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We present a new continuum solvation model based on the quantum mechanical charge density of a solute
molecule interacting with a continuum description of the solvent. The model is called SMD, where the “D”
stands for “density” to denote that the full solute electron density is used without defining partial atomic
charges. “Continuum” denotes that the solvent is not represented explicitly but rather as a dielectric medium
with surface tension at the solute-solvent boundary. SMD is a universal solvation model, where “universal”
denotes its applicability to any charged or uncharged solute in any solvent or liquid medium for which a few
key descriptors are known (in particular, dielectric constant, refractive index, bulk surface tension, and acidity
and basicity parameters). The model separates the observable solvation free energy into two main components.
The first component is the bulk electrostatic contribution arising from a self-consistent reaction field treatment
that involves the solution of the nonhomogeneous Poisson equation for electrostatics in terms of the integral-
equation-formalism polarizable continuum model (IEF-PCM). The cavities for the bulk electrostatic calculation
are defined by superpositions of nuclear-centered spheres. The second component is called the cavity-dispersion-
solvent-structure term and is the contribution arising from short-range interactions between the solute and
solvent molecules in the first solvation shell. This contribution is a sum of terms that are proportional (with
geometry-dependent proportionality constants called atomic surface tensions) to the solvent-accessible surface
areas of the individual atoms of the solute. The SMD model has been parametrized with a training set of
2821 solvation data including 112 aqueous ionic solvation free energies, 220 solvation free energies for 166
ions in acetonitrile, methanol, and dimethyl sulfoxide, 2346 solvation free energies for 318 neutral solutes in
91 solvents (90 nonaqueous organic solvents and water), and 143 transfer free energies for 93 neutral solutes
between water and 15 organic solvents. The elements present in the solutes are H, C, N, O, F, Si, P, S, Cl,
and Br. The SMD model employs a single set of parameters (intrinsic atomic Coulomb radii and atomic
surface tension coefficients) optimized over six electronic structure methods: M05-2X/MIDI!6D, M05-2X/
6-31G*, M05-2X/6-31+G**, M05-2X/cc-pVTZ, B3LYP/6-31G*, and HF/6-31G*. Although the SMD model
has been parametrized using the IEF-PCM protocol for bulk electrostatics, it may also be employed with
other algorithms for solving the nonhomogeneous Poisson equation for continuum solvation calculations in
which the solute is represented by its electron density in real space. This includes, for example, the conductor-
like screening algorithm. With the 6-31G* basis set, the SMD model achieves mean unsigned errors of 0.6-1.0
kcal/mol in the solvation free energies of tested neutrals and mean unsigned errors of 4 kcal/mol on average
for ions with either Gaussian03 or GAMESS.

1. Introduction

By invoking the continuum approximation for the solvent,
the electronic structure problem for a molecule in a liquid is
reduced to the size of the solute of interest. Continuum solvation
models (sometimes called implicit solvation or implicit solvent
models) represent a solvated molecule at an atomic level of
detail inside a molecule-sized (and usually molecule-shaped)
electrostatic cavity surrounded by a dielectric medium that
represents the solvent. In the electrostatic theory of dielectric
media, the medium is associated with a relative permittivity,
which is a scalar function of position for isotropic nonhomo-
geneous media. In practice, the relative permittivity is usually
equated to the bulk solvent static dielectric constant outside the
solute cavity and to a smaller value inside the cavity. The smaller
value is usually taken as unity (that is, the relative permittivity

of vacuum), which is appropriate if the solute polarization is
treated explicitly. Although models that treat the solute by
unpolarized molecular mechanics are sometimes used, the
present article deals with models that treat the solute as
polarizable and quantum mechanical. The charge distribution
of the solute (charge density) induces polarization in the
surrounding dielectric medium, and the self-consistently deter-
mined interaction between the solute charge distribution and
the electric polarization field of the solvent, when adjusted for
the energetic cost of polarizing the solute and the solvent,
constitutes what is called the electrostatic (or bulk electrostatic)
contribution to the free energy of solvation. The electric potential
due to the polarized dielectric continuum and the polarization
of the solute, called the reaction field, equals the total potential
minus the electrostatic potential1 of the gas-phase solute
molecule.

The total electric potential satisfies the nonhomogeneous
Poisson equation (NPE) for electrostatics. Therefore, the reaction
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field can be obtained self-consistently by numerical integration
of the NPE coupled to the quantum mechanical electron density
of the solute molecule. NPE solvers that employ the continuous
charge density (without approximating it by distributed point
charges or multipoles) will be further called density-based
solvation models. An example of such models is the polarizable
continuum model (PCM).2,3 Various PCM formulations include
the integral-equation-formalism protocol (IEF-PCM),4-7 the
dielectric version of PCM (D-PCM),2,3,8 and the conductor-like
screening algorithm.9-15 It has been shown16 that the IEF-PCM
formalism is equivalent to the SS(V)PE method of Chipman.17

Other implicit solvation models solve the NPE using alternative
representations of the continuous density, for example, single-
or multicenter multipolar expansions.18-20 An alternative con-
tinuum model, the generalized Born (GB) approximation,21-27

does not start with the NPE, but instead employs a starting point
based on Coulomb’s law and represents the solute as a collection
of point charges (a distributed monopole approximation), located
at the nuclear positions.

Comprehensive analyses of various methods for treating
solvation are beyond the scope of the present article but can be
found elsewhere.28-30 Nevertheless, it is worth adding a few
qualitative remarks here. Both NPE solvers and Coulomb’s law
models have uncertainties (discussed below) due to the necessity
to augment the estimate of the effect of bulk electrostatics with
nonelectrostatic and nonbulk contributions, and they also have
uncertainties in the bulk electrostatic part itself. Current methods
based on the NPE have uncertainties due to the definition, size,
and shape of the solute cavity, the portion of the solute charge
that may lie outside the cavity, and the assumed way in which
the permittivity changes at and near the solute-solvent bound-
ary.31 On the other hand, the GB approximation and other
approximations based on Coulomb’s law may have different
but equally serious deficiencies. For instance, in contrast to the
NPE solvers, the GB approximation simplifies the treatment of
charge distributions by replacing the continuous charge density
of the solute by a set of atom-centered partial charges for all
stages of the calculation. This eliminates the incorrect treatment
of outlying charge but at the cost of incorrectly eliminating the
outlying charge itself.31 The GB method also introduces errors
due to the fact that certain types of charge distributions may be
poorly described by atom-centered monopoles, for example, the
local charge distributions around atoms with lone electron
pairs.32,33 The weakness of approximations based on Coulomb’s
law from the standpoint of the Kirkwood distributed monopole
model18 was discussed by Grycuk.34

Because the GB approach is based on partial atomic charges,
its accuracy for a particular level of electronic structure theory
may depend on whether meaningful partial charges can be
computed for that level of theory, but the ability to compute
such partial atomic charges is not guaranteed for all possible
theory levels and basis sets. For this reason, density-based
solvation models are deemed to be less sensitive to the choice
of basis set, unless class IV charge mappings35 are available to
obtain reasonable partial atomic charges for a given basis set.

Continuum models remove the difficulties associated with
the statistical sampling of solvent configuration space, but they
do so at the cost of losing molecular-level detail. Indeed, the
assumption that the electrostatic interactions of the solute and
the surrounding solvent do not depend on the molecular structure
of the solvent and that the dielectric response of the medium is
uniform and linear at all positions outside the space that defines
the solute may not provide a completely valid description of
the solvent in the first solvation shell. This assumption is

particularly poor when strong, specific interactions between a
solute and one or more first-shell solvent molecules are present,
for example strong hydrogen bonding, π-π stacking interac-
tions,36 or monatomic ions.37 Therefore, reliable calculations of
solutes in solution must take into account not only bulk
electrostatics (that is long-range electrostatic polarization effects)
but also shorter-range polarization effects and shorter-range
nonelectrostatic effects such as cavitation, dispersion, and
solvent structural effects (CDS), the latter including both
hydrogen bonding and exchange repulsion effects.28-30 On the
other hand, there is no thermodynamically unique way to
separate the bulk electrostatic contribution to the free energy
of solvation from the non-bulk-electrostatic one;38 only their
sum is a state function.39,40 Therefore, continuum solvation
models differ from one another in the manner in which the bulk-
electrostatic term and the non-bulk-electrostatic term are defined.
A partition of solvation free energy into electrostatic and
nonelectrostatic contributions may be associated with a particular
implicit path for thermodynamic integration, and some paths
may have more predictive power for modeling than others do.
The validity of a model can be judged by the usefulness of the
whole model in predicting and correlating experimental ob-
servables, but not by any supposed rigor in the electrostatic or
nonelectrostatic parts of the formulation.31

One particularly relevant issue in regard to the definition of
the bulk-electrostatic and non-bulk-electrostatic contributions
to the free energy of solvation is that the magnitudes of solvation
free energies of ions are much larger than those of neutral solutes
and are dominated by large electrostatic contributions. Therefore
a parametrization that is carried out in such a way that free
energies of solvation of ions are accurate must be doing a good
job of modeling electrostatics. If we assume that the solute cavity
is approximately independent of charge (see next paragraph),
then by using the same parameters for neutrals one might also
achieve a physical estimation of the electrostatics for cases
where electrostatic and nonelectrostatic terms are comparable.
The nonelectrostatic contribution can then be defined as the
difference between the experimentally accessible and path-
independent total free energy of solvation and the modeled
electrostatic contribution. A key issue is that the division of
solvation effects into electrostatic and nonelectrostatic contribu-
tions is not well-defined, so the “electrostatic contribution”
should more properly be labeled the bulk-electrostatic contribu-
tion assumed by the particular model, and that is what we mean
even when we use more concise language.

The cavity for the bulk-electrostatic calculation represents a
solvated molecule surrounded by a dielectric medium that
represents the solvent; it is defined by a superposition of nuclear-
centered spheres. We define the electrostatic contribution to the
free energy of solvation by using systematically optimized
atomic radii. Such radii are sometimes called intrinsic atomic
Coulomb radii. It has been our usual practice to optimize such
radii in calculations on ions, then fix these parameters and
optimize the nonelectrostatic terms on data for neutrals.41 In
particular, this way of proceeding has been used in the
development of our most recent solvation model, SM8,42 and it
will also be used here. We should emphasize, however, that
the most physical definition of a solute cavity would surely
depend on more details of the solute than just its geometry and
the atomic numbers of its constituent atoms, and in fact some
solvation models use cavities in which the radii depend on
charges and/or atomic environments or the positions of isoden-
sity contours. However, the precise definition of a solute cavity
is uncertain, and actually the very concept of a solute cavity is
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an approximate one. As a consequence, in designing SM8 and
the new solvation model presented here, we keep the cavity
definition as simple as possible, thereby achieving a clear and
systematic definition of the bulk electrostatic contribution of
the particular model, and we attempt to make up for the intrinsic
uncertainty in cavity definition and its variation with chemical
environment and functionality by the use of semiempirical
surface tensions that account for short-range nonbulk electrostat-
ics and also account for shorter-range nonelectrostatic effects
such as cavitation, dispersion, and solvent structural effects.

The SM8 model was parametrized using a large training set
composed of 2842 solvation data for neutrals in 90 organic
solvents and water and for single cations and anions in water,
acetonitrile, dimethyl sulfoxide, and methanol. Achieving mean
unsigned errors of 0.5-0.8 kcal/mol in the solvation free
energies of tested neutrals and mean unsigned errors of 2-7
kcal/mol for ions, the SM8 model is one of the most accurate
continuum solvation models presently available for predicting
free energies of solvation for molecular solutes.42,43

The recent SM8 continuum solvation model42,43 represents
the culmination of many years of earlier SMx models with x )
1-7.44-56 All SMx (x ) 1-8) solvation models except SM5.0
and SM5C53 are generalized Born models based on discrete
partial atomic charges, whereas SM5.0 has no explicit electro-
statics and the SM5C solvation model was based on the
continuous electronic density in terms of the conductor-like
screening model (COSMO) protocol.9 The SM8 model employs
class IV charge models, in particular, Charge Model 4 (CM4)55

and Charge Model 4M (CM4M).57 These types of charge models
are usually able to remove many of the systematic errors, in
particular, basis set dependence, that are present in partial atomic
charges obtained from Mulliken,58 Löwdin,59 or redistributed
Löwdin60 population analyses. This allows one to shift the focus
of the modeling effort away from the description of the solute
toward the various components of the solvation process.42 In
addition, CM4 and CM4M charges yield more accurate long-
range electrostatic potentials than population-analysis charges,
and this makes the solvation models based on such charges more
physical. The charge model parameters are basis-set dependent,
but the CM4 and CM4M models have so far been parametrized
only for 10 basis sets.57 SM8 can also be used with any other
charge model, but the user must validate that the partial atomic
charges obtained by the model are similar to those obtained by
CM4 and CM4M.

The SM8 model does not require the user to assign molecular-
mechanics types to an atom or group; all parameters are unique
and continuous functions of geometry and are independent of
total charge, local charge, and user-assigned atomic environment.
The SM8 model may therefore be used straightforwardly at
transition states and along reaction paths.

