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Abstract. Hybrid density functional theory, which is a
combined Hartree-Fock and density functional meth-
od, provides a simple but effective way to incorporate
nonlocal exchange effects and static and dynamical
correlation energy into an orbital-based theory with
affordable computational cost for many important
problems of gas-phase chemistry. The inclusion of a
reaction field representing an implicit solvent in a self-
consistent hybrid density functional calculation pro-
vides an effective and efficient way to extend this ap-
proach to problems of liquid-phase chemistry. In
previous work, we have parameterized several models
based on this approach, and in the present article, we
present several new parameterizations based on implicit
solvation models SM5.43 and SM5.43R. In particular,
we extend the applicability of these solvation models to
several combinations of the MPWJX hybrid-density
functional with various one-electron basis sets, where
MPWX denotes a combination of Barone and Adamo’s
modified version of Perdew and Wang’s exchange
functional, Perdew and Wang’s correlation functional,
and a percentage X of exact Hartree-Fock exchange.
SM5.43R parameter optimizations are presented for
the MPWX/MIDI!, MPWX/MIDI!6D, and MPWX/
6-314+G(d,p) combinations with X=0 (i.e., pure density
functional theory), 25, 42.8, and 60.6, and for MPW.X/
6-31G(d) and MPW.X/6-31+G(d), with X=0, 42.8, and
60.6; this constitutes a total of 18 new parameter sets.
[Note that parameter optimizations using MPW25/
6-31G(d) and MPW25/6-314+G(d) were carried out in a
previous SM5.43R parameterization.] For each of the
five basis sets, we found no significant loss in the
accuracy of the model when parameters averaged over
the four values of X are used instead of the parameters
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optimized for a specific value of X. Therefore for each
of the five basis sets used here, the SM5.43R and
SM5.43 models are defined to have a single parameter
set that can be used for any value of X between 0 and
60.6. The new models yield accurate free energies of
solvation for a broad range of solutes in both water
and organic solvents. On the average, the mean-un-
signed errors, as compared with those from experiment,
of the free energies of solvation of neutral solutes range
from 0.50 to 0.55 kcal/mol and those for ions range
from 4.5 to 4.9 kcal/mol. Since the SM5.43R model
computes the free energy of solvation as a sum of bulk-
electrostatic and non-bulk-electrostatic contributions, it
may be used for detailed analysis of the physical effects
underlying a calculation of the free energy of solvation.
Several calculations illustrating the partitioning of these
contributions for a variety of solutes in n-hexadecane,
I-octanol, and water are presented.

1. Introduction

Chemists have developed many theoretical models that
can be used to make accurate predictions of chemical
properties and processes in the gas phase. For a prac-
tical application to a given system of interest, the
question one often asks is ‘“What methods provide
accurate results with minimal computational cost?”
The success of Kohn—Sham density functional theory
(DFT) [1] in its many and varied implementations and
refinements [2-46], including hybrid DFT [10, 13-16,
18, 23, 25, 26, 29, 31-46], makes it the clear choice for
many problems in chemistry, biochemistry, and mate-
rials science.

Because most chemical and biochemical phenomena
occur in liquid solution, there is also great demand for



108

accurate and inexpensive theoretical models that ac-
count for the effects of solvation. Two alternative
methods that incorporate these effects are explicit-sol-
vent models and continuum-solvent models. In the for-
mer approach, interactions between the solute and
specific solvent molecules are considered. In the con-
tinuum-solvent approach, the solvent molecules are
implicitly represented only by a continuous and homo-
geneous dielectric medium, as well as (in the more
accurate models) an implicit treatment of first solvation
shell effects, where “implicit” denotes that the coordi-
nates of individual molecules are not specified, instead
the thermally and spatially averaged effects of collective
and equilibrated solvent molecules are represented by
continuous functions of solute coordinates. Thus one
considers interactions between the solute and the sur-
rounding liquid medium as a whole. Each approach,
explicit and continuum (i.e., implicit), has its strengths
and weaknesses, and various DFT and hybrid DFT
methods have been successfully applied within the con-
text of both of them [47-87]. For example, Car and
Parrinello [47] have implemented DFT into quantum-
mechanical molecular dynamics simulations that permit
the use of explicit solvent molecules and the quantum-
mechanical treatment of the solute—solvent system that
could provide detailed insight into the nature of the
system being studied. Molecular dynamics calculations
can in principle account for non-equilibrium solvent
effects, and this has been illustrated in a number of
investigations, such as the study of a water molecule in
liquid water [64] and the study of the first step in the
electrophilic bromination of ethene in liquid water [61].
DFT methods have also been used with various for-
mulations of the polarizable continuum model (PCM)
[49, 53-56, 58, 59, 66, 80, 81, 88], with continuum sol-
vation models based on the generalized Born (GB)
method [68, 72, 86, 89-95], and with continuum solva-
tion models involving numerical solution of the Poisson
or Poisson—Boltzman equations [48, 82]. The simplifi-
cation of the solvent allows these continuum models to
efficiently calculate free energies of transfer of solutes
from one phase to another [96-101], which can be re-
lated to various interesting thermodynamic quantities,
such as the free energy of solvation [48, 49, 53, 54, 56,
58, 59, 66, 68, 72, 80, 82, 86, 88, 92-95, 98-100], parti-
tion coefficient [99], vapor pressure [102, 103], solubility
[103, 104], and non-equilibrium solvation effects [100,
105-114].

