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The use of correct ion radii is essential for the calculation of free energies of hydration using continuum
models. A simple method for the fitting of the ion radii for ions in aqueous solution, which is a consistently
difficult problem for implicit solvent models, is described. A new set of ionic radii based on experimental
ionic hydration free energies for use in the integral equation formalism of polarizable continuum model
(IEFPCM) is derived using B3LYP calculations with a 6-311++g** basis set for Li, Na, K, Be, Mg, and Ca
and a SDD basis set for all other metals. The new radii reproduce the experimental stability constants of
metal ions and their pyridine, 2,2′-bipyridine, and 1,10-phenanthroline complexes in aqueous solution
significantly better than the results obtained using the default UAHF ion radii. The standard deviation (SD)
of binding free energies between the calculations and experiments for the metal-ligand complexes in aqueous
solution is 3.7 kcal/mol, while the mean unsigned error (MUE) is 3.1 kcal/mol. These results improve on the
standard UFF radii for metal atoms, in which the MUE and the SD are 30.4 and 16.9 kcal/mol, respectively.
The new ionic radii greatly improve the computational tools for the study of a variety of metals with ligands
such as pyridines or calixarenes, which have found significant interest in materials science and for the removal
of toxic metals.

Introduction

Solvent effects play important roles for molecular structures,
energies, and properties since most of chemical processes occur
in solution and many approaches have been developed to deal
with them in the past several decades.1 These approaches can
be divided into two categories, explicit and implicit solvent
models. Explicit solvent models have been widely used in force-
field-based molecular simulations2 where both the solvent,
usually in form of a periodic boundary box filled with solvent
molecules, and the solute are treated explicitly during the
calculations. Explicit models are also applied to quantum
mechanics calculations, but the systems are limited due to
computational difficulties.3 In contrast, implicit models treat
solvation as the interaction of a solute of a certain size, shape,
and charge distribution with a solvent continuum of a given
dielectric constant and, more recently, polarizability.4 Implicit
methods are widely used in quantum chemistry due to the much
more unfavorable scaling of these methods, which are not able
to treat large numbers of solvent molecules explicitly. Implicit
models have also been applied to the simulation of biomolecules
in recent years.5

The implicit solvent models can be further subdivided into
physics-based and fitted methods.6 An example of the physics-
based type is the integral equation formalism polarizable
continuum model (IEFPCM) implicit solvent model developed
by Tomasi7 and co-workers and the closely related model by

Chipman.8 The series of semiempirical solvent models called
SMx developed by Cramer and Truhlar, with SM8 being the
latest version, are an example of the later where a number of
parameters are fitted to reproduce the free energy of solvation
of a wide range of neutral and ionic species.9 For a wide variety
of systems, including charged systems, these approaches provide
results consistent with experimental data.10 However, the
treatment of metal cations using implicit solvent models remains
challenging. Often, the solvation shell of the cation is modeled
using explicit solvent molecules and the small solute-solvent
clusters are embedded in an implicit model.11 The size and
structural features of the solute-solvent cluster are usually
specific for a certain metal ion.11g Even for simple metal ions,
one or more shells of solvent molecules are frequently necessary
to calculate the free energies of hydration, greatly increasing
the computational effort needed due to the large size of the
system and the sampling necessary.

An alternative approach to the problem of free energy of
solvation of metal ions that is proposed here combines some
features of both models in that it uses the rigorously derived
formalism of the IEFPCM that is usually applied with physics-
based parameters such as the UAHF ion radii. A single
parameter, termed the solvation corrected atomic radius (SCAR),
is fitted to reproduce experimental solvation free energies. The
advantage is that a simple procedure can provide a set of ionic
radii that will allow the more accurate calculation of free
energies of solvation of systems similar to the training set
without additional computational cost compared to the standard
methods. The disadvantage is that the quality of the extrapolation
beyond the training set is unclear and likely to be less than the
more general fitted methods such as SM8, which can be applied
to many different solutes and solvents. We therefore focused
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on a common and important problem, the solvation free energies
and the related complexation of mono- and multivalent metal
ions in water, where the performance of many standard methods
with default values is poor but where good experimental data
are available. To maintain comparability to previous studies that
showed good performace of the IEFPCM method for neutral
molecules,1,6,9 we used the standard UAHF values for all other
atoms studied here.