Another feature of SM8 is that nonelectrostatic effects due
to cavity (C) formation, dispersion (D) interactions, and changes
in solvent structure (S) are included in terms of empirical atomic
surface tensions according to algorithms61 previously developed.
The contribution of the C, D, and S effects is labeled CDS, and
the CDS contribution to the free energy of solvation is a sum
of terms that are proportional (with geometry-dependent pro-
portionality constants called atomic surface tensions) to the
solvent-accessible surface areas (SASA) of the individual atoms
of the solute. The CDS terms are parametrized to include all of
the deviations of the electrostatics from the assumed bulk model,
such as the inexactness of the solute charge model and the
inexactness of the solvent permittivity model including assumed
values for intrinsic Coulomb radii and uncertainties in the

treatment of solute charge outside the cavity.31 Since the non-
bulk-electrostatic effects are primarily associated with physical
effects in the first solvation shell and the inexactness and
uncertainties of the bulk electrostatic model in the first solvation
shell, they can be modeled in terms of short-range analytic forms
such as surface tensions associated with the solvent-accessible
surface.44,61 This strategy has been used in the SM8 parametriza-
tion, and it has led to more accurate models than those for which
the electrostatic and nonelectrostatic terms were determined
separately.31,42

In the present study, we extend the SM8 parametrization
strategy42 to the development of a new continuum solvation
model called SMD. In contrast to SM8, which employs the GB
approximation for bulk electrostatics and represents the solute
molecule as a collection of partial atomic charges in a cavity,
the new SMD model is based on the polarized continuous
quantum mechanical charge density of the solute (the “D” in
the name stands for “density”). The SMD bulk electrostatic
contribution to the free energy of solvation arises from a self-
consistent reaction field treatment that involves solution of the
NPE by the IEF-PCM protocol.4-7 In contrast to SM8, whose
accuracy is susceptible to the possible unavailability of reliable
partial atomic charges, the SMD model does not utilize a discrete
representation of the solute’s charge density, and, therefore, it
can be used effectively in those cases where the SM8 model
may not be accurate enough due to the unavailability of a charge
model for a particular electronic structure method and/or basis
set. The SM8 model was developed only for density functional
theory or Hartree-Fock theory whereas the SMD model is more
portable, and it can be used with any electronic structure method
for which the PCM algorithm is available.

The SMD model employs a single set of parameters (intrinsic
atomic Coulomb radii and atomic surface tension coefficients)
optimized for the IEF-PCM algorithm. However, the SMD
parameters may also be used with other algorithms for solving
the NPE in which the solute is represented by its electron density
in real space. This includes, for example, the conductor-like
screening algorithm called, in various implementations, which
sometimes differ in details, COSMO, generalized COSMO
(GCOSMO), COSab, conductor-like PCM (CPCM or C-PCM),
or CD-COSMO.9-15 Here we use C-PCM to label the imple-
mentations called C-PCM in Gaussian0362 and GAMESS,63-65

and we use COSMO to label the implementation called COSMO
in NWChem.66 C-PCM and COSMO solve the nonhomogeneous
Poisson equation for an infinite dielectric constant (correspond-
ing to the solvent being a conductor rather than a dielectric)
but with scaled dielectric boundary conditions in order to
approximate the result for a finite dielectric constant; this is a
better approximation at high dielectric constant (e.g., 80) than
at low dielectric constant (e.g., below 10).

Others have also combined the IEF-PCM algorithm (or the
earlier but closely related PCM model) for computation of the
polarization free energy with various approaches to compute
CDS-type contributions.67-73 In addition to representation of the
details of the new SMD model, we highlight algorithmic and
philosophical differences between SMD and prior strategies for
parametrizing IEF-PCM or PCM.

2. Description of the SMD Universal Model

The standard-state free energy of solvation, that is the
standard-state free energy of transfer from the gas phase to the
condensed phase, may be partitioned according to
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The ENP subscript in eq 1 denotes the electronic (E), nuclear
(N), and polarization (P) components of the free energy. The
nuclear relaxation component of the ENP term is equal to the
difference between the gas-phase total energy calculated at the
gas-phase equilibrium structure and the gas-phase total energy
calculated at the liquid-phase equilibrium structure. If the
geometry is assumed to be the same in the gas phase and in the
liquid phase, then the ENP term becomes just an electronic
polarization (EP) term. Because all calculations reported here
are based on gas-phase geometries, the nuclear component in
∆GENP is assumed to be zero in this article, although not in the
model in general. The CDS subscript in eq 1 emphasizes that
the corresponding term is nominally associated with the free
energy change associated with solvent cavitation (C), changes
in dispersion (D) energy, and possible changes in local solvent
structure (S). The final term in eq 1 accounts for the concentra-
tion change between the gas-phase standard state and the liquid-
phase standard state. Since here the same concentration (1 mol/
L) is used in both the gaseous and solution phases, ∆Gconc° is
zero.74 If we instead used a gas-phase standard state of 1 atm,
∆Gconc° would be 1.89 kcal/mol.

The ∆GEP contribution to the total solvation free energy is
calculated from a molecular orbital self-consistent reaction field
calculation where the reaction field is defined by solution of
the NPE as discussed below.

Bulk Electrostatics Formalism. In the electrostatic theory
of dielectric media (i.e., nonconducting media), the medium is
associated with a relative permittivity ε, which is a scalar
constant for isotropic homogeneous media and a scalar function
of position for isotropic nonhomogeneous media. The charges
of the medium (called bound charges) do not appear explicitly,
and the charge density per unit volume of explicitly treated
objects in the medium is called the free charge density Ff. In a
linear isotropic homogeneous medium, the scalar electric
potential Φ satisfies Poisson’s equation

For a linear isotropic nonhomogeneous medium, eq 2 is
replaced by75

which is called the nonhomogeneous Poisson equation (NPE).
In the application considered in this article, Ff is the solute charge
density. One can solve the NPE coupled to the quantal
description of the solute to obtain the electric potential due to
the polarized dielectric continuum and the polarization of the
solute; this potential, called the reaction field φ, equals the total
potential Φ minus the electrostatic potential Φ(0) of the gas-
phase molecule.1 From the reaction field one calculates the free
energy change corresponding to the solvation process. If we
approximate the solute as rigid, the electrostatic contribution
to the free energy of solvation is given by76

where e is the atomic unit of charge, φk is the reaction field
evaluated at atom k, Zk is the atomic number of atom k, H(0)

and ψ(0) are the solute electronic Hamiltonian and electronic
wave function, respectively, in the gas phase, and Ψ is the
polarized solute electronic wave function in solution. This
equation includes the polarization of the solvent by the solute
and the distortion of the solute that is induced by this
polarization effect.

A key issue in all implicit solvation models is the boundary
between the solute cavity and the solvent continuum. In the
SMD model, the boundary is defined to enclose a superposition
of nuclear-centered spheres with radii Fk, which are called
intrinsic Coulomb radii. The values depend only on the atomic
numbers of the atoms. This boundary forms a so-called solvent-
accessible surface (SAS). In terms of the boundary element
method77 routinely used for solution of differential equations
such as eq 3, the cavity can be expressed in a discrete way and,
therefore, the reaction field at an arbitrary position r within the
cavity can be approximated by

where rm is the position of an element m of surface area on the
solute-solvent boundary (such elements are called tessarae),
and qm is the apparent surface charge on element m. The
discretization (tessellation) of the boundary surface area can be
achieved in many different ways, for instance, by using a
surface-building method called GEPOL,78 modified versions79-81

ofwhichhavebeenimplementedinGaussian0362andGAMESS.63-65

The SMD bulk electrostatic solvation energies ∆GEP used
for the SMD parametrization were calculated using Gaussian0362

and the IEF-PCM algorithm4-7 as implemented in Gaussian03.
In such calculations, the nonelectrostatic contributions produced
by IEF-PCM/Gaussian03 by default were turned off by using
the keywords nodis, norep, and nocaV in the corresponding
Gaussian03 input file. The solvent radius (or probe radius) was
set to zero by using the rsolV)0 option. The solvent was
specified only by the value of ε, that is, by its dielectric constant
(bulk relative permittivity). We also used the scfVac keyword
to invoke a calculation of the gas-phase total energy prior to a
solvation calculation in order to compute ∆GEP according to
eq 4. By default IEF-PCM/Gaussian03 uses united-atom
schemes67 for assigning atomic or group radii, but the default
radii were overridden by using the modifysph option and the
corresponding SMD values for atomic radii (Fk). The options
surface)sas and noaddsph were used to generate the solvent-
accessible surface of the solute molecule defined only by the
superposition of nuclear-centered spheres. Thus, the SAS was
defined to precisely enclose these spheres and nothing else. In
other words, we keep the cavity definition as simple as possible,
thereby achieving a clear and systematic definition of the bulk
electrostatic contribution of the particular model. All the NPE
Gaussian03 calculations were carried out using the default
tessellation algorithm (that is, GEPOL78-81) and the default value
for tsare equal to 0.2 Å2. According to the Gaussian03 manual,
the option tsare specifies the average area of the surface
elements (tesserae) generated on each atomic sphere in the SAS.
The number of the tesserae is determined by the program based
on the value of tsare and the radius of the sphere.

Cavity-Dispersion-Solvent-Structure Formalism. The GCDS

contribution to the free energy of solvation in eq 1 is given by

∆GS
◦ ) ∆GENP + GCDS + ∆Gconc

◦ (1)

ε∇2Φ ) -4πFf (2)

∇ · (ε∇Φ) ) -4πFf (3)

∆GEP ) 〈Ψ|H(0) - e
2

�|Ψ〉 + e
2 ∑

k

Zk�k -

〈Ψ(0)|H(0)|Ψ(0)〉 (4)

φ(r) ) ∑
m

qm

|r - rm|
(5)
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where σk and σ[M] are the atomic surface tension of atom k and
the molecular surface tension, respectively, and Ak is the solvent-
accessible surface area (SASA)82,83 of atom k. The SASA
depends on the geometry R, the set {RZk

} of all atomic van der
Waals radii, and the solvent radius rs, which is added to each
of the atomic van der Waals radii. Adding a nonzero value for
solvent radius to the atomic radii defines the spheres that are
used to compute the SASA of a given solute.61 Notice that the
van der Waals radii used in the SASA calculation are not the
same as the intrinsic Coulomb radii used for solution of the
bulk electrostatic problem; in fact we use Bondi’s values84 for
the van der Waals radii plus a solvent radius that is rs ) 0.4 Å
in the SMD model. In cases where the atomic radius is not given
in Bondi’s paper84 we generally recommend that a radius of
2.0 Å be used, although if Bondi-like radii are available from
other sources, they may also be used.

The atomic surface tensions are given by

where σ̃Z is an atomic-number-specific parameter, σ̃ZZ′ is a
parameter that depends on the atomic numbers of atoms k and
k′, and Tk({Zk′,Rk,k′}) is a geometry-dependent switching function
called a cutoff tanh, or COT; this function is described in the
Supporting Information. SMD uses the same functional forms
Tk as does SM8.42

As in previous SMx universal solvation models, in SMD the
atomic surface tensions are made to depend on the solvent by
making the parameters σ̃Z and σ̃ZZ′ functions of a set of solvent
descriptors. This dependence is given by

where σ̃i is either σ̃Z or σ̃ZZ′, n is the refractive index of the
solvent at room temperature (which is conventionally taken as
293 K for this quantity), R is Abraham’s85-88 hydrogen bond
acidity parameter of the solvent (which Abraham denotes as
∑R2), � is Abraham’s hydrogen bond basicity parameter of the
solvent (which Abraham denotes as ∑�2), and σ̃i

[n], σ̃i
[R], and

σ̃i
[�] are empirical parameters that depend on i. SMD also uses

a molecular surface tension that is multiplied by the total SASA
of the given solute (see eq 6; the total SASA of the solute is
equal to the sum of the SASAs of each of the individual atoms
in the solute). The molecular surface tension is also a function
of solvent descriptors, and it is given by

where γ is the macroscopic surface tension of the solvent at
air/solvent interface at 298.15 K; we express surface tension in
units of cal mol-1 Å-2 (note that 1 dyn/cm ) 1.439 32 cal mol-1

Å-2), and γ0 ) 1 cal mol-1 Å-2, φ2 is the square of the fraction
of solvent atoms that are aromatic carbon atoms (carbon

aromaticity), ψ2 is the square of the fraction of solvent atoms
that are F, Cl, or Br (electronegative halogenicity), �2 is the
square of Abraham’s hydrogen bond basicity parameter of the
solvent, and σ̃[γ], σ̃[φ2], σ̃[ψ 2], and σ̃[�2] are empirical parameters
that are independent of the solute.

The SMD model may be applied to any solvent (or medium)
for which the relevant macroscopic descriptors are either known
or may be estimated. We note, however, that water is treated
as a special solvent that is given its own set of surface tension
coefficients, so that eq 8 is not needed for water. Also, for water,
the molecular surface tension σ[M] is set equal to zero. Thus,
when SMD is used to compute solvation free energies in
aqueous solvent, eq 6 reduces to its first term. In the case of
water, the parameters σ̃Z and σ̃ZZ′ used in eq 7 to obtain σk are
simply numbers that do not depend on solvent descriptors.

3. SMD Training Set

The SMD training set is essentially the same as the SM8
training set42,89 used in the parametrization of SM8 except for
two modifications that are described at the end of this section.
The training set contains charged and uncharged solutes
composed of H, C, N, O, F, Si, P, S, Cl, or Br. All standard-
state solvation free energies in the present article are tabulated
for the gas-phase solute having a standard state of an ideal gas
at a gas-phase concentration of 1 mol/L and for the liquid-phase
solute being dissolved in an ideal solution at a liquid-phase
concentration of 1 mol/L.

The SMD training set contains 274 and 2072 experimental
solvation free energies for neutrals in water and 90 nonaqueous
solvents, respectively, and the total number of unique solutes
is 318. In addition to the 2346 absolute free energies, the training
set contains 143 transfer free energies for an additional 93
neutral solutes between water and 15 organic solvents. The
transfer free energies were determined directly from experi-
mental partition coefficients according to

where ∆Go/w° is the standard-state free energy associated with
transferring the solute from the aqueous phase (w) to the organic
phase (o), and Po/w is the corresponding partition coefficient,
which is given by

where [solute]o is the equilibrium concentration of the solute
in the organic phase and [solute]w is the equilibrium concentra-
tion of the solute in the aqueous phase. Transfer free energy
data are included in this training set because for many solutes
the experimental data that are required to determine the solvation
free energy between the gas and liquid phases are not available.