We have recently developed a new semiempirical
continuum Solvation Model, Called Solvation Model
5.43R (SM5.43R) [86]. The SM5.43R model is based
on class IV charges [115] obtained by charge model 3
(CM3) [116, 117] with redistributed Léwdin population
analysis [118], the GB model [68, 72, 86, 89, 90-95],
and atomic surface tensions [95, 119-123], that are
multiplied by the solvent-accessible surface areas
(SASAs) of atom-centered spheres. It has been
parameterized for several different types of hybrid DFT
methods [86]. The same parameters are also used with

an extended model, called SM5.43 (further explained
later). The SM5.43R and SM5.43 solvation models are
part of a more general suite of continuum solvation
models, which are denoted as SMx. These models can
be used to predict the standard-state free energy of
transfer of a given solute between the gas phase, water,
or any organic solvent, provided, in the latter case, that
a certain set of solvent descriptors for that solvent are
known or can be estimated.

It is interesting to compare this approach with
another approach for predicting solvation free energies
in a variety of solvents, in particular, with the popular
PCMs. Like the SMx models, the PCMs represent the
solute as a set of overlapping spheres; however, in
other respects, the two kinds of models are quite
different. In the SMx models, the spheres all corre-
spond to atoms, whereas in the solute model used by
the PCMs recommended in the Gaussian03 manual
[124], the spheres correspond to united-atom groups;
this is called the united-atom-for-Hartree—Fock
(UAHF) model [125], which was optimized [125] using
HF/6-31G(d) specifically for water solvent. Further-
more, the SMx models treat cavitation, dispersion,
and hydrogen bonding in a single calculation, without
separating the effects, whereas the PCM treats them
separately and adds the contributions. In particular,
the PCM models nonelectrostatic contributions to the
free energy of solvation as a sum of three terms cor-
responding to the free energies of cavitation, disper-
sion, and repulsion. Two different cavities (one for
calculating the cavitation energy and one for calcu-
lating the dispersion—repulsion energy) are built from
the UAHF solute model.

The free energy of cavitation in the PCM is based on
an expression derived by Pierotti [126], who represented
the solute and solvent as hard spheres; the model was
generalized to arbitrarily shaped solutes for the PCM
[59]. The cavity model used for this contribution to the
free energy of solvation is a SASA defined as the surface
through the center of a spherical solvent rolling on the
surface of the solute model. The solvent radius for each
solvent available in Gaussian03 is one half the molecular
(solvent) Lennard-Jones parameter, o, defined by Pier-
otti [126].

The free energies of dispersion and repulsion in the
PCM are based on atom—atom potentials proposed by
Kitaigorodskii [127] that have been further improved by
Huron and Claverie [128, 129, 130], and they are cal-
culated by a procedure described by Floris and Tomasi
[131, 132]. These two terms involve several cavities, one
for each kind of atom (atomic number) in the solvent,
with the same solute model, augmented by a different
atomic radius to create an atomic-number-specific sol-
vent-excluded surface area (SESA) for each kind of
atom present in the solvent [133]. Each SESA corre-
sponding to each atomic number in the solvent depends
on a value for the radius of the solvent atom, which is
taken to be the atomic van der Waals radius of Bondi
[134].