The energetics of the transfer of a metal ion from the gas
phase to bulk solution normally cannot be measured directly.
However, the differences of Gibbs solvation free energies
between two species are known for many cases. Therefore, the
solvation free energy of metal ions is usually referenced to the
absolute solvation free energy of the proton according to eq 1.

The solvation free energy of the proton can in turn be
determined using molecular beam studies of clusters in the gas
phase.12 Using these results, Gibbs free energy of formation of
hydrated proton can be expressed by the free energy of formation
in the gas phase ∆fG°[H+

g], and the absolute hydration free
energy of proton ∆Gaq°[H+] as shown in eq 2. The free energy
of solvation of a metal ion can then be expressed by eq 3,
indicating the dependence on the solvation free energy of the
proton.

Marcus’ absolute hydration free energies of cations
∆Gaq°[Mn+] (Table 1) referred to the absolute hydration free
energies of proton ∆Gaq°[H+] (-251.1 kcal/mol).13 Tissandier
et al.12 proposed that the absolute hydration free energy of proton
should be -264.0 kcal/mol, and take the volume variation of
the ion from the gas phase to solution, the value of -RT ln(RT/
P°) ) -1.9 kcal/mol should be included. Thus, the value of
absolute hydration free energy of proton is -265.9 kcal/mol, a
value that has been widely used in the more recent implicit
solvent models.1,6,9b,14 On the basis of this, the hydration free
energies of metal ions are updated accordingly in Table 1
(∆hGupd).

The absolute free energies of hydration of ions are sensitive
to the absolute free energy of hydration of the proton. However,
many physical quantities are less sensitive or insensitive to the
absolute free energies of hydration of the proton, such as the
free energies of hydration of neutral species, formation constants
of complexes, etc. Thus, the formation constants (independent
to hydration free energies of single metal ions) of a metal-ligand
system rather than a single ion species were chosen as the test
cases for the solvation-corrected ionic radii. In this work,
metal-pyridine (Py), 2,2′-bipyridine (BPy), and 1,10-phenan-
throline (Phen) complexes were chosen. Pyridine is one of the
most common and important moieties in molecules to form
complexes with metal ions. Its derivatives are widely employed
in analytical chemistry, supramolecular chemistry, catalysis, and
biological studies.15 There are numerous experimental studies

on metal-pyridine complexes via spectrometric methods in the
gas phase and solution.16 Theoretical studies have also explored
the intrinsic interactions and properties of these complexes in
the gas phase.17 However, these theoretical studies do not match
the experimental results in solution. Thus in this work, we
attempt to apply the SCARs for the investigation of formation
constants of MPy, MBPy, and MPhen complexes as a test of
the new ionic radii.

Computational Methodology

Since the free energies of hydration are sensitive to ionic radii
in PCM model, it is possible to obtain different ionic hydration
free energies via modifying the ionic radii. The updated
hydration free energies of metal ions(∆hGM′) shown in Table 1
were obtained using the Marcus hydration free energies, eq 1,
and Tissandier’s absolute hydration free energies of proton. The
correction energy of -14.8 kcal/mol between the Marcus and
Tissander free energy of the proton, multiplied by the charge
state of the metal, was added to the relevant Marcus hydration
free energies of univalent, divalent, and trivalent metal ions,
respectively. As expected, the updated hydration free energies
of monovalent ions are very close to those proposed by Truhlar
and co-workers.9b

We then performed a series of IEFPCM calculations on
various metal cations where the ionic radius was varied in steps
of 0.02 Å. The free energies of solvation from the IEFPCM
calculations as a function of the ion radius include both the
electrostatic and the smaller but non-negligable nonelectrostatic
terms within the framework outlined by Tomasi and Barone.7

The difference between experimental and computed free energy
of solvation was then plotted against the chosen ionic radius. If
the difference fell below a threshold of 0.5 kcal/mol, the radius
was assigned as the SCAR of the ion. Figure S1 in the
Supporting Information shows the case of Be2+ as an illustrative
example.

