHEME 2: Thermochemical Cycle 2 
 
 

 
 

SCHEME 3: Thermochemical Cycle 3 
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SCHEME 4: Thermochemical Cycle 4 

 
 
 

 
SCHEME 5: Thermochemical Cycle 5 

 
 
 

 
 

SCHEME 6: Thermochemical Cycle 6 
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SCHEME 7: Thermochemical Cycle 7 
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