In a recent comparison [86] of these two approaches,
we found that the SMx approach is very accurate. In
particular, as compared with the C-PCM [56, 135, 136],
D-PCM [59, 80, 88, 137], and IEF-PCM [80, 138-140]
models in Gaussian03 [124], the mean unsigned errors
(MUESs) for aqueous free energies of solvation of ions
are a factor of 1.3-2.2 smaller (depending on the PCM
method), and those for neutrals are a factor of 1.5-2.4
smaller. In addition to water solvent, Gaussian03 sup-
ports 16 of the 90 organic solvents in the SMS5.43R
training set, and the PCM methods have MUEs of 3.8—
3.9 kcal/mol in these, whereas SM5.43R has a MUE of
0.56 kcal/mol (a factor of 6.7-7.0 improvement). Fur-
thermore, the SMS5.43R model yields a MUE of
0.54 kcal/mol in the other 74 organic solvents. Therefore
we have concluded that the SMx approach is worthy of
further development.

The SM5.43R model uses any reasonable gas-phase
geometry of the solute, hence the R, for ““Rigid”, in its
notation. In addition, geometry optimizations in the
liquid phase using analytical free-energy gradients [141]
and potential of mean force [96, 97, 101, 113, 142, 143]
calculations can be efficiently carried out. Analytical
free-energy gradients can also be used for numerical
liquid-phase Hessian calculations [113, 142-145]. For
liquid-phase geometry optimizations, liquid-phase Hes-
sian calculations, and potential of mean force calcula-
tions, the R is omitted from the notation; that is,
SM5.43R becomes SM5.43.

In this paper, we extend SM5.43R and SM5.43 to 18
additional combinations of electronic structure method
and basis set. In particular, we carry out parameter
optimizations with the MPWJX hybrid-DFT method
and the MIDI! [146, 147], MIDI!6D [146, 147],
6-31G(d) [148], 6-31+G(d) [148], and 6-31+ G(d,p)
[148] Dbasis sets. The MPWLJX electronic structure
method uses Barone and Adamo’s [25] modified version
of Perdew and Wang’s [9] exchange functional, Perdew
and Wang’s PWO91 correlation functional [9], and a
percentage X of exact HF exchange; we consider four
values of X, namely 0 (which defines the pure DFT
functional [25] mPWPWO91), 25 [which gives a standard
method called mPWI1PWO91 or (sometimes) MPW25],
42.8 (which gives a standard method [33] called
MPWI1K), and 60.6 (which has been called [116]
MPWI1KK). Note that there are 18 additional param-
eterizations (not 20) because we previously reported
parameters for MPW25/6-31G(d) and MPW25/
6-31+ G(d) [86]. Note that MPW25 also goes by the
names mPWO0 and mPWI1PW91.

The motivation for parameterizing the MPWX ap-
proach is that the optimum value of X depends on the
problem For a given property of a given molecule, or a
given reaction, or a given range of molecules and/or
properties, it may be useful to optimize X in the gas
phase or in solution [33, 39, 41, 42, 44, 46], then use that
optimum value of X for further related studies, within its
range of appropriateness. (For example, it has been
suggested that X=42.8 is optimized for kinetics [33] and

109

that X'=6 is optimized for conformations of sugars [41],
whereas X' =25 is recommended for calculating heats of
formation [25].) Then, having chosen X in this way, it is
useful to have a solvation model already parameterized
for that value of X. As long as X is in the range 0-60.6,
this paper provides that parameterization.

2. Background: SM5.43R and SM5.43

The details of the SMx continuum solvation models
were presented previously [68, 72, 86, 95, 149-163], so
we will only give a brief overview here.

We begin by approximating the solvent as a con-
tinuous and homogeneous dielectric medium that is
characterized by the solvent’s bulk dielectric constant,
€. In this approximation, contributions to the free en-
ergy of solvation are due to interactions between the
solute and the dielectric medium rather than to inter-
actions with specific solvent molecules, and they are
estimated from a self-consistent molecular orbital cal-
culation [98, 164, 165] employing the GB method [92—
95]. This treatment of the solute—solvent system is able
to account for long-range, bulk-electrostatic interac-
tions, but it fails to account for important first-shell
solvation effects due to interactions between the solute
and solvent in the near vicinity of the solute; such
interactions are commonly denoted as short-range
interactions and they include the nonbulk character of
the electrostatic interactions between the solute and
solvent molecules in the first solvation shell. In order to
account for these contributions to the free energy of
solvation, we assume that they are proportional to the
SASAs [119, 166] of the atoms in the solute. In addi-
tion, we further characterize the solvent with several
solvent descriptors, which are included in the constants
of proportionality that multiply the SASAs. The sol-
vent descriptors are the refractive index (at the wave-
length of the Na D line), n; Abraham’s [167-171]
hydrogen bond acidity parameter, o (which Abraham
denotes as > a,); Abraham’s [167-171] hydrogen bond
basicity parameter,  (which Abraham denotes as
Zﬁz) the reduced surface tension, y, which equals y,,/
y°, where y,, is the macroscopic surface tension at a
liquid—air interface at 298 K, and »° is 1 cal/mol/A2
the square of the fraction of nonhydrogenic solvent
atoms that are aromatic carbon atoms (carbon aro-
maticity), ¢*; and the square of the fraction of non-
hydrogenic solvent atoms that are F, Cl, or Br
(electronegative halogenicity), y~°.