For metal-ligand complexes, all geometry optimizations,
vibration frequency analyses, and single point calculations for
the free energies of hydration were carried out using the
B3LYP18 hybrid functional with the SDD basis set19 for all the
transition metal ions (including heavy metal atoms such as Pb,
Rb, Cs, Sr, Ba) and the 6-311++g** basis set for all nonmetal
atoms as well as Li, Na, K, Be, Mg, Ca). Single point
calculations at the same level with integral equation formation
of polarizable continuum model (IEFPCM) were employed to
estimate the free energies of hydration of all components in
the two sides of the reactions. All calculations were carried out
using the GAUSSIAN03 series of programs.20

Results and Discussion

1. Gibbs Free Energies of Hydration of Metal Ions and
Metal Ionic Radii. The results obtained for 36 different metal
ions studied here are summarized in Table 1. The data set
includes different charge states of the metal ion, where ap-
propriate. Furthermore, water is a borderline case between low-
and high-field ligands, but the spin states of metal ions in
hydration depend on their electronic energies in the gas phase.
Most ions studied here are in high spin states in the gas phase
(except for PbII), but the results for both high and low spin cases
are shown in Table 1. Experimental free energies of hydration
(∆hGM) and Marcus ionic radii (rM) of metal ions were taken
from ref 13, the UAHF radii (rU, UFF atomic radii instead for
metal elements) and relative free energies of hydration (∆hGU)
using these default radii are obtained from GAUSSIAN03
program packages directly. For comparison purposes, several
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widely used ionic or atomic radii, such as Pauling radii (rP)
and Shannon radii (rS), are also included in Table 1. Pauling
and Shannon radii are derived from X-ray single crystal
structures, while UAHF radii for metal ions in the Gaussian03
program use the parameters of UFF radii, which are derived
from van der Waals radii multiplied by a prefactor and are
therefore identical for different oxidation states of the metals.
The UAHF radii are relatively larger than the ones proposed
by Pauling and Shannon, consistent with the fact that radii used
in implicit solvent calculation are larger than the covalent radii
due to the noncovalent character of solvent interactions. The
SCARs (rmod) and the free energies of hydration obtained in
IEFPCM calculations using the SCARs (∆hGmod) based on
Marcus free energies are summarized. Finally, the SCARs (rmod′)

derived using the hydration free energies (∆hGM′) updated
according to the Tissander free energies of hydration for the
proton are shown. The mean unsigned error (MUE) and standard
deviation (SD) for the values computed using the UAHF and
SCARs relative to the corrected Marcus free energy of solvation
are also given.

Figure 1 summarizes the results for the radii shown in Table
1 by comparing the radii assigned by Marcus based on the free
energies of solvation to the UAHF and modified ionic radii. As
mentioned previously, the UAHF radii are consistently ∼30%
larger than the Marcus radii and the correlation coefficient is
about 0.71, relatively low. Comparison with the SCARs shows
a significantly better agreement. The SCARs are about 15%
larger than the Marcus radii and the correlation coefficient