In addition to 2489 experimental absolute and transfer free
energies for neutrals in water and 90 organic solvents, the current
training set contains 112 aqueous ionic solvation free energies
and 220 solvation free energies for 166 ions in acetonitrile,
dimethyl sulfoxide (DMSO), and methanol. Thus, the total
number of solvation data in the SMD training set amounts to
2821. The single-ion solvation free energies were evaluated in
previous work55,56,90 based on the corresponding thermochemical
cycle. For instance, the absolute solvation free energy of the
cation BH+ can be written as

GCDS ) ∑
k

atoms

σkAk(R,{RZk
+ rs}) +

σ[M] ∑
k

atoms

Ak(R,{RZk
+ rs}) (6)

σk ) σ̃Zk
+ ∑

k'

atoms

σ̃ZkZk'
Tk({Zk', Rkk'}) (7)

σ̃i ) σ̃i
[n]n + σ̃i

[R]R + σ̃i
[�]� (8)

σ[M] ) σ̃[γ](γ / γ0) + σ̃[φ2]
φ

2 + σ̃[ψ2]ψ2 + σ̃[�2]�2 (9)

∆Go/w
◦ ) -2.303RT log Po/w (10)

Po/w )
[solute]o

[solute]w
(11)
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where ∆Gg°(BH+) is the gas-phase acidity of BH+, which is equal
to

In eq 12, ∆GS°(B) is the solvation free energy of the neutral
species B, pKa is the negative common logarithm of the solution-
phase acid dissociation constant of BH+, and ∆G1atm f1M ) 1.89
kcal/mol is the free energy change associated with moving from
a gas-phase pressure of 1 atm to a liquid-phase concentration
of 1 M. Similarly, the absolute solvation free energy of the anion
A- can be written as

In the above equations, we use the value of -265.9 kcal/
mol for the absolute aqueous solvation free energy of the proton
that corresponds to the value of -264.0 kcal/mol reported91 by
Tissandier et al. (the difference is attributed to the 1 M standard
state correction, -1.89 kcal/mol). For the free energies of
solvation for the proton in acetonitrile, DMSO, and methanol,
we use -260.2, -273.3, and -263.5 kcal/mol, respectively.
These solvation energies were evaluated in previous work based
on the cluster pair approximation.90 They are different from those
recently reported by Fawcett:92 -256.2, -270.5, and -263.8
kcal/mol for acetonitrile, DMSO, and methanol, respectively
(with the 1 M standard state correction, -1.89 kcal/mol, applied
to the originally reported values). This difference merits further
investigation and is therefore considered further in section 6.

For aqueous ions, we use the data set called the selectively
clustered set. In this set, there are 112 ions; 81 of these are
unclustered, and 31 are clustered with a single water molecule
each (these ions are not included in unclustered form). The
criteria for whether to cluster an ion are as follows. First, we
cluster any ionic solute in our set containing three or fewer
atoms. Second, we cluster any ionic solute with one or more
oxygen atoms bearing a partial atomic charge more negative
than the charge on oxygen in water. Finally, we cluster any
ammonium or oxonium cation. The rationale for these criteria
is explained elsewhere.55,56 In all cases, the clusters were
represented by a single, lowest-energy conformation. The
aqueous solvation free energies of these 31 solute-water clusters
(H2O ·M() were determined according to

The above equation uses the aqueous solvation energies of the
unclustered ions ∆GS°(M() and the gas-phase binding energies
of the solute-water clusters given in previous work.55,56 It has
been reported recently93 that the previously used equation (eq
8 in ref 55) misses the concentration correction term that is the
last term in eq 15 in the present article. Thus the aqueous
solvation energies of the clustered ions used in the present study
have been corrected by 2.38 kcal/mol to account for this error.

The SMD training set does not contain any data for ions
clustered in nonaqueous solvents whereas the SM8 training set
includes 21 additional data for ionic clusters in acetonitrile and
DMSO.42

Table 1 shows the 90 organic solvents used in the SMD
parametrization. Experimental values for the 2821 solvation free
energies (including 2346 free energies and 143 transfer free
energies for neutrals and 332 ionic free energies) are given in
the Supporting Information.

4. Parametrization

As for the earlier SM8 model,42 the SMD parametrization
effort is focused on two types of parameters: (1) the atomic
radii used for construction of the cavities for the bulk electro-
static calculation; (2) the parameters σ̃Z and σ̃ZZ′ in eq 7 and the
parameters σ̃[γ], σ̃[φ2], σ̃[ψ 2], σ̃[�2] in eq 9.

The first step is to parametrize the intrinsic Coulomb radii.
It is widely recognized that the electrostatic contributions to
free energies of solvation depend strongly on the model
radii.8,49,94-97 We considered a number of schemes for the
optimization of Coulomb radii. This includes an optimization
of a single set of radii for both water and organic solvents and
possible optimizations of the radii as functions of certain solvent
descriptors such as hydrogen-bond acidities R and hydrogen-
bond basicities �.85-88 The values of these solvent descriptors
for the four solvents including water in which we have ionic
data are listed in Table 2. The physical interpretation of the
radii depending on solvent descriptors would be that first
solvation shell effects depend on the solvent, and changing the

∆GS
◦(BH+) ) ∆Gg

◦(BH+) + ∆GS
◦(B) -

2.303RT pKa(BH+) + ∆GS
◦(H+) + ∆G1atmf1M (12)

∆Gg
◦(BH+) ) G◦(B) + G◦(H+) - G◦(BH+) (13)

∆GS
◦(A-)) - ∆Gg

◦(AH) + ∆GS
◦(AH) +

2.303RT pKa(AH) - ∆GS
◦(H+) - ∆G1atmf1M (14)

∆GS
◦(H2O ·M() ) ∆GS

◦(H2O) + ∆GS
◦(M() -

∆Gg
◦(B.E.) + ∆G1atmf1M + RT ln 55.34 (15)

TABLE 1: The 90 Nonaqueous Solvents in the SMD
Neutral Training Seta

acetic acid 1,2-dibromoethane methoxyethanol
acetonitrile* dibutyl ether methylene chloride*
acetophenone o-dichlorobenzene N-methylformamide
aniline* 1,2-dichloroethane* 4-methyl-2-pentanone
anisole diethyl ether* 2-methylpyridine
benzene* diisopropyl ether nitrobenzene
benzonitrile N,N-dimethylacetamide nitroethane
benzyl alcohol N,N-dimethylformamide nitromethane*
bromobenzene 2,6-dimethylpyridine o-nitrotoluene
bromoethane dimethyl sulfoxide* nonane
bromoform dodecane nonanol
bromooctane ethanol* octane
n-butanol ethoxybenzene octanol
sec-butanol ethyl acetate pentadecane
butanone ethylbenzene pentane
butyl acetate fluorobenzene pentanol
n-butylbenzene 1-fluoro-n-octane perfluorobenzene
sec-butylbenzene heptane* phenyl ether
t-butylbenzene heptanol propanol
carbon disulfide hexadecane pyridine
carbon tetrachloride* hexadecyl iodide tetrachloroethene
chlorobenzene* hexane tetrahydrofuran*
chloroform* hexanol tetrahydrothiophene

dioxide
chlorohexane iodobenzene tetralin
m-cresol isobutanol toluene*
cyclohexane* isooctane tributylphosphate
cyclohexanone isopropanol triethylamine
decalin (mixture) isopropylbenzene 1,2,4-trimethylbenzene
decane p-isopropyltoluene undecane
decanol mesitylene xylene (mixture)

a Methanol is not included in this training set because there are no
data on neutral solutes in methanol. The asterisk denotes the nonaqueous
solvents presently available with the default solvation model
implemented in Gaussian03 in addition to methanol and water. The
names of 15 solvents for which we used solvent-water transfer free
energies are italicized.
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radius by an amount no larger than the width of the first
solvation shell can be justified as alternative treatment of that
shell.

It was our usual practice in the past to optimize the radii in
calculations only on ions, then fix these parameters and optimize
the non-bulk-electrostatic terms on data for neutrals.42 For the
SMD parametrization, however, we opted to include both ions
and neutrals in the radii optimization followed by an optimiza-
tion of the nonelectrostatic terms only on neutrals. After
considerable trial and error, we adopted the following procedure
to optimize the SMD radii: first, we optimized the radii for the
whole training set (2821 data) by optimizing a scaling factor
for the aqueous SM8 values of the radii (the optimal factor was
found to be 1.176); fixing the other radii at the new values, we
then reoptimized the oxygen radius using the following scheme:

where R is the solvent’s value of Abraham’s hydrogen-bond
acidity parameter (the parameter that he calls ∑R2).85-88 The
optimization was done by minimizing the root mean squared
error calculated over 2821 data points. The ∆GEP values used
in the SMD optimization of radii were calculated using the IEF-
PCM protocol for bulk electrostatics as implemented in Gauss-
ian03,62 the M05-2X density functional,98 and the 6-31G* basis
set.99 Table 3 shows the SMD values of intrinsic Coulomb radii
given for water (R ) 0.82) and DMSO (R ) 0). The SMD set
of Coulomb radii includes the radii for H, C, N, O, F, Si, P, S,
Cl, and Br. For any other atom the SMD model uses the van
der Waals radius of Bondi for those atoms for which Bondi
defined radii;84 in cases where the atomic radius is not given in
Bondi’s paper,84 a radius of 2.0 Å is used.

A technical point should be mentioned here. The optimum
intrinsic Coulomb radii actually depend slightly on the atomic
surface tensions (whereas the atomic surface tensions depend
strongly on the intrinsic Coulomb radii). Thus, we optimized
the intrinsic Coulomb radii on ions and neutrals with SM8
atomic surface tensions,42 then determined the SMD surface
tensions using only neutral data. Employing this procedure, we
also tested other sets of intrinsic Coulomb radii as an initial
guess for the SMD radii by scaling them and optimizing the
scaling factor and found no advantage in using these radii for
the SMD parametrization. The tested sets of the radii, as given
in Table 3, include Bondi’s van der Waals radii,84 the radii used
by Jaguar’s Poisson-Boltzmann self-consistent reaction field
solver,100 the radii reported101 by Klamt and Eckert (K&E), and
the radii reported102 by Stefanovich and Truong (S&T). We used
Bondi’s values84 for those atoms for which the other radii were
not available.

To begin the parametrization of the atomic surface tensions,
∆GEP values were calculated for all of the neutral solutes in

the SMD training set for which solvation free energies are
available (total of 2346 calculations). The ∆GEP values for all
of the solutes in the training set for which transfer free energies
are available, in water, and in the organic solvent to which the
transfer free energy refers, were also calculated (a total of 286
calculations). The ∆GEP values used in the SMD optimization
of surface tensions were calculated using IEF-PCM/Gaussian03
andsixelectronicstructuremethods,namely,M05-2X98/MIDI!6D,103,104

M05-2X/6-31G*,99 M05-2X/6-31+G**,99 M05-2X/cc-pVTZ,105

B3LYP106-108/6-31G*, and HF/6-31G*.
Optimizing the parameters for nonaqueous solvents, σ̃i

[n], σ̃i
[R],

σ̃i
[�], σ̃[γ], σ̃[φ2], σ̃[ψ2], and σ̃[�2], and the parameters for water,

σ̃i
[water], involves minimizing the following error function

where the j-summation is over six levels of electronic structure
theory (in particular, the B3LYP density functional and the
Hartree-Fock method, both with the 6-31G* basis set, and the
M05-2X density functional with four basis sets: MIDI!6D,
6-31G*, 6-31+G**, and cc-pVTZ). The J-summation in eq 17
is over all data points in the neutral training set (2346 solvation
free energies plus 143 transfer free energies), and ∆GS°(expt,J)
is the experimental standard-state solvation or transfer free
energy. For solvation free energies, ∆GEP(j,J) and ∆GCDS(J) can
be calculated directly by the solvation model, whereas for
transfer free energies, two separate solvation model calculations
are required; that is

where ∆GEP,organic and ∆GEP,water are calculated in the same way,
except that different values are used for dielectric constant, and
GCDS,organic and GCDS,water are computed using eq 6. Note that
because transfer free energies depend on both the aqueous
solvation free energy and the solvation free energy in the organic
solvent (eq 10), the parameters for nonaqueous solvents and
the parameters for water must be optimized simultaneously.

The optimization of the above parameters was carried out in
three stages. First, the σ̃i

[n], σ̃i
[R], σ̃i

[�], and σ̃i
[water] parameters for

atoms involving at most H, C, N, and O and the σ̃[γ], σ̃[φ2], σ̃[ψ2],
and σ̃[�2] parameters were optimized against data for molecules
containing H, C, N, and/or O. Next, these parameters were
frozen, and then the σ̃i

[n], σ̃i
[R], σ̃i

[�], and σ̃i
[water] parameters for

atoms involving the elements F, S, Cl, and Br were optimized
against data for molecules containing H, C, N, and/or O, plus
F, S, Cl, and/or Br. Finally, these parameters were frozen, and
then the σ̃i

[n], σ̃i
[R], σ̃i

[�], and σ̃i
[water] parameters for atoms involving

P or Si were optimized against molecules containing P or Si.
SMD uses the same functional forms for the atomic surface
tensions as SM8, which contains 26 different σ̃i

[water] values, plus
78 σ̃i

[n], σ̃i
[R], σ̃i

[�] parameters, and the four σ̃[γ], σ̃[φ2], σ̃[ψ2], and
σ̃[�2] parameters (108 parameters in all). However, as demon-
strated by the performance of previous universal SMx models,
it is not necessary (or desirable) to use all of these parameters.
After an optimization of all 108 parameters using the three-
step procedure outlined above we removed any parameter with
a value greater than 1000 cal mol-1 Å-2, then the remaining
parameters were reoptimized (in addition to being very large

TABLE 2: Solvent Acidity and Basicity Descriptors for the
Four Solvents with Ionic Dataa

solvent R �

acetonitrile 0.07 0.32
DMSO 0 0.88
methanol 0.43 0.47
water 0.82 0.35

a R is Abraham’s hydrogen bond acidity parameter (which
Abraham denotes as ∑R2), and � is Abraham’s hydrogen bond
basicity parameter (which Abraham denotes as ∑�2).

