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Abstract 
 

Absolute single-ion solvation free energy is a very useful property for 

understanding solution phase chemistry. The real solvation free energy of an ion 

depends on its interaction with the solvent molecules and on the net potential inside the 

solute cavity. The tetraphenyl arsonium–tetraphenyl borate (TATB) assumption as well 

as the Cluster–Continuum Quasichemical Theory (CC–QCT) approach for Li+ solvation 

allows access to a solvation scale excluding the net potential. We have determined this 

free energy scale investigating the solvation of the lithium ion in water (H2O), 

acetonitrile (CH3CN) and dimethyl sulfoxide (DMSO) solvents via the CC–QCT 

approach. Our calculations at the MP2 and MP4 levels with basis sets up to 

QZVPP+diff quality, and including solvation of the clusters and of the solvent 

molecules by the dielectric continuum SMD method, predict the solvation free energy 

of the Li+ as –116.1, –120.6 and –123.6 kcal mol–1 in H2O, CH3CN and DMSO 

solvents, respectively (1 mol L–1 standard state). These values are compatible with the 

solvation free energy of the proton of –253.4, –253.2 and –261.1 kcal mol–1 in H2O, 

CH3CN and DMSO solvents, respectively. Deviations from the experimental TATB 

scale are only 1.3 kcal mol–1 in H2O and 1.8 kcal mol–1 in DMSO solvents. However, in 

the case of CH3CN, the deviation reaches a value of 9.2 kcal mol–1. The present study 

suggests the experimental TATB scale is inconsistent for CH3CN. A total of 125 values 

of the solvation free energy of ions in these three solvents was obtained. These new data 

should be useful for the development of theoretical solvation models. 
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Introduction 

 

The interaction of ions with solvent molecules and their thermodynamic stability 

in the solution phase are fundamental problems in physical chemistry. Single-ion 

solvation free energy is critical for pKa of acids,1–15 redox potentials,16–19 solubility 

products,20 chemical equilibria,21,22 kinetics,21,23–29 spectroscopy21,30 and many other 

properties. Thus, the availability of an accurate solvation free energy scale for single 

ions in different solvents is very important for the development of solvation models.31–56 

However, it has become evident that explicit and implicit solvation models should be 

calibrated against different free energy scales.31,34 This is because a molecular cavity 

immersed in a solvent has two interfaces. The first interface is the gas–solvent surface. 

A point test charge going from the gas phase (zero potential) to inside the solvent region 

feels the variation of the electrostatic potential when crossing the interface, named the 

surface potential (∆φsp), and the resulting electrostatic potential inside the liquid phase is 

named the Galvani potential (φG, see Figure 1). This gas–solvent interface is real. 

However, there is another, imaginary, interface built around the solvated ion, which the 

solvent molecules do not cross. Inside this region, the electrostatic potential created by 

the solvent molecules is different from the bulk solvent and corresponds to φR, the real 

potential felt by the ion (also named the net potential, φnp).
36 The variation of the 

electrostatic potential on going from bulk solvent to inside the solute cavity is the local 

potential (∆φlp). The relations between these quantities are: 

 

�� = Δ���, (1) 

 

�� = �� + Δ�	� = Δ��� + Δ�	�. (2) 

 

Any calculation of the solvation free energy of an ion inside a very large cluster 

with explicit solvent molecules leads to the real solvation free energy (∆���	

∗���	). On the 

other hand, when explicit solvent molecules are used with periodic boundary conditions, 

only the local potential is included, and the resulting solvation free energy is named the 

intrinsic solvation free energy (∆���	

∗���). Thus, the Galvani (or surface) potential needs 

be added to ∆���	

∗��� to obtain the real solvation free energy. 
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∆���	

∗���	 = ∆���	


∗��� + ���. (3) 

 

Another solvation thermodynamic quantity is the bulk solvation free energy 

(∆���	

∗��	�). In this case, both the surface and local potential contributions are excluded 

from the real solvation free energy and the relation between these two quantities is: 

 

∆���	

∗���	 = ∆���	


∗��	� + ���. (4) 

 

When we consider a dielectric continuum solvation model,43,57–60 these surface 

potentials do not exist. As a consequence, the solvation free energy of any ion computed 

using a continuum model, or even a hybrid cluster–continuum approach with a few 

solvent molecules, corresponds to ∆���	

∗��	�. These quantities need be related to 

experimental values. 

 

 

 

Figure 1: Electrostatic potential felt by a test charge crossing the real gas–solvent 

interface and the imaginary ion–solvent interface. 

 

 

Page 4 of 27Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

5 
 

Experimental approaches aimed at determining the solvation free energies are 

usually based on extrathermodynamic assumptions. The most used include the TATB 

(tetraphenyl arsonium tetraphenyl borate)53,61,62 and the CPA (Cluster Pair 

Approximation).49,50 The TATB considers two ions of opposite charges, the tetraphenyl 

arsonium (TA+) cation and the tetraphenyl borate (TB–) anion, as references for 

determining the solvation free energy scale.62 It is assumed that large and spherical ions 

like TA+ and TB– have the same solvation free energy. Thus, the approach corresponds 

to assigning half of ∆���	

∗  of the TA+ plus TB– pair of ions to each one. As a 

consequence, it does not include the net potential and provides the bulk solvation free 

energy scale. 