TABLE 1: Ionic Radii (rM) and Absolute Free Energies of Hydration (∆hGM) Compiled by Marcus, Updated Free Energies of
Hydration Based on Marcus’ Data (∆hGupd), Pauling Radii (rP) and Shannon Radii (rS), UAHF Radii (rU) and Relative
Hydration Free Energies (∆hGU), Solvation Corrected Atomic Radii (rmod) and Relative Hydration Free Energies (∆hGmod) Based
on Marcus Free Energies, Solvation Corrected Atomic Radii (rmod′), and Relative Hydration Free Energies (∆hGmod′) Based on
∆hGupd

exptla UAHFe modified modified (upd.)

ion rM ∆hGM ∆hGupd rP
b rS

c rS
d rU ∆hGU rmod ∆hGmod rmod′ ∆hGmod′

H+ 0.30 -251.1 -266.0 -0.38i -0.18j

Li+ 0.69 -113.6 -128.5f 0.74 0.59 0.76 1.226 -108.7 1.168 -113.5 1.042 -128.3
CuI 0.96 -125.5 -140.5f 0.96 0.60 0.77 1.748 -73.9 1.154 -125.5 1.075 -141.2
Na+ 1.02 -87.3 -102.2f 0.95 0.99g 1.02 1.492 -89.3 1.494 -87.6 1.292 -103.4

1.00
AgI 1.15 -102.8 -117.8f 1.26 1.02(sqh) 1.15 1.574 -84.6 1.358 -103.0 1.248 -118.4
K+ 1.38 -70.5 -85.5f 1.33 1.37g 1.38 1.906 -70.0 1.842 -70.3 1.575 -85.6
NH4

+ 1.48 -68.1 -83.1f 1.770 -80.5
Rb+ 1.49 -65.8 -80.7f 1.48 - 1.52 2.057 -60.3 1.883 -65.5 1.617 -80.1
Tl+ 1.50 -71.7 -86.7f 1.40 1.50 2.174 -56.8 1.842 -71.8 1.632 -86.3
Cs+ 1.70 -59.8 -74.7f 1.69 1.67 2.259 -53.4 2.025 -59.7 1.733 -74.7
AuI 1.37 - 1.37 1.647 -80.8 1.184 -142.2
Be2+ 0.40 -572.7 -602.6 0.31 0.27 0.45 1.373 -394.7 0.950 -572.3 0.902 -603.3
NiII(s1) 1.417 -383.3 1.165 -473.4 1.099 -506.5