F ) {1.52 R
1.52 + 1.8(0.43 - R) R

g

<
0.43
0.43

(16)

� ) ∑
J)1

2489 [∆GS
◦(expt,J) - 1

6 ∑
j)1

6

∆GEP(j, J)-GCDS(J)]2

(17)

∆GEP,transfer ) ∆GEP,organic - ∆GEP,water (18)

GCDS,transfer ) GCDS,organic - GCDS,water (19)
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in value, all of the parameters that were removed in this stage
of the optimization also had low values for the statistical
significance). Next, the parameter with the least amount of
statistical significance was removed, and then all of the
remaining parameters were reoptimized. This step was repeated,
until the statistical significance associated with each parameter
was greater or equal to 95%. In all, only 37 of the original 108
parameters were retained in the SMD model, compared to the
54 parameters that are used by SM8. The final set of parameters
obtained using the procedure described above is listed in Tables
4 and 5. Note that the partition of solvation free energy into
electrostatic and nonelectrostatic contributions used in SM8 and
SMD is model-dependent. Since the SMD electrostatics and the
SM8 electrostatics differ, the SMD nonelectrostatic (CDS)
contribution as well as individual surface tension coefficients
in SMD cannot be unambiguously compared to those in SM8.

5. SMD Performance for Neutrals

Table 6 gives a breakdown of the mean unsigned errors
(MUE) in calculated aqueous solvation free energies by solute

class. In Tables 7 and 8, the mean unsigned errors are broken
down by solute class for calculated solvation free energies in
nonaqueous solvents and for calculated transfer free energies,
respectively. The corresponding mean signed errors (MSE) are
given in the Supporting Information. The errors broken down
by solvent name are provided in the Supporting Information as
well. The SMD solvation free energies are compared to the SM8
solvation energies obtained in previous work42 and in the present
study using a locally modified version of Gaussian03 called MN-
GSM.109

For neutral data in water, the mean unsigned error on average
varies from 0.59 to 0.94 kcal/mol, the MSE is between -0.71
and 0.61 kcal/mol, and the root mean squared error (RMSE) is
between 0.86 and 1.24 kcal/mol. The most accurate method
among those which have been tested in this study is M05-2X/
6-31G* with -0.05, 0.59, and 0.86 kcal/mol for MSE, MUE,
and RMSE, respectively. The Hartree-Fock method used within
the SMD protocol noticeably overpolarizes the tested aqueous
neutral solutes, overestimating the corresponding hydration free
energies by 0.69 kcal/mol on average (with MUE ) 0.91 and
RMSE ) 1.24 kcal/mol). On the other hand, the SMD model
used with B3LYP/6-31G* underestimates the solvation of
aqueous neutrals by 0.61 kcal/mol on average (with MUE )
0.80 and RMSE ) 1.08 kcal/mol). For neutral data in 90 organic
solvents, the mean unsigned error on average varies from 0.64
to 0.79 kcal/mol, the MSE is in the range from -0.50 to 0.34
kcal/mol, and the RMSE is in the range from 0.86 to 1.05 kcal/
mol. In both cases (water and organic solvents) the SMD model
employed with a basis set containing diffuse functions (6-
31+G**) tends to produce somewhat overly negative solvation
energies.

The overall performance of the SMD model for neutral
compounds in water (MUE ) 0.59-0.94 kcal/mol, Table 6) is
slightly worse in comparison with the overall performance of
the earlier SM8 model, which produces MUEs of 0.55-0.67
kcal/mol averaged over the 274 aqueous data.42 The SMD mean
unsigned errors for neutral compounds in nonaqueous solvents,
averaged over 2072 data (0.64-0.79 kcal/mol), are larger than
those for SM8 (0.57-0.62 kcal/mol)42 as well. For those classes

TABLE 3: Intrinsic Coulomb Radii (Å) of Various Models and Bondi’s van der Waals Radii (Å)

atom Z SMD(aq)a SMD(DMSO)a SM8(aq)b SM8(DMSO)b Bondic Jaguard K&Ee S&Tf

H 1 1.20 1.20 1.02 0.80 1.20 1.15 1.30 1.17
C 6 1.85 1.85 1.57 1.57 1.70 1.90 2.00 1.87
N 7 1.89 1.89 1.61 1.61 1.55 1.60 1.83 1.93
O 8 1.52 2.29 1.52 2.18 1.52 1.60 1.72 1.58
F 9 1.73 1.73 1.47 2.63 1.47 1.68 1.72 1.28
Si 14 2.47 2.47 2.10 2.10 2.10 2.15
P 15 2.12 2.12 1.80 2.13 1.80 2.07 2.28
S 16 2.49 2.49 2.12 2.45 1.80 1.90 2.16 2.02
Cl 17 2.38 2.38 2.02 2.63 1.75 1.97 2.05 1.75
Br 35 3.06 3.06 2.60 2.85 1.85 2.10 2.16

a The SMD radius of the oxygen atom in the solute molecule is defined as a function of Abraham’s hydrogen-bond acidity parameter (R) for
a given solvent according to eq 16. See the text for more detail. b The intrinsic Coulomb radii used by the SM8 model for any solute in water
and DMSO (ref 42). c Bondi’s values of van der Waals radii (ref 84). d The default values of radii used in Jaguar’s Poisson-Boltzmann
self-consistent reaction field solver (ref 100). e The intrinsic Coulomb radii of Klamt and Eckert (K&E) (ref 101). f The intrinsic Coulomb radii
of Stefanovich and Truong (S&T) (ref 102); the carbon and nitrogen radii are given here as averaged over the Cσ and Cσπ values for carbon
and over the Nhb and Cnhb values for nitrogen given in ref 102.

TABLE 4: Atomic Surface Tension Parameters (in cal
mol-1 Å-2) for SMD That Depend on Atomic Numbersa

i σ̃i
[water] σ̃i

[n] σ̃i
[R] σ̃i

[�]

H 48.69
C 129.74 58.10 48.10 32.87
H, C -60.77 -36.37
C, C -72.95 -62.05
O -17.56 193.06 -43.79
H, O -19.39
O, C 68.69 -15.70 95.99
O, O -128.16
N 32.62
C, N -99.76 152.20
N, C -48.22 -41.00
N, C(3) 84.10
O, N 121.98 79.13
F 38.18
Cl 9.82 -24.31
Br -8.72 -35.42
S -9.10 -33.17
O, P 68.85
Si -18.04

a Blank entries denote zero. We note that eqs 7 and 8 would
allow for a very large number of parameters if all possible surface
tension parameters in eqs 7 and 8 were included; however, we do
not include them all. Any possible surface tension parameter that is
not in this table is set equal to zero in SMD. For example, there is
no surface tension on P atoms in SMD.

TABLE 5: Atomic Surface Tension Parameters (in cal
mol-1 Å-2) for SMD That Do Not Depend on Atomic
Numbers

σ̃[γ] 0.35
σ̃[φ2] -4.19
σ̃[ψ2] -6.68
σ̃[�2] 0.00

New Continuum Solvation Model J. Phys. Chem. B, Vol. 113, No. 18, 2009 6385



of neutral compounds for which the SMD model underperforms
SM8, the corresponding bulk-electrostatic contributions to the
free energy of solvation produced by SMD are usually more
negative than those produced by SM8, and the CDS formalism
we use for both models cannot fully make up for this feature of
the SMD electrostatics.

6. SMD Performance for Ions in Acetonitrile, DMSO,
Methanol, and Water

Table 9 shows the mean signed errors in the SMD solvation
energies of ions in the four solvents. Table 10 shows the
corresponding mean unsigned errors.

Analysis of the errors on the ionic data indicates generally
good agreement of the model predictions with reference data
across both solute classes and electronic structure levels. The
mean unsigned error averaged over all ions varies from 2.1 to
5.9 kcal/mol, the MSE is between -3.1 and 4.7 kcal/mol, and

the RMSE is between 2.8 and 8.1 kcal/mol. The mean signed
errors for both anions and cations in water are positive within
any method. The MSEs for ions in methanol can be positive or
negative, depending on the method. The MSEs for cations in
acetonitrile and DMSO are positive, and for anions they are
negative for all tested methods. The errors for the sulfur-
containing cations in acetonitrile are very large, but this
discrepancy is mainly attributed to the H3S+ cation which is
systematically (by ∼30 kcal/mol) undersolvated by the SMD
model with respect to the experimental solvation free energy
∆GS°(expt) ) -100.2 kcal/mol.

The SMD errors for ions are substantially the same as the
SM8 errors except for the errors in the SMD solvation free
energies for cations in DMSO which are undersolvated on
average by 8-9 kcal/mol. However, the SMD model outper-
forms SM8 by 3 kcal/mol on anions in the same solvent (Table
10).

TABLE 6: Mean Unsigned Errors (kcal/mol) in Aqueous Solvation Free Energies Calculated Using SMD, by Solute Classa

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G*

H2, NH3, H2O, (H2O)2 4 1.05 1.13 1.46 1.01 0.76 1.38
unbranched alkanes 8 0.11 0.15 0.28 0.35 0.08 0.06
branched alkanes 5 0.09 0.14 0.33 0.42 0.11 0.07
cycloalkanes 5 0.32 0.32 0.32 0.30 0.40 0.37
alkenes 9 0.14 0.23 0.51 0.43 0.21 0.16
alkynes 5 0.14 0.48 0.74 0.80 0.13 0.64
arenes 8 0.20 0.29 0.62 0.36 0.95 0.27
alcohols 12 0.97 0.17 0.91 0.18 0.59 0.77
phenols 4 0.51 0.48 0.95 0.36 0.86 0.87
ethers 12 0.85 0.69 0.81 0.66 1.03 0.64
aldehydes 6 1.31 0.17 1.20 0.81 0.83 1.77
ketones 12 1.28 0.19 1.32 0.96 0.52 1.79
carboxylic acids 5 1.97 0.55 0.25 0.34 1.32 1.06
esters 13 0.82 0.26 1.13 0.67 0.50 1.71
peroxides 3 0.27 1.26 1.78 0.74 0.55 1.98
bifunctional H, C, O compds 5 1.26 0.40 1.11 0.41 0.96 1.43
aliphatic amines 15 0.83 0.43 0.83 0.50 0.75 0.37
anilines 7 0.27 0.38 0.84 0.25 0.94 0.28
aromatic N-heterocycles (1 N) 10 1.04 0.53 0.40 0.26 1.35 0.37
aromatic N-heterocycles (2 Ns) 3 0.66 0.60 1.86 1.17 0.33 1.83
nitriles 4 1.68 0.64 0.17 0.19 0.95 0.25
hydrazines 3 0.85 0.91 1.66 0.75 0.64 0.97
bifunctional H, C, N compds 3 0.58 0.75 1.79 0.35 0.42 1.35
amides 4 3.08 1.36 0.52 0.88 2.42 0.53
ureas 2 2.48 0.86 0.79 0.92 2.25 0.51
nitrohydrocarbons 7 1.34 0.58 0.95 0.72 1.11 1.60
bifunctional H, C, N, O compds 3 0.43 0.48 1.87 0.50 0.41 1.15
fluoroalkanes 5 0.55 0.51 0.71 0.55 0.54 0.48
fluoroarenes 1 0.20 0.19 0.85 0.43 0.67 0.46
chloroalkanes 13 1.08 0.93 1.26 0.94 0.74 1.24
chloroalkenes 6 0.64 0.70 0.68 0.76 0.81 0.60
chloroarenes 8 0.63 0.61 1.02 0.52 0.55 0.91
bromoalkanes 9 0.09 0.53 0.95 0.74 0.23 0.66
bromoalkenes 1 0.16 0.78 1.35 0.97 0.26 0.97
bromoarenes 4 0.38 0.59 1.05 0.69 0.39 0.68
multihalogen hydrocarbons 12 0.68 0.74 1.03 0.83 0.65 0.99
halogenated bifunctional compounds 9 1.79 1.41 1.64 1.48 1.53 1.52
thiols 4 0.38 0.22 0.53 0.23 0.22 0.26
sulfides 5 0.88 0.82 0.67 0.65 1.09 0.83
disulfides 2 0.14 0.11 0.26 0.21 0.52 0.12
sulfur heterocycles 1 0.04 0.01 0.26 0.04 0.66 0.22
halogenated sulfur compds 2 0.88 0.76 1.01 1.03 1.01 1.32
phosphorus compds 14 2.05 1.64 1.56 1.89 2.00 1.76
silicon compds 1 0.90 0.71 0.45 0.42 1.04 0.75
all neutral data 274 0.88 0.59 0.94 0.68 0.80 0.91

a All the solvation free energies were obtained using the SMD model parameters and the IEF-PCM/Gaussian03 protocol for bulk
electrostatics. N is the number of data in a given solute class.
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Fawcett92 has presented alternative values of the absolute
proton solvation energy in the three organic solvents, and using
these values changes the reference values for both cations and
anions. Table 11 presents the mean unsigned errors in the free
energies of solvation for ions in acetonitrile, DMSO, and
methanol using the ionic reference data evaluated by eqs 12
and 14 with use of the free solvation energies of the proton in
the corresponding solvents reported by Fawcett:92 -256.2,
-270.5, and -263.8 kcal/mol for acetonitrile, DMSO, and
methanol, respectively (the 1 M standard state correction, -1.89
kcal/mol, was applied to the originally reported values). The
values for the free solvation energies of the proton used in the
present parametrization and in Tables 9 and 10 are -260.2,
-273.3, and -263.5 kcal/mol for acetonitrile, DMSO, and
methanol, respectively. They were evaluated in previous work
using the cluster pair approximation.55,56,90 These values,
compared to those reported by Fawcett,92 are more negative for

the proton in acetonitrile and in DMSO and slightly more
positive for the proton in methanol. The overall performances
of all methods in Table 11 are even better when we use
Fawcett’s values of the free energy of solvation for the proton
in the three organic solvents in spite of the fact that these values
have not been used for the SMD parametrization. This observa-
tion is valid for the SM8 data as well (Table 11).