The other widely used method is the CPA and related approaches, which are 

based on the thermodynamic properties of small ion–solvent clusters in the gas 

phase.33,38,47,49,50 Usually, clusters with up to 10 water molecules are studied and 

extrapolations are made to the bulk. The main assumptions of this approach are that the 

difference in the solvation free energy between the M+(H2O)n and X−(H2O)n clusters is 

small even for small n and becomes zero in the limit of n → ∞. Nevertheless, this idea 

has been challenged. Asthagiri et al. have argued that the CPA approach includes the 

solvent surface potential63 and Vlcek and co-workers have shown that the convergence 

requires more than a few solvent molecules.33 In fact, the CPA method leads to the real 

solvation free energy and the corresponding solvation free energy scale does not match 

the TATB approach. 

While the absolute solvation free energy of single ions in aqueous solvent has 

received much attention,53,54,61,62,64–66 organic solvents have been less studied.45,52 The 

available experimental data are usually the free energy of transfer between different 

solvents, based on the TATB assumption.67,68 Pliego and Riveros have reported absolute 

solvation free energies of single ions in water and DMSO52 using the proton solvation in 

water determined by the CPA method50 and the free energy of transfer of the proton 

from water to DMSO.68 Some years later, Kelly et al. combined theoretical and 

experimental data and applied the CPA method for CH3OH, CH3CN and DMSO 

solvents to obtain single-ion solvation free energy scales in these solvents.45 Thus, the 

real (or net) potential was included in those studies. Westphal and Pliego applied the 

cluster–continuum approach to calculate the solvation free energy of the Li+ ion in 

DMSO.69 Although this approach does not include the real potential, the value of 
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lithium solvation was comparable to the Kelly et al. scale.45 More recently, the 

solvation free energy of the Li+ ion in methanol has also been investigated by the 

cluster–continuum approach.70 The results have indicated that a high level of theory is 

needed to converge to the interaction energy between the methanol solvent molecules 

and the small Li+ ion. In addition, the obtained solvation free energy scale was close to 

the TATB-based scale and different from the Kelly et al. scale. Other theoretical studies 

of single-ion solvation have also been recently reported for methanol56 and acetonitrile 

solvents.71 

Considering that the bulk solvation free energy scale is more adequate than the 

real solvation free energy scale for continuum or hybrid cluster–continuum solvation 

models, it is worthwhile to have a bulk scale for important organic solvents and water. 

In addition, if the Δ�	� term is approximately constant for molecular size cavities, then 

the �� potential will be a constant for each solvent and independent of the solute. We 

are using this assumption in this study. Thus, the aim of this paper is to apply accurate 

electronic structure methods in conjunction with the Cluster-continuum Quasichemical 

Theory (CC–QCT) approach63,69,72–74 to calculate the solvation free energy of the Li+ 

ion in water, acetonitrile and dimethyl sulfoxide. In the following step, the solvation 

free energy values of some single ions were determined in these solvents. 
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Theoretical Methods 
 

Cluster-continuum Quasichemical Theory of Solvation 

 
The Cluster–Continuum model proposed by Pliego and Riveros72 is similar to 

the quasichemical theory of Pratt and co-workers63,73 and it is referred to as the Cluster–

Continuum Quasichemical Theory (CC–QCT) of Solvation. This approach has been 

discussed in detail elsewhere69,70,72 and we are just going to present the main results. 

The idea behind the approach is to consider the central ion plus some strongly bound 

solvent molecules as a chemical species. The formation of this cluster is represented as 

a chemical reaction between the �± ion and n solvent molecules S according to equation 

5: 

 

A±
��� + �S���	� → �A±�S�"����	�                                                                                             (5) 

 

Thus, the solvation free energy is given by the following equation: 

 

∆���	
,�
∗ �A±� = ∆�$	���

∗ �A±�S�"� +	∆G��	

∗ �A±�S�"� − �∆���	


∗ �S� − �()ln,S-. (6) 

 

The first term on the right-hand side is the Gibbs free energy for the formation of the 

cluster in the gas phase (1 mol L–1 standard state). The second term is the solvation 

energy of the cluster, the third term corresponds to the solvation free energy of � 

solvent molecules and the last term is related to the density number of the solvent, 

which is equal to 55.34, 19.12 and 14.08 mol L–1 for water, acetonitrile and dimethyl 

sulfoxide, respectively. The CC–QCT approach was tested by Roux and Yu for 

solvation of Li+, Na+ and K+ ions in aqueous solution against free energy perturbation 

calculations.75 Those authors have found that the method is accurate for the case of Li+ 

ion, which has the highest binding energy to the water solvent molecules. 

An important issue is the standard state used in the solvation free energy 

definition. Throughout this work, we have used the standard state of 1 mol L–1 for both 

gas phase and solution phase, which is indicated by the symbol *. The relation between 

this solvation free energy scale with a definition that uses 1 atm standard state in the gas 

phase, represented by the symbol º, corresponds to: 
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∆���	

∗ �X� = ∆���	

° �X� − 1.89	kcal/mol	 (7) 
 

This relation (valid at 25 °C) was used to convert some solvation data taken from the 

literature. 

 

Ab initio calculations 

Previous studies on Li+ interaction with CH3OH and DMSO solvent molecules 

have indicated that these systems are very sensitive to the level of theory and require an 

extended basis set. Thus, we have used the most reliable approach for each cluster that 

was possible with our present computational resources. For Li+(H2O)4 and Li+(CH3CN)4 

clusters, geometry and frequency calculations were performed at the MP2 level with the 

def2-TZVPP basis set76 augmented by diffuse sp functions on oxygen and nitrogen 

atoms (named TZVPP+diff). For the larger Li+(DMSO)4 cluster, we have used MP2 

optimization and frequency with the smaller def2-SVP76 function augmented by diffuse 

sp functions on sulfur and oxygen atoms. 