1.00
NiII(s3) 0.69 -473.5 -503.3 0.72 0.49(sq)g 0.69 1.417 -382.8 1.165 -471.8 1.099 -504.4
Mg2+ 0.72 -437.6 -467.5 0.65 0.57 0.72 1.511 -357.8 1.238 -437.7 1.158 -468.3
CuII 0.73 -480.6 -510.5 0.70 0.57(sq) 0.73 1.748 -307.9 1.144 -480.6 1.084 -511.3
CoII(s2) 0.38g 0.65 1.436 -377.9 1.200 -458.3 1.134 -489.1
CoII(s4) 0.75 -457.9 -487.8 0.74 0.58 0.75 1.436 -377.9 1.200 -458.0 1.134 -488.7
ZnII 0.75 -467.5 -497.3 0.74 0.60 0.74g 1.382 -392.9 1.169 -467.8 1.104 -498.3
FeII(s1) 0.61 1.456 -372.8 1.246 -440.7 1.175 -471.3
FeII(s3) 1.456 -372.7 1.246 -440.3 1.175 -470.8
FeII(s5) 0.78 -440.0 -469.8 0.76 0.63(sq) 0.78 1.456 -372.8 1.246 -440.2 1.175 -470.5
MnII(s2) 0.67 0.81 1.481 -366.9 1.302 -421.0 1.218 -453.9
MnII(s6) 0.83 -420.9 -450.7 0.80 0.66 0.83 1.481 -366.3 1.302 -419.4 1.218 -451.4
PdII(s1) 1.450 -378.3 1.234 -456.7 1.166 -492.4
PdII(s3) 0.86 -456.7 -486.6 0.86 0.64 0.86 1.450 -378.3 1.234 -453.2 1.166 -487.7
CdII 0.95 -419.7 -449.5 0.97 0.78 0.95 1.424 -382.5 1.306 -419.8 1.228 -450.6
Ca2+ 1.00 -359.9 -389.7 0.99 - 1.00 1.700 -316.9 1.500 -359.5 1.386 -390.7
HgII 1.02 -420.9 -450.7 1.10 0.96g 1.02g 1.353 -409.3 1.319 -420.7 1.247 -451.8
Sr2+ 1.13 -330.0 -359.8 1.13 1.18 1.821 -295.1 1.632 -329.6 1.500 -360.7
PbII(s1) 1.18 -340.7 -370.6 1.20 0.98g 1.19g 2.149 -248.1 1.590 -340.4 1.499 -371.6
PbII(s3) 2.149 -251.7 1.590 -339.5 1.499 -395.6
Ba2+ 1.36 -298.9 -328.8 1.35 1.35 1.852 -290.2 1.793 -298.6 1.641 -329.4
CoIII(s1) 0.55 1.436 -852.6 1.145 -1074.8 1.099 -1122.0
CoIII(s3) 1.436 -852.6 1.145 -1074.6 1.099 -1121.6
CoIII(s5) 0.61 -1074.8 -1119.6 0.63 - 0.61 1.436 -852.6 1.145 -1074.5 1.099 -1121.4
FeIII(s2) 0.55 1.456 -840.9 1.204 -1020.8 1.153 -1067.8
FeIII(s4) 1.456 -841.2 1.204 -1021.1 1.153 -1068.2
FeIII(s6) 0.65 -1019.8 -1064.6 0.64 0.49 0.65 1.456 -840.7 1.204 -1019.7 1.153 -1066.3
MUE 90.5 9.1 0.8
SD 70.4 26.6 0.5

a rM and ∆hGM values are taken from ref 13b. ∆hGM′ values are derived from ∆hGM values with eq 1. b Six-coordinated Pauling radii,
compare ref 21. c Four-coordinated (to be tetrahedron without special notification) Shannon radii and six-coordinated Shannon radii taken from
ref 22. d Four-coordinated (to be tetrahedron without special notification) Shannon radii and six-coordinated Shannon radii taken from ref 22.
e UFF radii instead for metal ions in Gaussion03; compare ref 23. f These values can be compared with those in ref 9b. g Taken from ref 24.
h Square planar coordination. i Mono-coordinated. j Bi-coordinated.
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improves to 0.92. The slightly lower correlation coefficient
between rmod′ and rM is most likely due to the uncertainty of
hydration free energy correction for the higher charged cations,
which leads to a much better correlation between the experi-
mental and computational free energies of hydration.

The free energies of hydration obtained by using the UAHF
radii in IEFPCM calculations consistently underestimate the free
energies of hydration of metal ions comparing to Marcus’ data,
leading to a MUE of 86.7 kcal/mol with a standard deviation
(SD) of 69.3 kcal/mol. More significantly, the experimental
relative hydration free energies of univalent cations are in
sequence of Li+ > AgI > Na+ > Tl+ > K+ > NH4

+ > Rb+ > Cs+

while using UAHF radii, the sequence is Li+ > Na+ > AgI >
NH4

+ > K+ > Rb+ > Tl+ > Cs+. It is noteworthy that for
nonmetal ions such as NH4

+, the results from the UAHF radii
agree much better with experimental data. The disagreement is
even more pronounced for the di- and trications, as is to be
expected for these highly charged species, with differences
between experimental and computed values in excess of 200
kcal/mol. The linear regression shown in Figure 2 on the left
indicates that this is again due to a consistent underestimation
of the free energy of hydration as compared to the experimental

values. It is interesting to note that the coefficient of the linear
regression is very similar to the one obtained from the
correlation of the radii (Figure 1 top), but the R2 value is with
0.977 much better.