7. SMD Performance with Other Electrostatic
Algorithms

So far we discussed the performance of the SMD model in
solvation calculations using the SMD model parameters (atomic
Coulomb radii and atomic surface tensions) along with the IEF-
PCM algorithm4-7 for bulk electrostatics as implemented in
Gaussian0362 (IEF-PCM/G03). Although the SMD model has
been parametrized for the use with IEF-PCM/G03, we have also

TABLE 7: Mean Unsigned Errors (kcal/mol) in Nonaqueous Solvation Free Energies Calculated Using SMD, by Solute Classa

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G*

H2, NH3, H2O 29 0.92 1.33 1.67 1.10 1.14 1.45
unbranched alkanes 85 0.46 0.44 0.39 0.39 0.55 0.52
branched alkanes 7 0.46 0.43 0.43 0.43 0.50 0.46
cycloalkanes 13 0.43 0.43 0.44 0.42 0.45 0.44
alkenes 18 0.27 0.29 0.37 0.34 0.30 0.27
alkynes 9 0.34 0.55 0.70 0.72 0.26 0.64
arenes 134 0.65 0.70 0.83 0.72 0.50 0.67
alcohols 272 0.49 0.46 0.64 0.45 0.45 0.52
phenols 109 0.72 0.65 0.69 0.68 0.84 0.63
ethers 87 0.65 0.58 0.85 0.62 0.69 0.67
aldehydes 32 0.87 0.73 1.02 0.89 0.79 1.00
ketones 195 0.35 0.64 1.18 1.01 0.46 1.04
carboxylic acids 120 1.19 0.58 0.55 0.49 0.83 0.61
esters, including lactonesb 243 0.69 0.51 0.58 0.53 0.59 0.55
peroxides 17 0.89 0.82 0.90 0.78 0.84 0.92
bifunctional H, C, O compds 24 1.46 1.09 1.13 0.98 1.43 0.96
aliphatic amines 154 0.54 0.49 0.66 0.46 0.49 0.52
anilines 61 0.62 0.66 0.72 0.64 0.75 0.67
aromatic N-heterocycles (1 N) 52 0.82 0.71 0.67 0.66 0.91 0.69
aromatic N-heterocycles (2 Ns) 9 1.22 1.03 0.69 0.91 1.31 0.93
nitriles 20 0.38 0.59 0.96 0.93 0.50 1.02
hydrazines 5 1.19 1.37 1.74 1.24 1.21 1.40
bifunctional H, C, N compds 2 1.45 1.51 2.50 1.73 1.43 2.39
amides 26 1.47 0.73 0.83 0.72 1.20 0.75
ureas 7 2.09 1.07 0.59 0.96 1.85 0.74
lactams 4 1.94 0.92 0.91 0.71 1.39 0.95
nitrohydrocarbons 86 0.77 0.62 0.93 0.74 0.69 1.11
bifunctional H, C, N, O compds 3 1.35 1.28 1.19 1.21 1.40 1.26
fluoroalkanes 5 0.64 0.71 1.06 0.85 0.65 0.87
fluoroarenes 11 0.82 0.93 1.20 1.02 0.72 1.00
chloroalkanes 26 1.06 0.92 1.09 0.86 0.81 1.11
chloroalkenes 15 0.85 0.93 0.89 0.95 0.97 0.83
chloroarenes 31 0.50 0.51 0.61 0.50 0.50 0.56
bromoalkanes 21 0.52 0.76 0.97 0.86 0.61 0.81
bromoalkenes 2 0.44 0.83 1.17 0.94 0.50 0.94
bromoarenes 16 0.54 0.66 0.81 0.68 0.42 0.69
multihalogen hydrocarbons 14 0.48 0.47 0.49 0.47 0.46 0.50
halogenated bifunctional compds 37 1.11 0.92 0.92 0.97 1.14 0.88
thiols 10 0.55 0.46 0.64 0.40 0.36 0.45
sulfides 13 1.14 1.08 1.16 1.00 1.05 1.06
disulfides 4 1.41 1.41 1.41 1.39 1.40 1.39
sulfur heterocycles 4 0.53 0.57 0.46 0.60 0.94 0.47
sulfoxides 1 1.53 0.27 1.56 0.36 1.07 0.92
phosphorus compds 37 1.85 1.72 1.73 1.77 1.83 1.79
silicon compds 2 1.95 1.83 1.66 1.65 2.03 1.86
all neutral data 2072 0.70 0.64 0.79 0.67 0.67 0.73

a All the solvation free energies were obtained using the SMD model parameters and the IEF-PCM/Gaussian03 protocol for bulk
electrostatics. N is the number of data in a given solute class. b 5 lactones and 238 other esters.
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tested this model for the use with other algorithms for solving
the NPE for continuum solvation calculations in which the solute
is represented by its electron density in real space. These tests
includetheIEF-PCMalgorithm4-7asimplementedinGAMESS,63-65

the C-PCM9-13 algorithm implemented in Gaussian03 and in
GAMESS, and the COSMO algorithm9,10 as implemented in

NWChem.66 Because all of the SMD calculations use the same
surface tension parameters and radii and our own analytical
surface area algorithm61 for CDS terms, the differences in the
resulting solvation energies are entirely due to the differences
in the treatment of bulk electrostatics by different PCM
algorithms.

TABLE 8: Mean Unsigned Errors (kcal/mol) in Transfer Free Energies between Water and Organic Solvents Calculated Using
SMD, by Solute Classa

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G*

lactones 10 0.79 0.74 1.05 0.86 0.76 1.82
aromatic N-heterocycles 6 0.55 0.67 0.88 0.72 0.70 0.80
bifunctional H, C, N compds 2 0.69 0.84 0.98 0.87 0.71 0.92
amides 13 1.22 0.64 0.39 0.50 1.19 0.48
ureas 11 1.09 0.65 0.48 0.65 1.02 0.43
lactams 4 1.54 1.31 1.20 1.25 1.49 0.93
thymines and uracils 12 0.97 0.65 0.83 0.70 0.77 1.59
bifunctional H, C, N, O compds 5 0.38 0.62 0.79 0.63 0.44 1.07
halogenated bifunctional compds 39 0.90 0.56 0.63 0.55 0.68 1.01
sulfur compds 19 0.51 0.50 0.49 0.49 0.48 0.53
phosphorus compds 9 0.52 0.88 1.11 0.91 0.55 1.95
silicon compds 13 0.62 0.58 0.55 0.57 0.63 0.57
all neutral data 143 0.82 0.64 0.69 0.64 0.74 0.97

a All the solvation free energies were obtained using the SMD model parameters and the IEF-PCM/Gaussian03 protocol for bulk
electrostatics. N is the number of data in a given solute class.

TABLE 9: Mean Signed Errors (kcal/mol) in Ionic Solvation Free Energiesa

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G* SM8b

Acetonitrile
H, C, N, O cationsc 36 7.4 6.9 6.3 6.9 7.1 6.3 4.0
S cationsd 3 16.5 17.0 16.6 17.4 17.3 16.7 16.1
all cations 39 8.1 7.7 7.1 7.7 7.9 7.1 4.9
H, C, N, O anionsc 19 -2.6 -3.1 -3.5 -3.2 -2.0 -3.9 -4.5
F, Cl, Br, S anionsd 11 -2.4 -3.1 -2.8 -2.9 -2.3 -3.6 -3.4
all anions 30 -2.5 -3.1 -3.2 -3.1 -2.1 -3.8 -4.1
all ions 69 3.5 3.0 2.6 3.0 3.6 2.4 1.0

DMSO
H, C, N, O cationsc 4 9.0 8.5 8.0 8.3 8.8 8.4 -1.5
all cations 4 9.0 8.5 8.0 8.3 8.8 8.4 -1.5
H, C, N, O anionsc 52 -3.0 -3.2 -2.6 -2.8 -2.0 -4.0 -8.0
F, Cl, Br, S anionsd 15 -2.2 -2.8 -2.2 -2.4 -2.0 -3.4 -3.7
all anions 67 -2.8 -3.1 -2.5 -2.7 -2.0 -3.8 -7.0
all ions 71 -2.1 -2.5 -1.9 -2.1 -1.4 -3.1 -6.7

Methanol
H, C, N, O cationsc 26 0.2 -0.4 -1.2 -0.6 0.1 -1.0 -1.3
Cl, Br cationsd 3 1.2 1.1 0.2 1.2 2.2 0.3 -1.0
all cations 29 0.3 -0.3 -1.1 -0.5 0.3 -0.9 -1.2
H, C, N, O anionsc 36 1.8 0.9 1.8 1.7 2.8 -2.0 -1.4
F, Cl, Br anionsd 15 2.2 1.4 2.5 2.1 2.9 -0.9 -1.8
all anions 51 1.9 1.1 2.0 1.8 2.8 -1.6 -1.5
all ions 80 1.3 0.6 0.9 1.0 1.9 -1.4 -1.4

Watere

H, C, N, O cationsc 48 3.4 2.7 1.9 2.6 3.0 2.2 0.4
Cl, S cationsd 4 4.6 4.6 3.9 4.8 5.3 4.0 1.5
all cations 52 3.5 2.9 2.1 2.8 3.2 2.3 0.5
H, C, N, O anionsc 43 5.2 4.1 6.0 5.5 5.9 2.4 1.3
F, Cl, Br, S anionsd 17 6.4 5.5 7.0 6.4 6.4 4.4 0.0
all anions 60 5.5 4.5 6.3 5.8 6.0 3.0 0.9
all ions 112 4.6 3.7 4.3 4.4 4.7 2.7 0.7

a All the solvation free energies were obtained using the SMD model parameters and the IEF-PCM/Gaussian03 protocol for bulk
electrostatics. b The SM8 solvation free energies were obtained with a locally modified version of Gaussian03 called MN-GSM (ref 109) at the
M05-2X/CM4 level of theory with the 6-31G* basis set. These SM8 calculations are based on the GB approximation for bulk electrostatics, the
CM4 charge model (ref 55), and the SM8 intrinsic Coulomb radii and SM8 atomic surface tensions (ref 42). c Ions containing no elements
other than H, C, N, or O. d Ions containing any of the listed elements in addition to H, C, N, or O. e 112 selectively clustered ions from the
SM6 model training set as defined in ref 55.
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TABLE 11: SMD Mean Unsigned Errors (kcal/mol) in Ionic Solvation Free Energies with Respect to Reference Data Obtained
by Using Fawcett’s Values of the Solvation Free Energies of H+ in Acetonitrile, DMSO, and Methanol

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G* SM8a,b

Acetonitrile
H, C, N, O cationsc 36 4.4 4.3 4.2 4.4 4.6 4.3 7.2
S cationsd 3 12.5 13.0 12.6 13.4 13.3 12.7 12.1
all cations 39 5.1 4.9 4.9 5.1 5.3 4.9 7.6
H, C, N, O anionsc 19 2.2 1.9 1.6 1.7 2.6 1.7 1.7
F, Cl, Br, S anionsd 11 2.6 2.0 1.8 1.9 2.6 1.9 1.8
all anions 30 2.3 1.9 1.7 1.8 2.6 1.8 1.7
all ions 69 3.9 3.6 3.5 3.7 4.1 3.6 5.0

DMSO
H, C, N, O cationsc 4 6.2 5.7 5.2 5.5 6.0 5.6 4.3
all cations 4 6.2 5.7 5.2 5.5 6.0 5.6 4.3
H, C, N, O anionsc 52 4.2 4.1 3.5 3.9 4.2 4.3 6.1
F, Cl, Br, S anionsd 15 2.6 2.7 2.3 2.5 2.8 2.8 2.7
all anions 67 3.8 3.8 3.2 3.6 3.9 4.0 5.4
all ions 71 3.9 3.9 3.3 3.7 4.0 4.1 5.3

Methanol
H, C, N, O cationsc 26 2.0 2.1 2.3 2.1 2.3 2.3 2.0
Cl, Br cationsd 3 1.5 1.4 0.5 1.5 2.5 0.6 0.7
all cations 29 2.0 2.0 2.1 2.0 2.4 2.1 1.9
H, C, N, O anionsc 36 2.3 2.0 2.5 2.3 3.0 3.0 2.5
F, Cl, Br anionsd 15 2.4 2.0 2.4 2.2 2.7 3.4 2.6
all anions 51 2.3 2.0 2.5 2.3 2.9 3.1 2.5
all ions 80 2.2 2.0 2.3 2.2 2.7 2.7 2.3

a--d See footnotes a-d of Table 9. The errors in the SMD and SM8 solvation free energies were calculated with respect to the reference data
corrected by using the proton free energies of solvation given by Fawcett (ref 92).

TABLE 10: Mean Unsigned Errors (kcal/mol) in Ionic Solvation Free Energiesa

M05-2X B3LYP HF

solute class N MIDI!6D 6-31G* 6-31+G** cc-pVTZ 6-31G* 6-31G* SM8b

Acetonitrile
H, C, N, O cationsc 36 7.4 7.0 6.5 7.0 7.2 6.6 6.5
S cationsd 3 16.5 17.0 16.6 17.4 17.3 16.7 16.1
all cations 39 8.1 7.7 7.3 7.8 8.0 7.3 7.2
H, C, N, O anionsc 19 2.8 3.2 3.5 3.2 2.3 3.9 4.5
F, Cl, Br, S anionsd 11 3.3 3.9 3.8 3.7 3.1 4.4 3.4
all anions 30 3.0 3.4 3.6 3.4 2.6 4.1 4.1
all ions 69 5.9 5.9 5.7 5.9 5.7 5.9 5.9

DMSO
H, C, N, O cationsc 4 9.0 8.5 8.0 8.3 8.8 8.4 1.8
all cations 4 9.0 8.5 8.0 8.3 8.8 8.4 1.8
H, C, N, O anionsc 52 4.7 4.8 4.3 4.5 4.3 5.3 8.3
F, Cl, Br, S anionsd 15 3.1 3.5 3.2 3.2 3.0 4.0 4.1
all anions 67 4.3 4.5 4.0 4.2 4.0 5.0 7.3
all ions 71 4.6 4.8 4.3 4.4 4.3 5.2 7.0

Methanol
H, C, N, O cationsc 26 2.0 2.2 2.4 2.2 2.4 2.4 2.1
Cl, Br cationsd 3 1.2 1.1 0.4 1.2 2.2 0.3 1.0
all cations 29 1.9 2.1 2.2 2.1 2.4 2.2 2.0
H, C, N, O anionsc 36 2.5 2.1 2.7 2.5 3.3 2.8 2.4
F, Cl, Br anionsd 15 2.5 2.1 2.6 2.3 2.9 3.3 2.5
all anions 51 2.5 2.1 2.6 2.4 3.2 2.9 2.4
all ions 80 2.3 2.1 2.5 2.3 2.9 2.7 2.3

Watere

H, C, N, O cationsc 48 3.5 3.0 2.5 2.9 3.2 2.7 2.4
Cl, S cationsd 4 4.6 4.6 3.9 4.8 5.3 4.0 2.5
all cations 52 3.6 3.1 2.6 3.1 3.4 2.8 2.4
H, C, N, O anionsc 43 5.6 4.8 6.2 5.7 6.2 3.5 3.7
F, Cl, Br, S anionsd 17 6.7 5.7 7.0 6.5 6.6 4.8 3.0
all anions 60 5.9 5.0 6.4 5.9 6.3 3.9 3.5
all ions 112 4.8 4.1 4.6 4.6 4.9 3.4 3.0

a--e See footnotes a-e of Table 9.