To obtain more reliable geometries in the liquid phase, we have performed 

optimizations using the continuum model CPCM (Conductor-like Polarizable 

Continuum Model)77 in conjunction with the MP2 method with the same basis sets used 

in the gas-phase calculations. These CPCM optimizations make use of the FIXPVA 

method,78 and we have performed the calculations with 240 tesserae to generate a 

smooth potential of mean force surface. The atomic radii used in optimizations were the 

default values in the GAMESS program (using 1.40 Å for Li) and the scale factor was 

chosen as 1.20 for water, 1.35 for DMSO51 and 1.40 for acetonitrile.79 

Accurate electronic energies were obtained through single-point calculations at 

the MP2 and MP4 levels (full, all electrons included in the correlation) on the liquid-

phase optimized structures. For the smallest Li+(H2O)4 cluster, the calculations were 

performed at the MP2 and MP4 level with up to def2-QZVPP basis set76 augmented 

with sp diffuse functions on oxygen (named QZVPP+diff). Additional CCSD(T) (full 

electrons correlated) calculations with the TZVPP+diff basis set were performed to 

confirm the convergence of the MP4 method. For the Li+(CH3CN)4 and Li+(DMSO)4 

clusters, single-point energy calculations were performed at the MP2 level with 

TZVPP+diff and QZVPP+diff basis sets. We should comment that these basis sets are 

similar to the minimally augmented Karlsruhe basis sets of Truhlar and co-workers.80 
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The final part of the calculations is the single-point solvation free energy for 

each species. We have used the SMD model40 with the accurate MP2/TZVPP+diff 

method to obtain reliable solvation free energy values. The SMD method includes 

electrostatic and nonelectrostatic solvation free energy contributions and it has a good 

performance for solvation of neutral species.40,81–83 Thus, we believe that large M+(S)4 

clusters with internal charge should be well described by this method. All of the gas-

phase calculations were performed with the Firefly program,84 and the solution-phase 

calculations were performed with a recent version of the GAMESS program.85 

 

 

Anharmonicity in the Li–acetonitrile clusters 

Acetonitrile can bind to the central Li+ ion through the nitrogen atom, and the 

four acetonitrile molecules point out to the corners of a tetrahedral. The methyl groups 

on these extremes can undergo almost free rotations, leading to very small real or 

imaginary frequencies. Therefore, this is a case where correction for these very low 

harmonic vibrational modes is critical. For example, we have found an imaginary 

frequency as low as 5i cm–1 for the acetonitrile rotation motion around the N–C–C axis. 

In the present study, we have considered these four rotational modes of the four 

acetonitriles in the Li+(CH3CN)4 cluster as free rotations. Thus, considering that Ir is the 

moment of inertia, the partition function for this two-dimensional rotation is:86–88 

 

���� =
�:π;<=>?�

@/A

ℏC
, (8) 

 

and the contribution of these rotations to the Gibbs free energy is given by: 

 

���� = −4()ln����, (9) 

 

where R is the ideal gas constant. In the case of real frequencies related to rotation of 

one acetonitrile molecule, the corresponding harmonic frequency contributions to the 

Gibbs free energy were excluded. In summary, the four vibrational modes of the 

Li+(CH3CN)4 cluster that are related to the acetonitrile rotation around the N–C–C axis 

have been treated as two-dimensional free rotations for computation of the Gibbs free 
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energy. We have calculated that qrot = 3.678 and the total contribution of these four 

acetonitrile molecules to the free energy is –3.09 kcal mol–1. 

 

 

Results and discussion 
 

Solvation of Li
+
 ion in water 

Theoretical and experimental studies of Li+ in aqueous solution converge to the 

view that there are four coordinating water molecules in its first solvation shell.63,74,89 

Thus, in the study of Li+ solvated by water, we have used the Li+(H2O)4 cluster, and the 

obtained structure is presented in Figure 2. For the Li−O distance, we have found a 

value of 1.95 Å at the CPCM/MP2/TZVPP+diff level. This value is in excellent 

agreement with a recent experimentally derived value of 1.942 Å reported by Mähler 

and Persson.90 

The calculation of the solvation free energy value of Li+ in aqueous solution 

(∆���	

∗��	�) is presented in Table 1. The interaction energies of Li+ with four water 

molecules calculated at the MP2(full) and MP4(full) levels with TZVPP+diff and 

QZVPP+diff basis sets are close, suggesting that these calculations have converged. 

Test with the CCSD(T)/TZVPP+diff method shows it is 0.35 kcal mol-1 from 

MP4/TZVPP+diff value. Thus, our best level of theory, MP4(full)/QZVPP+diff method, 

predicts a value of –104.7 kcal mol–1. For comparison, a value reported by Asthagiri et 

al.
63 calculated at the B3LYP/6-311+G(2d,p) level is –106.8 kcal mol–1. Inclusion of 

thermal corrections leads to a ∆�$	���
∗ �LiG�H:O�J� value of –75.8 kcal mol–1, while 

Asthagiri et al. have reported a value of –77.7 kcal mol–1 for this property after 

correcting for the standard state used in this report. Including solvation of the cluster, 

solvation of the water molecules, and the water density term, leads to a ∆���	

∗��	��LiG� 

value of –116.1 kcal mol–1. For comparison, the value of Asthagiri et al. using the 

dielectric continuum model for solvation of the cluster is –120.5 kcal mol–1. Asthagiri et 

al. have also calculated the solvation of the Li+(H2O)4 cluster using thermodynamic 

integration with the TIP3P and SPC/E water models. In these calculations, they have 

reported values of –115.1 and –112.7 kcal mol–1 for Li+ solvation, respectively. 

However, as we have discussed in the introduction, these values are ∆���	

∗���. 