The statistics for the free energy of hydration obtained with
the modified ion radii in IEFPCM calculation are much
improved. The MUE and standard deviation are now 27.0 and
9.1 kcal/mol, respectively. The linear regression shown in Figure
2 on the right has now an R2 value of 0.9999 and a coefficient
of 0.9689. These statistics and the essentially quantitative
agreement (MUE and SD of 0.8 and 0.5 kcal/mol, respectively)
with the free energies of hydration that were corrected for the
new value for the free energy of hydration of the proton as
discussed above demonstrate that the differences are almost
entirely due to the chosen reference value. This indicates that
the essential features of the solvation are well reproduced across
the spectrum of mono-, di-, and trications for which comparison
with experimental data is possible. An application to the study
of metal complexes, where the free energy of complexation will
significantly depend on the desolvation penalty of the ion in
water, is therefore promising.

2. Gibbs Free Energies of Binding for Metal-Pyridine
(MPy)andMetal-Bipyridine(MBPy)andMetal-Phenathroline
(MPhen) Complexes. Pyridine can be considered as σ-electron
donor and π-electron donor when binding to metal ions, but its
σ-donor character is much stronger than its π-donor character.16e

Thus, we will focus on the σ-complexes of a series of metal
ions with pyridine, bipyridine, and phenanthroline complexes
as depicted in Figure 3.

To evaluate the free energies of the binding processes, the
free energies of solvation for the complex and its components
as described by self-consistent reaction field (SCRF) calculations
should be taken into consideration. The thermochemical cycles
shown in Scheme 1 were employed.

The total reaction free energies can be decomposed into two
parts, one is the free energies in the gas phase (∆rGgas) and the
other is the sum of solvation free energies of all species
(Σ∆Gsolv,i) as shown in eq 4

Using these model systems, the SCARs were used to study
the stability constants of a variety of metal-ligand complexes
with pyridine, 2,2′-bipyridine, and 1,10-phenanthroline. Re-
cently, these complexes have found considerable interest due
to their materials and electronic properties,24 as transition metal
catalysts for a variety of reactions,25 and for the complexation
of metals by aza-calixarenes and other ligands.26

Figure 4 shows the structures of the silver complexes as
representative examples and Table 2 summarizes the results for
the metal-nitrogen bonds as well as the binding energies in
the gas phase and in solution obtained using UAHF and rmod

ionic radii. Since there is repulsion between ortho-hydrogens
on the two pyridyl groups, the bipyridine structures in complexes
are twisted by 13.8°. Because there is only a single nitrogen
donor in the metal-pyridine systems, the calculated bond

SCHEME 1: Thermochemical cycles

Figure 1. (a) Correlation between ionic radii by Marcus (rM) (Å) and
UAHF radii (rU) (Å), (b) correlation between rM and SCAR radii (rmod)
(Å), and (c) correlation between rM and updated modified radii (rmod’)
(Å).

∆rG
sol ) ∆rG

gas + Σ∆Gsolv.i (4)
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lengths to the metal ions are consistently smaller than the ones
in the corresponding bipyridine and phenanthroline ligands.

There are only very limited experimental gas phase data
available that can be directly compared to the computed values.
One of few cases is the bond dissociation energy for AgI-Py,
which was determined by threshold collision-induced dissocia-
tion and photodissociation methods to be -45.2 kcal/mol.16d

Subsequent theoretical studies computed values between -41.0
and -50.0 kcal/mol,16d,j,17a which are in line with the experi-
mental results. Our result of -52.2 kcal/mol for the binding
energy overestimates the experimental value by 7 kcal/mol. The
metal-nitrogen distances in the two complexes are also slightly
shorter than those calculated by Yang et al.16d and Wu et al.,17a

indicating that gas phase binding interactions are slightly
overestimated by our calculations.