New Continuum Solvation Model J. Phys. Chem. B, Vol. 113, No. 18, 2009 6389



C-PCM and COSMO solve the nonhomogeneous Poisson
equation for an infinite dielectric constant but with scaled
dielectric boundary conditions in order to approximate the result
for a finite dielectric constant. For both methods tested in the
present study we use the (ε - 1)/ε dielectric screening factor
for the conductor-like surface charge. This is a better ap-
proximation at high dielectric constant (e.g., 80) than at low
dielectric constant (e.g., below 10). Even for a very low
dielectric constant (e.g., 2), the difference between IEF-PCM
and C-PCM is sometimes less than the errors in either due to
theunrealistic treatmentofdielectric responseat thesolute-solvent
boundary (discontinuous change in dielectric constant from 1
to the bulk value at a fixed boundary whose location is
somewhat arbitrary) and due to some solute charge lying outside
the solute cavity; nevertheless the atomic surface tensions were
parametrized using IEF-PCM, and so that model is preferred
when available. For SMD calculations with the other electro-
static algorithms, we used the programs’ default tessellation
settings for calculations with Gaussian03 and GAMESS, but
for the SMD/COSMO/NWChem calculations we employed finer
grids (options minbem)3, maxbem)4, ificos)1) because the
default NWChem tessellation parameters (options: minbem)2,
maxbem)3, ificos)0) produced very large errors in solvation
free energies. For all of the SMD electrostatic calculations in
Gaussian03, GAMESS, and NWChem, we specified the solvent
only by its dielectric constant with the solvent radius set to zero,
and the program default nonelectrostatic contributions were
turned off while the SMD nonelectrostatic contributions were
added to the solvation free energies. We specified the SMD
atomic Coulomb radii instead of the default radii used by these
programs.

Table 12 shows the corresponding deviations in solvation
electrostatic energies for ionic and neutral solutes in various
media. The typical difference between IEF-PCM and C-PCM
in Gaussian03 for solutes in solvents with dielectric constants

greater than or equal to 32 is less than 0.2 kcal/mol for ions
and less than 0.1 kcal/mol for neutrals. The typical difference
between IEF-PCM and C-PCM for neutral solutes in solvents
with dielectric constants less than 32 is less than 0.5 kcal/mol.
Note that the differences in Table 12 between the results with
essentially the same electrostatics algorithms as implemented
in different programs are mostly due to the different tessellation
algorithms used by these programs (cf. SMD/COSMO/
NWChem and SMD/C-PCM/Gaussian03).

8. Comparison of SMD to Default Solvation Models of
Popular Programs

In Table 13, we compare the errors obtained within the SMD
model combined with the IEF-PCM, C-PCM, and COSMO
algorithms implemented in Gaussian03, GAMESS, and NWChem
to those obtained with the default solvation models in these
programs (see the next section for a discussion of nondefault
alternatives based on IEF-PCM). We used the solvation free
energies calculated in previous work42 employing the default
parameters of these program packages for both nonelectrostatic
and electrostatic terms, which is indicated by a “d” at the end
of the acronym. Thus, in the present article, IEF-PCM-G03d
denotes the default IEF-PCM of Gaussian03,62 C-PCM-G06d
denotes the default C-PCM of the 2006 version65 of GAMESS,
and COSMO-N06d denotes the default COSMO of version 4.7
of NWChem (released in 2006).66 Thus, the Gaussian PCM
calculations include not only electrostatics but also the default
cavitation, dispersion, and repulsion terms, as described in the
original references.4-7 In contrast, the default in GAMESS and
NWChem is to include only electrostatics. In all of these
calculations we use the programs’ default atomic radii and
tessellation grids. All the tested programs by default use the
same concentration (1 mol/L) in both the gaseous and solution
phases.

For the IEF-PCM-G03d calculations we use the cavities
provided by the model called UA0, which denotes the united
atom topological model with the atomic radii of the UFF
molecular mechanics model. There is more than one united atom
model in Gaussian03. We have also tested the model called
UAHF,67 which denotes the united atom topological model with
atomic radii optimized for the HF/6-31G(d) level of theory. The
UAHF radii are recommended in the Gaussian03 manual for
calculations of free energies of solvation with the scfVac
keyword invoked (we used this keyword in calculations with
both types of radii, UA0 and UAHF). The Gaussian03 calcula-
tions with the UAHF radii are further denoted as IEF-PCM/
G03(UAHF).

To test all of the continuum models we used all the data for
332 ions in acetonitrile, DMSO, methanol, and water as
described above. However, tests for neutrals were performed
only for those 17 solvents including acetonitrile, DMSO, and
water that are available for IEF-PCM in Gaussian03 (actually
Gaussian03 supports 21 solvents, but we have neutral data in
only 17 of them; see Table 1; for example, although methanol
is also available in Gaussian03, we have no neutral data for
this solvent).Thecalculationswereperformedat theB3LYP,106-108

Hartree-Fock, M05-2X,98 and mPW1PW110 levels of theory
using the 6-31G* and 6-31+G** basis sets.99 Further details
on the IEF-PCM-G03d, IEF-PCM/G03(UAHF), C-PCM-G06d,
and COSMO-N06d calculations can be found in ref 42.

The SMD/IEF-PCM/G03 model which uses the SMD atomic
Coulomb radii for the bulk-electrostatics calculation and the
SMD atomic surface tension coefficients for the nonelectrostatic
contributions to the free energies of solvation substantially

TABLE 12: Deviations (kcal/mol) in Bulk-Electrostatics
Solvation Free Energies Calculated Using Various Solvent
Models and the SMD Intrinsic Coulomb Radiia

solute class N
C-PCM

Gaussian03
IEF-PCM
GAMESS

C-PCM
GAMESS

COSMO
NWChem

MSD
all ionic data 332 -0.18 0.14 0.00 -0.94
neutral data

(ε g 32)
482 -0.08 0.09 0.02 -0.25

neutral data
(ε < 32)

2150 -0.49 0.00 -0.45 -0.56

all neutral
data

2632 -0.42 0.02 -0.36 -0.50

MUD
all ionic

data
332 0.18 0.16 0.12 1.61

neutral data
(ε g 32)

482 0.08 0.10 0.06 0.27

neutral data
(ε < 32)

2150 0.49 0.03 0.45 0.56

all neutral
data

2632 0.42 0.05 0.38 0.50

a All the solvation free energies were obtained with the HF/
6-31G* method. The mean signed deviations and the mean unsigned
deviations (MSDs and MUDs) are calculated as deviations of the
energies obtained using various bulk-electrostatics protocols from
those obtained using the IEF-PCM/Gaussian03 protocol. The ionic
data are calculated for solutes in acetonitrile, DMSO, methanol, and
water, all of which have dielectric constants (ε) greater than or
equal to 32. The neutral data are calculated for solutes in 90
nonaqueous solvents and in water.
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outperforms the default IEF-PCM-G03d model and the default
algorithm for calculation of the nonelectrostatic terms.4-7 The
IEF-PCM-G03d/mPW1PW mean unsigned errors compared to
the SMD/IEF-PCM/G03/mPW1PW errors are 8-9 times larger
for tested neutrals and 2 times larger for tested ions (Table 13).
Such large errors indicate that the default settings for the IEF-
PCM algorithm in Gaussian03 cannot be recommended for the
quantitative prediction of solvation free energies. Such large
errors in the IEF-PCM-G03d calculations can be attributed to
the use of the UA0 radii by the default PCM in Gaussian03.
The performance of the default PCM in Gaussian03 can be
improved by use of the UAHF radii. Nevertheless, the resulting
errors in the solvation free energies of tested compounds remain
unacceptably large. For instance, the IEF-PCM/G03(UAHF)/
HF/6-31G* mean unsigned errors compared to the SMD/IEF-
PCM/G03/HF/6-31G* errors are 1.2, 5.2, and 1.8 times larger,
respectively, for aqueous neutrals, nonaqueous neutrals, and ions
(Table 13). The same large errors are found in calculations using
the default C-PCM in GAMESS and the default COSMO in
NWChem. The C-PCM-G06d model produces mean unsigned
errors that are 1.7-3.0 times larger than the typical SMD/C-
PCM errors. The COSMO-N06d mean unsigned errors are even
larger (up to 12.64 kcal/mol on average for ions): this model
produces overly negative solvation energies across all classes
of the tested solutes (Table 13). The very poor performance of
the COSMO-N06d model is mainly due to the default tessel-
lation grid, which is inadequately coarse.

The ionic data in Table 13 are averaged over cations and
anions in all solvents. Table 14 breaks their mean unsigned

errors down into categories. As compared to previous models,
the SMD model is more accurate than SM8 for nonaqueous
anions, but not for the other three categories. It is more accurate
than the default models of GAMESS and NWChem for all four
categories, and it is more accurate than the default model of
Gaussian03 for all categories except nonaqueous anions, for
which the default model of Gaussian03 uses different parameters
than for cations. Very recently, Ginovska et al.15 have presented
a new model called CD-COSMO, and they have shown that
one can greatly reduce the errors for solvation free energies of
aqueous ions by using atomic radii that depend on the partial
atomic charges.

For the SMD and SM8 models, we can consider all 90 organic
solvents. Table 15 shows errors for this larger set; the trends
and magnitudes are the same as in Table 13.

9. Alternative Protocols Using IEF-PCM Electrostatics

In order to clarify the differences between SMD and alterna-
tive continuum approaches to the computation of solvation free
energies, it is instructive to consider a number of different
models that have been described in the literature based on IEF-
PCM electrostatics4 (or, in some cases, the earlier but closely
related PCM model2).

First, however, it is perhaps appropriate to note that some
confusion can arise because the term “IEF-PCM” can mean
different things in different contexts. Ideally, IEF-PCM should
probably be restricted to mean the formal integral equation
construction of the PCM approach to solving the NPE for an

TABLE 13: Errors (kcal/mol) in Solvation Free Energies Calculated Using Various Solvent Modelsa

aqueous neutralsb organic neutralsc ionsd

method MSE MUE RMSE MSE MUE RMSE MSE MUE RMSE

SMD/IEF-PCM/G03/M05-2X -0.05 0.59 0.86 -0.06 0.65 0.89 1.49 4.13 5.52
SMD/IEF-PCM/G03/mPW1PW 0.24 0.62 0.91 0.09 0.65 0.89 2.00 4.30 5.43
SMD/IEF-PCM/G03/B3LYP 0.61 0.80 1.08 0.30 0.67 0.92 2.49 4.45 5.65
SMD/IEF-PCM/G03/HF -0.69 0.91 1.24 -0.29 0.72 0.97 0.39 4.13 5.46
SMD/IEF-PCM/GAMESS/HF -0.62 0.85 1.16 -0.29 0.72 0.97 0.52 4.13 5.49
SMD/C-PCM/G03/HF -0.75 0.95 1.29 -0.83 0.97 1.24 0.22 4.15 5.46
SMD/C-PCM/GAMESS/HF -0.67 0.89 1.20 -0.79 0.95 1.21 0.39 4.16 5.50
SMD/COSMO/NWChem/HF -0.89 1.06 1.42 -0.88 1.01 1.28 -0.36 4.60 5.96
SM8/M05-2X/CM4 0.21 0.58 0.83 0.11 0.61 0.83 -1.34 4.28 6.22
SM8/mPW1PW/CM4 -0.06 0.55 0.77 -0.02 0.61 0.83 -1.23 4.21 5.63
SM8/B3LYP/CM4 0.14 0.57 0.79 0.11 0.62 0.85 -0.92 4.14 5.57
IEF-PCM-G03d/mPW1PWe 4.86 4.87 5.70 5.94 5.99 6.63 7.22 9.53 11.07
IEF-PCM/G03(UAHF)/mPW1PWf 0.61 1.18 1.95 3.88 3.94 4.53 5.41 7.96 11.89
IEF-PCM/G03(UAHF)/HFg 0.03 1.10 1.75 3.62 3.71 4.31 3.83 7.50 10.60
IEF-PCM/G03(UAHF)/HF/6-31+G**h -0.51 1.36 1.96 3.43 3.55 4.16 3.64 7.34 10.46
C-PCM-G06d/B3LYPi -0.65 1.57 1.85 2.62 2.78 3.15 4.24 8.14 9.26
COSMO-N06d/B3LYPj -8.17 8.17 9.50 -2.12 2.76 3.68 -12.43 12.64 15.06