A comparison with experimental data is worthwhile. Taking the experimental 

value53 from Marcus, –117.3 kcal mol–1, which is compatible with the TATB 
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assumption, indicates a deviation of only 1.2 kcal mol–1 from our theoretical value! On 

the other hand, Tissandier et al.50 have found a value of –128.4 kcal mol–1 using the 

CPA method. Although the solvation values derived from the CPA method have been 

widely accepted, Vlcek et al.33 have recently used simulation methods to shown that the 

CPA approach does not converge for the small clusters used in the Tissandier et al. 

studies. In addition, they have confirmed that the CPA approach includes the surface 

potential contribution, a fact first pointed out by Asthagiri et al. more than 10 years 

ago.63 Based on these considerations, we believe that our value of –116.1 kcal mol–1 

obtained in this work is the most reliable theoretical value for the bulk solvation free 

energy of the Li+ ion in aqueous solution to date. 

 

Table 1. Calculation of the solvation free energy of the Li+ in water, acetonitrile and 
dimethyl sulfoxide by the CC-QCT method.a 

 
Li+(H2O) 4 Li+(ACN)4 Li+(DMSO)4 

MP2/SVP +diff - - -168.47 

MP4/SVP + diff - - -169.15 

MP2/TZVPP + diff -102.99 -121.69 -148.04 

MP4/TZVPP + diff -103.20 - - 

CCSD(T)/TZVPP + diff -103.55 - - 

MP2/QZVPP + diff -104.27 -123.66 -148.45 

MP4/QZVPP + diff -104.66 - - 

∆Gclust
*
 -75.82 -95.16 -108.89 

∆Gsolv
*(Li+(S)4)

 b
 -58.49 -41.09 -39.42 

n∆Gsolv
* (S) b

 -27.76 -22.60 -31.00 

nRT ln [S] 9.51 6.99 6.27 

∆Gsolv
*bulk (Li+)c

 -116.06 -120.64 -123.58 

a - Units of kcal/mol. b - Solvation free energies obtained at SMD/MP2/def2-TZVPP level.   
c - Bulk single ion solvation free energy obtained with the Cluster-Continuum approach. 
Standard state of 1 mol L-1 for both gas phase and solution. 
 

 

 

Solvation of Li
+
 ion in acetonitrile 

The next solvent is acetonitrile. Eldik and co-worker91 have studied LiClO4 in 

mixtures of nitromethane and acetonitrile by 7Li-NMR spectroscopy. They have 

concluded that the Li+ ion is coordinated by four acetonitrile molecules. In addition, 
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those authors have investigated the stability of tetra- and pentacoordinated ions by 

theoretical calculations at the PCM/B3LYP/6-311+G** level of theory. Their 

calculations have indicated that the pentacoordinated Li+ is 3.7 kcal mol–1 less stable 

than the tetracoordinated form. 

In the present study, we have considered the lithium ion solvated by acetonitrile 

as represented by the Li+(CH3CN)4 cluster and the corresponding structure is shown in 

Figure 2. The Li−N distance is calculated to be 2.02 Å. The interaction energy of the Li+ 

with four acetonitrile molecules was calculated at the MP2(full) level with up to 

QZVPP+diff basis set. This level of theory predicts a value of –123.7 kcal mol–1, almost 

20 kcal mol–1 more negative than the interaction of the Li+ with four water molecules 

and 10 kcal mol–1 more negative than the interaction with four methanol molecules.70 

Including thermal corrections changes the ∆�$	���
∗ �LiG�CHLCN�J� to a value of –95.2 

kcal mol–1. When the solvation of the Li+(CH3CN)4 cluster and the solvation of the 

CH3CN are included, as well as the density number contribution, the final solvation free 

energy of the Li+ ion in acetonitrile becomes –120.6 kcal mol–1, which is 4.5 kcal mol–1 

more negative than Li+ solvation in aqueous solution. Thus, although the lithium ion 

remains more solvated in acetonitrile solution than in aqueous solution, in line with the 

free energy for cluster formation in the gas phase, the difference decreases substantially. 

This behavior can be rationalized considering that the Li+(CH3CN)4 cluster is larger 

than the Li+(H2O)4 cluster. As a consequence, the former is less solvated by the bulk 

solvent. 

Recently, Bryantsev71 has reported a mixed cluster–continuum calculation of Li+ 

ion solvation in acetonitrile using DFT calculations. He has found a value of –125.8 

kcal mol–1. This difference of 5.2 kcal mol–1 in relation to our value has three sources: 

first, the level of electronic structure theory. Second, the treatment of internal motion of 

acetonitrile molecules and third, the hybrid approach that he has used. The mixed 

cluster–continuum approach used by Bryantsev does not converge to the solvation free 

energy value that would be obtained using free energy perturbation, while the CC–QCT 

used in this work does, as shown by Roux and Yu for lithium ion in aqueous solution.75 
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Figure 2. Structure of the Li+(H2O)4, Li+(ACN)4 clusters obtained at 
CPCM/MP2/TZVPP+diff level and of the Li+(DMSO)4 cluster obtained at 
CPCM/MP2/SVP+diff level. 
 

 
The experimental value can be obtained using the solvation free energy of the 

lithium ion in aqueous solution (–117.3 kcal mol–1) plus the free energy of transfer 

between water and acetonitrile (6.8 kcal mol–1) reported by Marcus,53,68 leading to a 

value of –110.5 kcal mol–1. This value, consistent with the TATB method, is 10 kcal 

mol–1 more positive than our value. Although equations 8 and 9 introduce some 

uncertainty in the final clustering free energy, this contribution is only 3 kcal mol–1 and 

the error in the used method should be smaller than this value. Thus, the experimental 
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data indicate less solvation of lithium ion in acetonitrile in relation to aqueous solution. 