The majority of binding studies of these complexes were
conducted in solution The experimental stability constants in
solution are in a range of 100.7-108.7 for these complexes,27

indicating Gibbs free energies (∆rGexpt) for the formation of these

complexes in the range of -1.0 to -12.0 kcal/mol. Comparison
of the gas phase binding energies ∆Eb or free energies of binding
∆rGgas with the experimental binding energies in solution fails
to correlate even qualitatively within a series. For example, Zn2+

is predicted to bind stronger to the BPy ligand but is in fact
found experimentally to be a weaker binding metal. This is of
course due to the different solvation contribution, re-emphasizing
the need for an accurate description of solvation in for the
accurate description of these complexes. Given the widespread
interest in such metal-pyridyl complexes in organic and
organometallic chemistry and the availability of experimental
validation data, they are suitable test systems for the performance
of the SCARs values in IEFPCM calculations.

We therefore compared the free energies of binding from
IEFPCM calculations using standard UAHF radii (rU) and
SCARs (rmod). The results are shown in Table 2 and Figure 5.
It can be seen that the new ionic radii greatly improve the
accuracy of the results. The mean unsigned error (MUE) is
improved from 30.4 kcal/mol for UAHF radii to 3.1 kcal/mol
for SCAR while the standard deviation drops from 16.9 to 3.7
kcal/mol. The linear regression, shown in Figure 5, indicates a
correlation coefficient of R2 ) 0.455 for the results from the
UAHF calculations. They also consistently overestimate the
binding energy by a factor of almost 4 across the range of
binding constants. In addition, the linear regression indicates a

Figure 2. Correlation of the free energy of hydration as compiled by Marcus and the values obtained by IEFPCM calculations with UAHF (left)
and that by SCARs (right).

Figure 3. Geometry structures of MPy, BPy, MBPy, and MPhen.

Figure 4. Structures of [Ag-Py]+, [Ag-BPy]+, and [Ag-Phen]+

Figure 5. Correlation between calculated and experimental free energies of binding in solution obtained by the IEFPCM with UAHF (left) and
SCAR (right) ion radii.
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large intercept. Together, these findings indicate that the
stabilization of the ions in solution is substantially underestimated.

In comparison, the modified ionic radii lead to a substantial
improvement of the correlation coefficient to 0.726, together
with a smaller coefficient of ∼1.6 and a smaller intercept. Taken
together, these data show that the modified radii greatly improve
the result of Gibbs free energies of formation of these
metal-ligand complexes in water. The two biggest outliers are
the FeII-BPy and NiII-BPy complexes, while the free energies
of formation for the complexes of these metals with the other
two ligands are reproduced well.

Conclusions and Outlook

The fitting of ion radii to the free energy of hydration within
the IEFPCM model leads to a new set of parameters for a series
cations that greatly improve on the accuracy and consistency
of the calculated results compared to the standard UAHF values
without added computational cost. Application to the binding
free energies of metal-pyridine-type complexes demonstrate
their utility in the study of a series of interesting compounds.
These results are achieved by fitting a single parameter to the
experimental free energy of solvation of the ions of interest.

The philosophy of this approach is quite different from the
one followed in most other solvent models such as the SMx or
COSMO models, where a significant number of parameters is
fitted to a large and diverse data set to generate physically
meaningful values that are general for different solvents and
solutes. These parameters can then be applied not only for the
calculation of free energies of binding but also potentially for
a number of other molecular properties.25

The advantages of the method and ion radii presented here
are that they can be generated efficiently and allow the fast and
accurate calculation of free energies of solvation as well as the
complexation of these ions by nitrogen-based ligands in aqueous

solution. The disadvantage is that the values are not easily
transferable to other solvents and cannot be estimated from other
known quantities so that an explicit refitting will be necessary
in these cases. In the present form, they allow for the study of
the free energy of binding of the complexes of the parametrized
metals with a range of organic ligands such as calixarenes. These
studies are currently underway and will be reported in due
course.
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