a All data in this table are for the 6-31G basis set unless noted otherwise. MSE, MUE, and RMSE refer to mean signed, mean unsigned, and
root mean squared error, respectively. The SMD calculations were based on IEF-PCM, C-PCM, or COSMO protocols for bulk electrostatics as
implemented in Gaussian03 (G03), GAMESS, or NWChem, the SMD intrinsic Coulomb radii, and the SMD atomic surface tensions. The SM8
calculations were based on the GB approximation for bulk electrostatics, the CM4 charge model (ref 55), and the SM8 intrinsic Coulomb radii
and SM8 atomic surface tensions (ref 42); they were performed with a locally modified version of Gaussian03 called MN-GSM.109 The
mPW1PW density functional (also called MPW25, mPW0, and mPW1PW91) is described elsewhere (ref 110). b 274 neutral data. c 666 neutral
data from the present work for SMD and from previous work (ref 42) for SM8 and the default settings for IEF-PCM, C-PCM, and COSMO
(see ref 42 for detail). See Table 15 for the corresponding SMD and SM8 results on a larger data set. d 332 data for ions in acetonitrile,
DMSO, methanol, and water. Note that the corresponding errors for the SM8 model and the default solvation models in Gaussian03, GAMESS,
and NWChem previously reported in ref 42 have been recalculated in the present work using the reference solvation energies of aqueous
clustered ions corrected by 2.38 kcal/mol (see eq 15 and the text following the equation). e Based on the default settings for the IEF-PCM
model implemented in Gaussian03 at the mPW1PW level of theory. For these calculations we use the cavities provided by the model called
UA0. f Same as previous row except for radii used to define the electrostatic cavities. For these calculations we use the cavities provided by the
model called UAHF. g Same as previous row except based on a Hartree-Fock wave function for the solute (whereas the previous row is based
on an mPW1PW solute wave function). In this row the UAHF radii are used with the kind of wave function for which they were optimized.
h Same as previous row except for the 6-31+G** basis set used. i Based on the default settings for the C-PCM model implemented in
GAMESS at the B3LYP level of theory. j Based on the default settings for the COSMO model implemented in NWChem at the B3LYP level
of theory.
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arbitrary cavity.4 In order to put this formalism into practice,
various computational and parametric choices must be made,
especially with respect to construction of the molecular cavity.
Several choices for cavity construction have been explored in
the literature, as described in more detail momentarily, but these
choices have sometimes not been specified in subsequent
applications by nondevelopers. In addition to alternative cavity
construction protocols, several different strategies for accounting
for non-bulk-electrostatic solvation effects have also been
considered. However, as noted above, implementations of PCM
or IEF-PCM electrostatics in different electronic structure
programs may include different default options for handling
these components, so that researchers who report results by
simply labeling them as IEF-PCM are not fully specifying the
calculations.

These points having been made, we turn now to the question
of modeling the nonbulk-electrostatic component of the solvation
free energy. Floris et al.111-113 were the first to consider addition
of an exchange-repulsion term that was computed from classical
pair potentials for a solute X in a solvent S according to

where FS is the density of the solvent, l runs over solvent atom
types, Nl is the number of atoms of type l in S, m runs over
solute atoms, j runs over surface tesserae (defined for a different
cavity than that used for PCM electrostatics), Aj is the area of
tessera j, rmj is the distance from solute atom m to the center of
tessera j, r̂mj is the unit vector in this direction, n̂j is the inward
normal vector at the center of tessera j, and clm, dlm, and glm are
empirical pair potential parameters between atom types l and
m. Floris and Tomasi used the pair potential parameters of
Claverie and co-workers,114-116 which were fit to reproduce free
energies of vaporization and sublimation in condensed phases.
This approach continues to be used by default in Gaussian03.
Also used by default is a model that predicts free energies of
cavitation based upon the scaled particle theory of Pierotti117,118

as modified by Claverie.119 In this approach

where m runs over solute atoms (or groups), Am is the area of
the sphere about atom m having radius Rm that is exposed to
the solvent, RS is a characteristic radius associated with the
solvent, and the factors Kj depend upon pressure P, temperature
T, and the number density FS of the solvent.

As noted in section 8, the default “total” IEF-PCM model in
Gaussian03, which combines IEF-PCM electrostatics using UA0
radii120 with a CDS component computed from eqs 20 and 21,
predicts free energies of solvation in rather poor agreement with
experiment. In 1997, however, Barone, Cossi, and Tomasi67

proposed a modification to the electrostatic portion of PCM
calculations to improve the accuracy of predicted aqueous
solvation free energies. In particular, they proposed a new cavity
generation protocol (the original PCM electrostatic cavity was
built from spheres having Bondi radii scaled by a factor of 1.2,
but the differences associated with using scaled Bondi vs UA0
radii and PCM vs IEF-PCM electrostatics do not have a major
impact on accuracy) called united-atom Hartree-Fock (UAHF).
In the UAHF scheme, spheres are not placed on hydrogen atoms,
but spheres on heavy atoms have radii that depend on the
number of H atoms attached. Heavy-atom spheres are addition-
ally dependent on the hybridization state of the atom and on
the number of attached “active” atoms (atoms having that same
hybridization state and atomic number as the atom under
consideration and are further bonded only to C and H atoms).
In addition, atomic radii are dependent on formal charge.
Assigning hybridization and charge is accomplished heuristi-
cally. (Note that SMD parameters do not depend on charges,
hybridization states, or classifications of other atoms as attached
or unattached and thus there are no discontinuities when the
model is applied along reaction paths.) Combining PCM(UAHF)/

TABLE 14: Mean Unsigned Errors (kcal/mol) in Solvation
Free Energies of Ionsa

aqueous nonaqueous

method
52

cations
60

anions
72

cations
148

anions

SMD/IEF-PCM/G03/M05-2X 3.1 5.0 5.5 3.5
SMD/IEF-PCM/G03/mPW1PW 3.3 5.6 5.7 3.4
SMD/IEF-PCM/G03/B3LYP 3.4 6.3 5.8 3.4
SMD/IEF-PCM/G03/HF 2.8 3.9 5.3 4.1
SMD/IEF-PCM/GAMESS/HF 2.9 4.0 5.4 4.0
SMD/C-PCM/G03/HF 2.8 3.8 5.3 4.2
SMD/C-PCM/GAMESS/HF 2.9 3.9 5.4 4.1
SMD/COSMO/NWChem/HF 3.4 3.0 5.5 5.2
SM8/M05-2X/CM4 2.4 3.5 4.8 5.0
SM8/mPW1PW/CM4 2.4 3.4 4.7 4.9
SM8/B3LYP/CM4 2.4 3.7 4.8 4.6
IEF-PCM-G03d/mPW1PWb 10.5 12.8 14.0 5.7
IEF-PCM/G03(UAHF)/mPW1PWc 5.9 9.9 16.5 3.8
IEF-PCM/G03(UAHF)/HFd 5.4 8.2 16.0 3.8
IEF-PCM/G03(UAHF)/

HF/6-31+G**e
4.9 8.1 15.7 3.8

C-PCM-G06d/B3LYPf 7.3 8.1 12.0 6.6
COSMO-N06d/B3LYPg 11.2 7.9 6.7 18.0

a All data in this table are for the 6-31G* basis set unless noted
otherwise. 332 data were used for ions in acetonitrile, DMSO,
methanol, and water. Other details are the same as in footnote a of
Table 13. Note that the IEF-PCM default model in Gaussian03 uses
different parameters for cations and anions, whereas the other
methods in this table involve a single set of parameters, independent
of charge state and independent of partial atomic charges. b Details
are the same as in footnote e of Table 13. c Details are the same as
in footnote f of Table 13. d Details are the same as in footnote g of
Table 13. e Details are the same as in footnote h of Table 13.
f Details are the same as in footnote i of Table 13. g Details are the
same as in footnote j of Table 13.

TABLE 15: Errors (kcal/mol) in Solvation Free Energies
for the SMD and SM8 Models for the Full Set of 2072
Neutral Data in Nonaqueous Solventsa

method MSE MUE RMSE

SMD/IEF-PCM/G03/M05-2X -0.06 0.64 0.86
SMD/IEF-PCM/G03/mPW1PW 0.10 0.63 0.86
SMD/IEF-PCM/G03/B3LYP 0.31 0.67 0.92
SMD/IEF-PCM/G03/HF -0.33 0.73 0.99
SMD/IEF-PCM/GAMESS/HF -0.33 0.72 0.98
SMD/C-PCM/G03/HF -0.79 0.95 1.21
SMD/C-PCM/GAMESS/HF -0.75 0.92 1.18
SMD/COSMO/NWChem/HF -0.84 0.99 1.26
SM8/M05-2X/CM4 0.08 0.57 0.77
SM8/mPW1PW/CM4 -0.05 0.57 0.78
SM8/B3LYP/CM4 0.07 0.58 0.79

a Details are the same as in footnote a of Table 13.

Gdisp-rep(X) ) FS ∑
l∈S

Nl ∑
m∈X

∑
j

Aj[ dlm

3rmj
6

+

clm( ∑
k)1

3
k

γlmrmj
k )exp(-γlmrmj)]r̂mj · n̂j (20)

Gcav(X) ) ∑
m∈X

Am

4πRm
2 ∑

j)0

3

Kj(P, T;FS, RS)(Rm + RS)j (21)
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HF/6-31G* electrostatics with CDS free energies from eqs 20
and 21, Barone, Cossi, and Tomasi reported a mean unsigned
error of 0.2 kcal/mol for 43 neutral solutes in water and 1 kcal/
mol for 27 ions in water.67 Over larger aqueous data sets of
274 neutrals and 112 ions, however, we found IEF-PC-
M(UAHF)/HF/6-31G* to predict mean unsigned errors of 1.1
and 6.9 kcal/mol, respectively (Tables 13 and 14). We note that
another cavity scheme, united-atom Kohn-Sham (UAKS), is
listed in the Gaussian03 users manual as having been optimized
for PCM/PBE/6-31G* calculations, and it is presumably similar
in design to UAHF. The errors on the larger data set suggest
that the original UAHF training set lacks broad coverage of
organic functionality. The UAHF model also poses complica-
tions insofar as a given solute cavity does not change in a
smooth and continuous fashion as a heavy atom gains/loses
substituents, changes charge, or changes hybridization. Finally,
the IEF-PCM(UAHF)/HF/6-31G* model with CDS contribu-
tions from eqs 20 and 21 shows 3-fold larger errors for neutrals
in organic solvents (Table 13), suggesting that the UAHF cavity
construction protocol for water is not general for organic media.

Pursuing a different approach, Luque, Orozco, and co-workers
have employed IEF-PCM electrostatics as part of overall
solvation models68 that they refer to as MST models (named
for Miertuš, Scrocco, and Tomasi, the authors of the original
PCM paper2). The MST models were originally developed for
predicting the solvation free energies of neutral solutes in
water,121-123 octanol,124 chloroform,125 and carbon tetrachloride126

using PCM electrostatics. Small quantitative changes in param-
eter values were associated with extension to IEF-PCM elec-
trostatics.68 In the MST models, there are separate cavities for
the electrostatic and nonelectrostatic portions of the calculation.
In the electrostatic portion, Pauling radii are scaled by solvent-
dependent factors ranging from 1.25 for water to 1.80 for carbon
tetrachloride; spheres are placed on all atoms, but a distinction
is made between polar and nonpolar H atoms (radii of 0.9 and
1.2 Å, respectively). In addition, in water, N, O, and S atoms
take on different radii depending on the numbers of attached
hydrogen atoms. In the nonelectrostatic portion, no scaling factor
is applied to the cavity. Cavitation is computed using eq 21,
but instead of using eq 20, the MST models define a remaining
so-called van der Waals free energy computed as

where Am is the solvent-exposed surface area of group m and
	m is the surface tension parameter empirically optimized for
group m. In this respect, the MST model is similar in
parametrization strategy to the earlier SMx models. Groups are
defined as sums of heavy atoms and attached hydrogen atoms
and the surface tension parameters 	 have been optimized over
training sets of 72, 63, 56, and 48 neutral solutes in water,121-123

octanol,124 chloroform,125 and carbon tetrachloride,126 respec-
tively. In these four solvents, the MST models, which have been
optimized for HF and B3LYP calculations with the 6-31G* basis
set, predict neutral solvation free energies with errors similar
in magnitude to those observed with SMD. In the case of ionic
solvation free energies in water, Curutchet et al. examined the
aqueous MST model and reported rms errors of 5.8 and 6.9
kcal/mol for 25 anions and 22 cations, respectively, provided
that the scaling factor used in construction of the electrostatic
cavity was reduced from 1.25 to 1.15.127

Several other combinations of IEF-PCM electrostatics with
different approaches to compute nonelectrostatic solvation free

energies have appeared. Amovilli and Mennucci128,129 have
described an approach in which the dispersion-repulsion term
is dependent on the solute wave function, so that it is included
in the SCRF process. For water, octanol, chloroform, and carbon
tetrachloride, Curutchet et al.70 compared this fully SCRF
approach to results from the MST models (computed using eq
22) and various empirical pair potentials, including the one used
by default in Gaussian03. They noted that the default pair
potentials in Gaussian03 agreed reasonably with SCRF
dispersion-repulsion energies for water as a solvent, but large,
nonsystematic rms deviations of 5-10 kcal/mol over 22 neutral
solutes were observed in the organic solvents. The use of other
classical pair potentials taken from commonly available force
fields did not improve this situation. MST van der Waals
energies, on the other hand, had rms deviations compared to
QM-SCRF of about 3.5 kcal/mol in organic solvents.

Considering exclusively water as solvent, other groups have
explored variations on the PCM scheme. In particular, Shimizu
et al.69 combined PCM electrostatics (using unscaled Bondi radii
for all atoms) with an alternative formulation of the cavitation
and dispersion-repulsion free energies

In eq 23, SES is the solvent-excluding surface area of solute
X and the coefficients c are parameters to be optimized (the
form of this equation is related to one first proposed by Tuñón
et al.130). In eq 24, the various terms have the same meaning as
in eq 20 except that the solute-solvent pair-potential parameters
have been replaced with solute atomic-number specific param-
eters dZm

to be optimized for atoms H, C, N, O, F, S, Cl, Br,
and I. The terms corresponding to repulsion in eq 20 do not
appear in eq 24; their effect is absorbed into the empirical
parameters in the optimization process. Shimizu et al.69 named
their model PCM2 and reported aqueous solvation free energies
for 215 neutral molecules with a mean absolute deviation from
experiment of 0.7 kcal/mol at the HF/6-31G* level. They
obtained the same error with the aqueous PCM(UAHF) model.
Ions were not considered.