Based on our calculations on gas-phase clusters, which indicate stronger interaction of 

Li+ with acetonitrile than with water, these experimental data seem unsound. To include 

more comparisons, our value is compatible with the following solvation free energy of 

the proton in acetonitrile: –253.8 kcal mol–1, to be discussed later in this report, while 

Kelly et al. have obtained an even more negative value of –260.2 kcal mol–1 (in this 

case, corresponding to	∆���	

∗���	). Thus, the difference between our value and the TATB 

method for this system is interesting, considering the good agreement obtained for water 

and methanol70 solutions. 

 

Solvation of Li
+
 ion in DMSO 

Our group studied lithium ion solvation in DMSO 10 years ago.69 In that study, 

we found that the Li+ is coordinated by four DMSO molecules. It was observed that the 

calculated interaction energy of Li+ with DMSO is very sensitive to the level of theory, 

requiring an extended basis set and full inclusion of the core electrons in the correlated 

calculation. A similar conclusion on the coordination number of four was reached by 

Onthong et al. using molecular dynamics calculations.92 Experimental studies also 

support the view that Li+ is coordinated by four DMSO molecules.93 

The structure of the Li+(DMSO)4 clusters obtained in this study is presented in 

Figure 2. We have obtained a value of 1.93 Å for the O−Li length at the 

CPCM/MP2/SVP+diff level, which can be compared with the previous value of 1.96 Å 

obtained at the B3LYP/6-31G(d) level. The calculation of the interaction energy 

between the Li+ and the four DMSO molecules goes from –168.5 kcal mol–1 at the 

MP2(full)/SVP+diff level to –148.5 kcal mol–1 at the MP2(full)/QZVPP+diff level. We 

should observe that the calculation with the TZVPP+diff basis set is close to that of the 

QZVPP+diff basis set, and the MP4 calculation has a small effect in relation to MP2. 

Therefore, we are confident that the interaction energy is converged. For comparison, 

our best calculation in the previous study, MP2(full)/6-311+G(2df,2p), predicts a value 

of –157.0 kcal mol–1, in considerable error by 8.5 kcal mol–1 from our best calculation 

in this work. 

Including the thermal corrections, the free energy for the cluster formation 

(∆�$	���
∗ �LiG�DMSO�J�) is calculated to be –108.9 kcal mol–1. This value is much more 
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negative than that observed for H2O and CH3CN complexation with the lithium ion, 

suggesting DMSO is more coordinating than those other solvents. 

The effect of cluster solvation, DMSO solvation and density number leads to the 

final ∆���	

∗��	��LiG� value of –123.6 kcal mol–1, 11.9 kcal mol–1 more positive than our 

previous calculation of –135.5 kcal mol–1. This is a substantial difference and it can be 

attributed to the high sensitivity of the interaction energy in relation to the level of 

theory. 

A comparison with experimental data is encouraging. Thus, using the Marcus 

value for Li+ solvation in aqueous solution (–117.3 kcal mol–1) and its free energy of 

transfer from H2O to DMSO (–4.1 kcal mol–1), the experimental ∆���	

∗��	��LiG� becomes 

–121.4 kcal mol–1, a deviation of only 2.2 kcal mol–1 from our new theoretical value. 

The excellent agreement between the theoretical and experimental data observed for this 

system is outstanding. 

Looking at Table 1, we can observe good consistency between the solvation free 

energy of the Li+ ion in the three solvents and the free energy for formation of the 

Li+(S)4 cluster in the gas phase. If we include the solvation in methanol from our 

previous work, the consistency remains, using the gas-phase free energy for 

Li+(CH3OH)4 formation of –82.3 kcal mol–1 and the solvation free energy of Li+ of –

118.1 kcal mol–1. Furthermore, our values for lithium solvation in H2O, CH3OH and 

DMSO are very close to the experimental values of Marcus. Hence, we are inclined to 

think that the experimental value for the lithium ion solvation in acetonitrile is not 

reliable. 

 

Solvation free energy from the salt solvation data 

 

The solvation free energy of the Li+ in the three solvents, determined in this 

work, are the anchor values used to determine the single-ion free energy scale. For an 

MX salt, the solvation free energy in a solvent S can be experimentally determined and 

the following relation is valid: 

 

∆���	

∗ �MGXP, S� = ∆���	


∗ �MG, S� + ∆���	

∗ �XP, S�. (10) 

 

Taking the data of Tissandier et al.50 in aqueous solution for solvation of the MX salts, 

the ∆���	

∗  of ions Na+, K+, Rb+, Cs+, F– and Cl– were obtained. In the case of 
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acetonitrile and DMSO solvents, we have used the free energy of transfer of a pair of 

ions from water to organic solvent and the relation: 

 

∆���	

∗ �MGXP, S� = ∆���	


∗ �MGXP, H:O� + ∆������Q�M
GXP, H:O → MGXP, S�. (11) 

 

In the following step, equation (10) was also applied. The collected data are presented in 

Table 2. 

 

Table 2. Solvation data of inorganic salts in water and free energy of transfer to 
acetonitrile and DMSO.a 

Salt ∆ G*
solv 

(H2O)b 
∆ G*

t 
(H2O → ACN)c

 

∆ G*
solv 

(ACN) 
∆ G*

t 
(H2O → DMSO)c

 

∆ G*
solv 

(DMSO) 

LiF -232.8 23.8d -209.0 13.1 -219.7 

LiCl -203.1 16.9 -186.2 5.2 -197.9 

NaCl -177.8 12.9 -164.9 6.3 -171.5 

KCl -160.6 11.6 -149.0 6.4 -154.2 

RbCl -155.2 11.4 -143.8 6.9 -148.3 

CsCl -148.4 11.1 -137.3 6.2 -142.2 

a - Units of kcal mol-1 and standard state of 1 mol L-1 in both gas and solution phases. b – Data 
taken from reference 50 . c - Data from references 67 and 68. d - For fluoride, free energy of 
transfer taken from ref. 94. 
  