A different aqueous variation has been reported by Basilevsky
et al.,72 who combined PCM(UA0) electrostatics with a binomial
cell cavitation contribution131

where θ has a value between 1.2 and 1.3, FS is the number
density of the solvent, R is the universal gas constant, T is
temperature, and VX is the molecular volume of the solute
nonelectrostatic cavity, in this case constructed from thermal
radiideterminedfromclassicalsimulations.Fordispersion-repulsion,
Basilevsky et al.72,131 adopted an approach similar to that in eq
24, except that the d parameters run over atomic types, rather
than being specific to atomic numbers, and in addition to a 6th-
power term, 8h- and 12th-power terms were included. The 23
atomic types were taken from the MMFF force field.132 This
model provided a rmsd error compared to experiment of about
0.6 kcal/mol for 278 neutral solutes; ions were not considered.72,131

Gvdw(X) ) ∑
m∈X

	mAm (22)

Gcav(X) ) c0 + c1SESX (23)

Gdisp(X) ) FS ∑
m∈X

∑
j

Aj( dZm

3rmj
6 )r̂mj · n̂j (24)

Gcav(X) ) [θS ln( θS

θS - 1)]FSRTVX (25)
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In a more limited study, de O. Mendes et al.71 considered
the effects of different electrostatic and nonelectrostatic cavity
formulations on solvation free energies for homologous series
of alkanes, alcohols, and carbonyl compounds, and concluded
that spheres on united-atom functional groups, e.g., CdO, could
provide quantitatively useful predictions when combining PCM
electrostatics with eqs 20 and 21 for nonelectrostatic effects.
Finally, Böes et al. have considered the solvation free energies
of various anions in acetonitrile,133 dimethylformamide,133

nitrobenzene, 134 formamide,73 and methanol73 as solvents. To
model these species, they adopted an MST-like formalism (vide
supra), fitting 	 parameters for H, B, C, N, O, F, S, Cl, Br, and
I for each of the various solvents. In their most recent study,73

Böes et al. reported mean unsigned errors of 1.3 and 2.0 kcal/
mol for 13 anions in formamide and 16 anions in methanol.
Such small errors, however, must be regarded as somewhat
suspect given 10 fitted parameters for as few as 13 data (thus,
for instance, since Br- is the only anion incorporating Br the 	
parameter ensures an error of zero).

Having summarized all of the various approaches to combine
IEF-PCM or PCM electrostatics with nonelectrostatic protocols
to predict free energies of solvation, we should of course
mention that there are other quantum mechanical continuum
solvation models that have the same goal that do not follow
the PCM or IEF-PCM procedures. We refer interested readers
to recent reviews.29,30 A number of statistical mechanical and
fragment-based models for computing solvation free energies
also exist, but these are outside the scope of our present
discussion.

Given the various results summarized above, it should be clear
that it is possible to combine PCM and IEF-PCM electrostatics
with different protocols for the computation of the non-bulk-
electrostatic free energy of solvation so as to arrive at a complete
model that provides quantitatively useful free energies of
solvation. Such models, however, inevitably rely on some
parametrization against experimental data to achieve reasonable
accuracy, e.g., the 	 parameters in MST models or the σ values
of SMx models. When large sets of solvation data are available,
as is the situation for chloroform, for example, solvent-specific
solvation models can be created, like chloroform-specific
MST125 and SM5.4.135 The fundamental difference between
SMD and other PCM-based models, however, is the uniVersality
of the former in its construction. The other models are universal
in their philosophy: that is, were sufficient data to be available,
accurate parameters could presumably be determined for any
solvent; unfortunately, data in solvents other than the few
mentioned above in this section tend to be sparse. To address
this challenge, SMD relies on parametric functions (as opposed
to constants) that take as input physical properties associated
with a given solvent (or more generalized condensed phase).
This approach permits the construction of an experimental
training set that combines data from 90 different solvents,
guaranteeing broad coverage of solute and solvent functionality,
and significantly reduces the potential for solvent-specific
parameters to be underdetermined. Upon parametrization, the
resulting model is immediately applicable to any condensed
phase for which the relevant solvent physical properties are
known or can reasonably be estimated. Thus, while SMD is no
more (nor less) accurate than other well parametrized quantum
mechanical solvation models based on PCM or IEF-PCM
electrostatics, it is the only such model that is universally defined
for any solvent and moreover available for immediate applica-
tion in a number of widely distributed free and commercial

electronic structure packages. It is also more accurate than the
default nonuniversal models of several popular programs.

10. Conclusions

Using the training set of 2821 solvation free energies
including 274 data for neutral solutes in water, 2072 data for
neutral solutes in 90 nonaqueous solvents, 143 neutral transfer
free energies between water and 15 organic solvents, and 332
data for ions in acetonitrile, dimethyl sulfoxide, methanol, and
water, a new universal implicit solvent model called SMD has
been developed for predicting solvation free energies of neutral
and ionic solutes in water and in nonaqueous solvents. For
nonaqueous solvents, SMD uses a small set of solvent descrip-
tors that characterize the properties of the solvent.

The SMD model is based on a self-consistent reaction field
treatment of bulk electrostatics that involves an integration of
the nonhomogeneous Poisson equation and on a cavity-
dispersion-solvent-structure protocol for the nonelectrostatic
contribution to the free energy of solvation. The SMD model
employs a single set of parameters optimized over six electronic
structure methods, namely, M05-2X/MIDI!6D, M05-2X/6-
31G*, M05-2X/6-31+G**, M05-2X/cc-pVTZ, B3LYP/6-31G*,
and HF/6-31G*. The model parameters are intrinsic Coulomb
radii for the bulk electrostatic calculation and atomic surface
tension coefficients for the CDS contribution. With the 6-31G*
basis set, the SMD model achieves mean unsigned errors of
0.6-1.0 kcal/mol in the solvation free energies of tested neutrals
and mean unsigned errors of 4 kcal/mol on average for ions
with either Gaussian03 or GAMESS, whereas the default
solvation methods of these programs have mean unsigned errors
of 1-6 kcal/mol for these neutrals and 7-10 kcal/mol for ions.

Unlike the earlier SM8 model based on the generalized Born
approximation for bulk electrostatics, the density-based solvation
model SMD does not utilize partial atomic charges and,
therefore, the applicability of the SMD model does not depend
on the availability of reasonable charges for a given level of
theory. However, the SMD model is slightly less accurate than
the SM8 model. For instance, for the mPW1PW1/6-31G*
method with which the SM8 model was parametrized, the SMD
model achieves mean unsigned errors that are slightly larger
than those obtained with SM8/mPW1PW1/6-31G*: 0.62 kcal/
mol vs 0.55 for neutrals in water (Table 13), 0.63 kcal/mol vs
0.57 for neutrals in organic solvents (Table 15), and 4.30 kcal/
mol vs 4.21 for ions (Tables 13, 14). In many cases the errors
of SMD relative to SM8 are not systematic.

The SMD model has been implemented in the GESOL
program.136 To run an SMD calculation, GESOL employs the
External option of Gaussian03.62 This requires a Gaussian03
executable but does not require Gaussian03 source code. The
SMD/GESOL model is recommended for liquid-phase single-
point energy calculations, geometry optimizations, and Hessian
evaluations with any of the methods for which it has been
parametrized. With a variable accuracy, it may also be used
with any other ground-electronic-state electronic structure
method implemented in Gaussian03 for which the IEF-PCM
or C-PCM models are available.
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(9) Klamt, A.; Schüürmann, G. J. Chem. Soc., Perkin Trans. 2 1993,

799.
(10) Truong, T. N.; Stefanovich, E. V. Chem. Phys. Lett. 1995, 240,

253.
(11) Baldridge, K.; Klamt, A. J. Chem. Phys. 1997, 106, 6622.
(12) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995.
(13) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem.

2003, 24, 669.
(14) Gregerson, L. N.; Baldridge, K. K. HelV. Chim. Acta 2003, 86,

4112.
(15) Ginovska, B.; Camaioni, D. M.; Dupuis, M.; Schwerdtfeger, C. A.;

Gil, Q. J. Phys. Chem. A 2008, 112, 10604.
(16) Cancès, E.; Mennucci, B. J. Chem. Phys. 2001, 114, 4744.
(17) Chipman, D. M. J. Chem. Phys. 2000, 112, 5558.
(18) Kirkwood, J. G. J. Chem. Phys. 1934, 2, 351.
(19) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,

M. J. J. Phys. Chem. 1996, 100, 16098.
(20) Rivail, J.-L.; Rinaldi, D. In Computational Chemistry: ReViews

of Current Trends; Leszczynski, J., Ed.; World Scientific: Singapore, 1996;
Series 1, Vol. 1, p 139.

(21) Hoijtink, G. J.; de Boer, E.; van der Meij, P. H.; Weijland, W. P.
Recl. TraV. Chim. Pays-Bas Belg. 1956, 75, 487.

(22) Peradejordi, F. Cahiers Phys. 1963, 17, 393.
(23) Jano, I. C. R. Acad. Sci. 1965, 261, 103.
(24) Tapia, O. In Quantum Theory of Chemical Reactions; Daudel,

R., Pullman, A., Salem, L., Viellard, A., Eds.; Wiley: London, 1981; Vol.
2, p 25.

(25) Tucker, S. C.; Truhlar, D. G. Chem. Phys. Lett. 1989, 157, 164.
(26) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T. J. Am.

Chem. Soc. 1990, 112, 6127.
(27) Cramer, C. J.; Truhlar, D. G. J. Am. Chem. Soc. 1991, 113, 8305.
(28) Tomasi, J.; Persico, M. Chem. ReV. 1994, 94, 2027.
(29) Cramer, C. J.; Truhlar, D. G. Chem. ReV. 1999, 99, 2161.
(30) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. ReV. 2005, 105, 2999.
(31) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Chem. Theory

Comput. 2008, 4, 877.
(32) Stone, A. J.; Price, S. L. J. Phys. Chem. 1988, 92, 3325.
(33) Tschampel, S. M.; Kennerty, M. R.; Woods, R. J. J. Chem. Theory

Comput. 2007, 3, 1721.
(34) Grycuk, T. J. Chem. Phys. 2003, 119, 4817.
(35) Storer, J. W.; Giesen, D. J.; Cramer, C. J.; Truhlar, D. G.

J. Comput.-Aided Mol. Des. 1995, 9, 87.
(36) Marenich, A. V.; Olson, R. M.; Chamberlin, A. C.; Cramer, C. J.;

Truhlar, D. G. J. Chem. Theory Comput. 2007, 3, 2055.

(37) Kelly, C. P.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2006,
110, 16066.

(38) Pethica, B. A. Phys. Chem. Chem. Phys. 2007, 9, 6253.
(39) Smith, P. E.; Van Gunsteren, W. F. J. Phys. Chem. 1994, 98,

13735.
(40) Boresch, S.; Archontis, G.; Karplus, M. Proteins: Struct., Funct.,

Genet. 1994, 20, 25.
(41) Cramer, C. J.; Truhlar, D. G. In Trends and PerspectiVes in

Modern Computational Science; Maroulis, G., Simos, T. E., Eds.; Lecture
Series on Computer and Computational Sciences 6; Brill/VSP: Leiden, The
Netherlands, 2006; p 112.

(42) Marenich, A. V.; Olson, R. M.; Kelly, C. P.; Cramer, C. J.; Truhlar,
D. G. J. Chem. Theory Comput. 2007, 3, 2011.

(43) Cramer, C. J.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 760.
Cramer, C. J.; Truhlar, D. G. Acc. Chem. Res. [Online early access]. DOI:
10.1021/ar900004j. Published Online: Feb 17, 2009.

(44) Cramer, C. J.; Truhlar, D. G. J. Am. Chem. Soc. 1991, 113, 8552.
(45) Cramer, C. J.; Truhlar, D. G. Science 1992, 256, 213.
(46) Cramer, C. J.; Truhlar, D. G. J. Comput. Chem. 1992, 13, 1089.
(47) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B

1998, 102, 3257.
(48) Giesen, D. J.; Storer, J. W.; Cramer, C. J.; Truhlar, D. G. J. Am.

Chem. Soc. 1995, 117, 1057.
(49) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G.

J. Phys. Chem. 1996, 100, 16385.
(50) Zhu, T.; Li, J.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G.

J. Chem. Phys. 1998, 109, 9117. Errata: 1999, 111, 5624; 2000, 113, 3930.
(51) Li, J.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. Chem. Phys.

Lett. 1998, 288, 293.
(52) Li, J.; Zhu, T.; Hawkins, G. D.; Winget, P.; Liotard, D. A.; Cramer,

C. J.; Truhlar, D. G. Theor. Chem. Acc. 1999, 103, 9.
(53) Dolney, D. M.; Hawkins, G. D.; Winget, P.; Liotard, D. A.;

Cramer, C. J.; Truhlar, D. G. J. Comput. Chem. 2000, 21, 340.
(54) Thompson, J. D.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. A

2004, 108, 6532.
(55) Kelly, C. P.; Cramer, C. J.; Truhlar, D. G. J. Chem. Theory

Comput. 2005, 1, 1133.
(56) Kelly, C. P. Ph.D. Thesis, University of Minnesota, Minneapolis,

2007.
(57) Olson, R. M.; Marenich, A. V.; Cramer, C. J.; Truhlar, D. G.

J. Chem. Theory Comput. 2007, 3, 2046.
(58) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833.
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(130) Tuñón, I.; Silla, E.; Pascual-Ahuir, J. L. Chem. Phys. Lett. 1993,

203, 289.
(131) Alexandrovsky, V. V.; Basilevsky, M. V.; Leontyev, I. V.; Mazo,

M. A.; Sulimov, V. B. J. Phys. Chem. B 2004, 108, 15830.
(132) Halgren, T. A. J. Comput. Chem. 1996, 17, 490.
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