 

 

Solvation free energy from electrode potentials 

For the ions H+, Br− and I−, the solvation free energy data were obtained from 

the electrode potentials in H2O, CH3CN and DMSO, using an approach similar to our 

previous report in methanol. The reactions are: 

 

Cl:�g� + H:�g� → 2ClP �sol� + 2HG �sol� (R1) 

 

Cl:�g� + 2BrP �sol� → 2ClP �sol� + Br:�g� (R2) 

 

	Cl:�g� + 2IP �g� → 2ClP �sol� + I:�g� (R3) 

 

Taking the electrode potentials reported by Persson20 (Table 3), we can calculate 

the reaction free energy for these processes through: 
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∆���	
° = −�XY°  (12) 

 

 

 

Table 3. Electrode potentials and reaction Gibbs free energy contributions for reactions 
R1, R2 and R3. 

Reaction ∆�Z
°  a  Y°/Vb  

 
∆∆�[\]^

°  a  

  Water ACN DMSO Water ACN DMSO 

R1 610.49 1.3585 0.424 1.145 -673.1 -630.0 -663.3 

R2 -0.56 0.2935 0.181 0.145 -12.98 -7.79 -6.127 

R3 -8.78 0.8235 0.540 0.509 -29.20 -16.13 -14.70 

a  - Units of kcal mol-1. b – Data taken from reference 20. 
 
 
 

These free energies can be decomposed into gas phase (also including the pure solid and 

pure liquid contributions) and the solvation free energy contribution: 

 

∆���	
° = ∆��

° + ∆∆���	

° . (13) 

 

The ∆��
° term was obtained in the previous work,70 and using equation (13) we can 

obtain the ∆∆���	

°  term, which leads to the solvation free energy of H+, Br− and I− ions 

using equations (14) to (16): 

 

∆���	

∗ �HG, S� =

_

:
∆∆���	


� �R1� − ∆���	

∗ �ClP, S� − 2	 × 	1.89	kcal	molP_, (14) 

 

∆���	

∗ �BrP, S� = ∆���	


∗ �ClP, S� −
_

:
∆∆���	


� �R2�, (15) 

 

∆���	

∗ �IP, S� = ∆���	


∗ �ClP, S� −
_

:
∆∆���	


� �R3�. (16) 

 

All of the solvation data for these simple ions obtained in this work are presented in 

Table 4 for these three solvents. 
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Comparison with solvation data from the literature 

The single-ion solvation free energy values obtained in this work correspond to 

bulk solvation (∆���	

∗��	�). A comparison with experimental data must be done with a 

similar quantity, such as the free energy scale based on the TATB method.61,62 Thus, we 

have chosen to do a direct comparison with the Marcus data53 in aqueous solution, 

instead of the values derived from the CPA method,50 because this approach 

corresponds to ∆���	

∗���	. For the experimental data in acetonitrile and dimethyl 

sulfoxide,67,68 we have added the experimental free energy of transfer of the single ions 

to their solvation values in aqueous solution. All of the experimental solvation data are 

presented in Table 4. 

In aqueous solution, the theoretical ∆���	

∗��	� values are more positive for cations 

and more negative for anions than the experimental values of Marcus. The resulting root 

mean squared (RMS) deviation is 1.6 kcal mol–1, an excellent agreement considering 

the independent approaches used to determine these values. We should also observe that 

the TATB assumption may have some uncertainties. For example, Schurhammer et 

al.
95–97 have investigated the solvation of TA+ and TB− ions in water solution using 

different water models. They have consistently found that the TB− ion is better solvated 

than the TA+ ion, although the values have presented a wide range. Because those 

authors have calculated ∆���	

∗���, some contribution to this difference is due to the Δ�	� 

term, as pointed out by Shi and Beck.34 

In the case of acetonitrile, the deviations are high, reaching an RMS value of 9.9 

kcal mol–1. Our theoretical results are more negative for cations and more positive for 

anions than the Marcus values. These high deviations in acetonitrile solution are 

intriguing when we consider that for water (this work) and methanol70 solutions, the 

agreement is very good. Thus, the data of Marcus have indicated that the proton is 10.7 

kcal mol–1 less solvated in acetonitrile than in aqueous solution. Our data have indicated 

a very different value: the proton is only 0.2 kcal mol–1 less solvated in acetonitrile than 

in aqueous solution. For comparison, a CPA study by Kelly et al. in acetonitrile has 

indicated a solvation free energy value of –260.2 kcal mol–1 for the proton. Although 

this is a ∆���	

∗���	 quantity, when compared with the Marcus value, the difference is 16.2 

kcal mol–1, indicating a very negative �� value of –0.70 V in acetonitrile. However, an 

experimental study by Case et al.98 has found a surface potential (in fact, ��) of –0.10 

V. This potential corresponds to a free energy of just 2.3 kcal mol–1. Thus, using 
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equation (4) and the ∆���	

∗���	�HG� value of Kelly et al. leads to an estimated 

∆���	

∗��	��HG� value of –257.9 kcal mol–1, differing by 4.7 kcal mol–1 from our value! 

Fawcett18 has also suggested a value of –256.2 kcal mol–1 for the proton solvation in 

acetonitrile, whereas Pomogaeva and Chipman99 have found that a solvation scale based 

on the Fawcett value of the proton leads to better performance of their new solvation 

method when compared with the Kelly et al. scale.45 These observations are remarkable 

and provide more support for the value found in this work. On the other hand, our result 

suggests a problem with the experimental scale of Marcus. 

For the other dipolar aprotic solvent investigated, dimethyl sulfoxide, the 

agreement between our free energy scale and that of Marcus is very good. The 

calculated RMS deviation is 2.1 kcal mol–1. Considering that the ∆���	

∗���	�HG� obtained 

by Kelly et al. by the CPA method is –273.3 kcal mol–1, we can use our ∆���	

∗��	��HG� to 

estimate that ��	= –0.52 V for DMSO. It is also interesting to note that our results point 

out that small anions are more solvated in DMSO than in acetonitrile by ~10 kcal mol–1. 

 
 
Table 4. Absolute bulk solvation free energies of some inorganic ions in water, 
acetonitrile and DMSO.a  

 
Water Acetonitrile DMSO 

Ions This work  Marcusb
 This work  Marcusc

 This work  Marcusc
 

H+
 -253.4 -254.7 -253.2 -244.0 -261.1 -259.3 

Li+ -116.1 -117.3 -120.6 -110.5 -123.6 -121.4 

Na+
 -90.8 -91.0 -99.3 -88.2 -97.2 -94.0 

K+
 -73.6 -74.3 -83.5 -72.7 -80.0 -77.2 

Rb+
 -68.2 -69.5 -78.3 -68.2 -74.1 -71.9 

Cs+
 -61.4 -63.5 -71.7 -62.4 -67.9 -66.6 

F− -116.7 -114.9 -88.4 -97.9 -96.1 -97.7 

Cl− -87.0 -85.0 -65.6 -74.9 -74.3 -75.7 

Br− -80.5 -79.1 -61.7 -73.2 -71.2 -73.3 

I− -72.4 -69.5 -57.5 -65.0 -67.0 -66.1 

a – Units of kcal mol-1. b - Data taken from ref. 53. c - Data taken from refs.53, 67, 68. 
  

 

 

Solvation free energy of single organic ions from pKa data 
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A database of the solvation free energy of organic ions in the three solvents, 

including different functional groups, is very useful for calibration of the solvation 

models. In this work, we are focusing on a solvation scale for continuum and hybrid 

cluster–continuum solvation models. The equations used to calculate the solvation free 

energy of A− anions and BH+ cations were discussed in previous publications and are 

given by:52,66,70 

 

∆���	

∗ �AP� = �1.364�pe��HA� − ∆����

� �AP� + ∆���	

∗ �HA� − ∆���	


∗ �HG� −

1.89	kcal	molP_, (17) 

and 

 

∆���	

∗ �BHG� = �−1.364�pe��BH

G� + ∆����
� �B� + ∆���	


∗ �B� + ∆���	

∗ �HG� +

1.89	kcal	molP_. (18) 

We have used extensive pKa data in these three solvents, gas-phase basicity, solvation 

free energy of the neutral molecule and the solvation free energy of the proton 

determined in this work to obtain the solvation free energy of the corresponding ion. 

These data were taken from the literature and previous compilations.45,47,52,70,100–101 The 

obtained solvation free energy values are presented in Tables 5 and 6. 

It is interesting to analyze the solvation data in these different solvents. In 

aqueous solution, the much higher solvation free energy of the anions than the cations is 

evident. For example, for the OH− and H3O
+ hard ions, the former is 20 kcal mol–1 more 

solvated. Even for larger ions like PhO− and PhNH3
+, the difference is 22 kcal mol–1. 

The natural interpretation of this observation is that the small hydrogen atom bound to 

oxygen in water is able to stay closer to the anion than the larger oxygen atom of water 

is close to the cation, leading to better solvation of anions. In methanol,70 this higher 

solvation of anions in relation to cations remains, although the difference in solvation 

between anions and cations decreases. In addition, anions are better solvated in water 

than in methanol, while cations are better solvated in methanol than in water. 

In the case of CH3CN and DMSO, we can observe an unexpected behavior: 

organic anions are more solvated than cations. For example, the PhO− ion is 6.3 kcal 

mol–1 more solvated than PhNH3
+ in DMSO. For smaller organic ions, the difference 
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increases. Thus, the CH3O
− ion is 23 kcal mol–1 more solvated than the CH3NH3

+ ion in 

DMSO. The usual thinking about dipolar aprotic solvents is that the anion solvation is 

less important and the cation solvation is more important. In other words, the positive 

part of the solvent molecules (O and N atoms of DMSO and CH3CN, respectively) 

should have stronger interaction with the cations than the –CH3 moiety interacts with 

the anions. Our results suggest that this is not the case. 

 

Table 5. Absolute bulk solvation free energies of anions in water, acetonitrile and 
DMSO based on pKa data.a  

Anions Water Acetonitrile DMSO 

F
−
 -117.5  -99.6 

Cl
−
 -87.1   

Br
−
 -81.1   

I
−
 -72.4   

OCl
−
 -93.1   

OBr
−
 -88.4   

OI
−
 -84.0   

CN
−
 -82.8  -75.9 

N3
−
 -83.2  -80.4 

NO2
−
 -  -72.7 

NO3
−
 - -65.4  

HO
−
 -117.4  -102.1 

HO2
−
 -109.8   

MeO
−
 -107.6  -93.9 

EtO
−
 -103.6  -89.8 

i-PrO
−
 -98.5  -86.0 

t-BuO
−
 -94.5  -82.1 

PhO
−
 -82.3 -72.5 -73.9 

p-NO2-C6H4O
−
 -70.3 -64.7 -64.3 

HCOO
−
 -88.7   

CH3COO
−
 -89.8 -75.2 -79.1 

PhCOO
−
 -83.7 -73.1 -76.9 

CH3SO3
−
 -84.2  -70.2 

CH2NO2
−
 -88.4  -79.1 

CH2CHO
−
 -88.2   

CH3C(=O)CH2
−

 -88.1  -81.3 

PhCOCH2
−
 -82.7   

CH2COOEt
−
 -78.9   

HS
−
 -84.1   

CH3S
−
 -86.2   

PhS
−
 -75.8  -69.4 

CH3SOCH2
−
 -79.7  -82.6 

PH2
−
 -71.9   

NH2
−

 -104.7  -99.4 

PhNH
−
 -76.3  -78.2 
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HCONH
−
 -  -79.3 

CH3CONH
−
 -92.6  -80.7 

CH2CN
−
 -78.2  -79.2 

CH3CHCN
−
 -78.1   

HCC
−
 -88.6   

PhCH2
−
 -  -77.5 

a – Units of kcal mol-1. The utilized properties are presented in the supporting 
information. 

 

 
When we compare the solvation of organic anions between CH3CN and DMSO, 

the values are close. In the case of cations with large exposure of the center of charge, 

like NH4
+ and PhNH3

+, the solvation free energy values are also close. This similar 

solvation in both solvents has an important practical consequence: a unique set of 

atomic cavities in the continuum solvation model could be useful for both dipolar 

aprotic solvents, and this behavior may be true for other similar aprotic solvents. 

However, in the case of cations with less exposition of the center of charge, such as 

pyridineH+, acetonitrile is able to solvate more efficiently. A possible explanation is that 

the almost linear structure of CH3CN allows more molecules to stay close to the center 

of charge of the ion, while the S=O group of DMSO has voluminous –CH3 groups 

attached, not allowing more solvent molecules to stay close to the center of charge of 

the ion. 

 
 
Table 6. Absolute bulk solvation free energies of cations in water, acetonitrile and 
DMSO based on pKa data.a  

Cations Water Acetonitrile DMSO 

H3O
+
 -97.8   

CH3OH2
+
 -80.6   

CH3CH2OH2
+
 -75.9   

(CH3)2OH
+
 -67.3   

(CH3CH2)2OH
+
 -59.0   

(CH3)2C=OH
+
 -64.3   

(PhCOCH3)H
+
 -52.6   

(CH3COOEt)H
+
 -56.0   

(CH3)2SH
+
 -52.0   

(CH3SOCH3)H
+
 -55.7   

NH4
+
 -72.7 -82.6 -82.1 

CH3NH3
+
 -64.0 -73.2 -71.2 

(CH3)2NH2
+
 -56.1   

(CH3)3NH
+
 -48.7   

EtNH3
+
 -60.5   
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(Et)2NH2
+
 -50.7   

(Et)3NH
+
 -42.2 -53.1 -46.6 

PrNH3
+
 -59.0   

nBuNH3
+
 -58.5  -65.8 

PhNH3
+
 -60.3 -69.8 -67.6 

pyridineH
+
 -48.6 -59.5 -53.5 

(HCONH2)H
+
 -70.0   

(CH3CONH2)H
+
 -61.3   

a – Units of kcal mol-1. The utilized properties are presented in the supporting 
information. 
 

 

A comparison between water and the dipolar aprotic solvents suggests that 

anions are more solvated in water than in DMSO or CH3CN. The smaller the ion, the 

higher the difference of the solvation free energy. For cations, we observe the reverse, 

and the solvation free energy is more negative by ~10 kcal mol–1 in dipolar aprotic 

solvents. Therefore, the classical view that going from protic solvent to dipolar aprotic 

solvent leads to higher reactivity of anions because dipolar aprotic solvents decrease 

their solvation remains true.102 However, this fact is not uniquely responsible for the 

enhancement of the reactivity. The higher solvation of cations is critical to solubilize the 

salt and to form free ions in solution. Otherwise, ion pairs would be formed, leading to 

reduced reactivity.103,104 

Our results in acetonitrile raise doubts about the Marcus solvation free energy 

scale. To provide more support for our scale, let us pay attention to the solvation free 

energy of the p-nitrophenoxide anion in CH3CN and DMSO. The values presented in 

Table 5 are –64.7 and –64.3 kcal mol–1, respectively. These values are close and 

expected for solvation of charge-dispersed anions like p-nitrophenoxide. On the other 

hand, if the Marcus scale was correct, the solvation free energy of this anion would 

become 10 kcal mol–1 more negative in acetonitrile. This fact would have two 

implications: first, the solvation of this anion would be much higher in CH3CN than 

DMSO. Second, the solvation free energy value of the p-nitrophenoxide anion would be 

as negative as that in water solution. These consequences seem unphysical and in our 

opinion it is a strong indication that our scale is correct and physically sound. 

 

 

Conclusions 
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A solvation free energy scale, excluding the net electrostatic potential inside the 

solute cavity, has been obtained for water, acetonitrile and dimethyl sulfoxide solvents 

from the solvation free energy of the Li+ ion. The solvation of this ion was determined 

by the cluster–continuum quasichemical theory of solvation. Our values for the 

solvation free energy of the proton are close to the Marcus values in the case of H2O 

and DMSO, studied in this work, as well as for the CH3OH solvent, investigated in a 

previous report. For acetonitrile, the discrepancy reaches 9 kcal mol–1. The Marcus scale 

is compatible with the TATB assumption and an analysis of the coherence of our scale 

suggests the experimental TATB scale in acetonitrile is not reliable. We have obtained 

73 solvation free energy values for anions and 52 values for cations in these three 

solvents. Our scale provides a realistic description of solute–solvent interactions without 

the net potential and it could be valuable for the development of solvation models. 
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