In the SMx models (including SMS5.43R and
SM5.43), the standard-state free energy of solvation,
AGY, of a solute in a liquid solvent is

(1)

where AE is the change in the solute’s internal elec-
tronic energy (including solute nuclear repulsion) when
it is placed in the dielectric medium, Gp is the elec-

AGS = AE + Gp + Geps + AGyib—rot + AGHy,
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tronic polarization energy due to mutual polarization
of the solute and solvent, Gcps is a semiempirical
term that is the estimate of the deviation between the
bulk-electrostatic contribution to the free energy of
solvation (AE+ Gp) and the true solvation free energy,
AGi, 1oy 18 the change in vibrational-rotational free
energy upon solvation, and AGp, accounts for any
changes in concentration between the gas-phase and
the liquid-phase, i.e., for the free energy of liberation
associated with the volume available to a molecule.
We employ the same concentration in both phases
(I mol/L), so AGp, is zero [103, 172]. Note that if a
geometry optimization in the liquid phase is carried
out, then AE also accounts for the change in the
solute’s internal electronic energy due to the relaxation
of the nuclei in the liquid phase. In the SMS5.43R
model, the solute nuclear repulsion contribution to AE
is zero because the geometry is not relaxed in solution
(i.e., geometry optimization in solution is not carried
out). Furthermore, AG,;,_.o 1S zero because it is ab-
sorbed into the parameters. In SM5.43, both of these
contributions to the free energy of solvation should be
calculated (at least in principle; AG.j,_o¢ 1S neglected
in this paper because it is small).

The GB approximation is an extension of the Born
equation [173] for solvation of atomic ions to molecules.
It predicts the electronic polarization energy to be

1 1
Gp = — 3 (1 - E) Zquk’ka’v (2)

kK

where the summation goes over all atoms in the solute,
gy 1s the partial atomic charge on atom k, and y;- is a
Coulomb integral involving atoms k and k. In
SM5.43R, the partial atomic charges are obtained from
CM3 116, 117], and they are computed self-consistently,
i.e., they are free to polarize in the presence of the
dielectric medium. For k # k’, we use a form [154] of the
Coulomb integral that was originally proposed by Still
et al. [94], which is

(3)

where Ry is the distance between atoms k and k', di
is a parameter that can be optimized, and oy is the
effective Born radius of atom k. The effective Born
radius of a given atom in the solute accounts for the
displacement of the dielectric medium in the region of
space in which the electric field lines connected to each
atom of the solute reside; the other atoms effectively
descreen the atom in question from the dielectric
medium. The effective Born radius for atom k is [94,
95, 174]

Ve = {Rik’ -+ oo €XP [(_Rik’/ dkk’o‘k“k’)] }71/2’

1 /RIAk(erv {pk’}) dr

AR 4t ’

= 4)

Pk

where R’ is the value of the radius of the sphere centered
on atom k that completely engulfs all other spheres
centered on the other atoms in the solute and Ax(R,r,
{pw’}) 1s the exposed area of a sphere of radius r that is
centered on atom k. The exposed area is determined by
the ASA algorithm [174]. This algorithm takes as input
the geometry of the solute, R, the radius r centered on
atom k, and the radii of the spheres centered on all the
other atoms in the solute, which are given by the set of
empirical intrinsic Coulomb radii, {p;-}.

While the GB method makes reasonably accurate
predictions of the bulk-electrostatic contribution to the
free energy of solvation for small molecules [94, 175-
178], at least as compared with numerical solutions of
the Poisson equation, it has been shown to yield less
reliable predictions for larger macromolecules [175, 177].
In particular, the GB method used in conjunction with
Eq. (4) overestimated the contributions to the bulk-
electrostatic solvation free energy from interior atoms in
several protein molecules. Onufriev et al. [179] submitted
that this was a result of the failure of Eq. (4) to account
for the nonzero size of the solvent. They have therefore
proposed a new equation for the calculation of the
effective Born radii, which is [179]

—1
R/
(1 _)‘) A /Ak(R7r7{pk’})
_ Y N 0 ) AT RI7
Pk +R’ * 4t drf
Pk

()

]
RS
|

where / has been empirically determined by Onufriev
et al. to be 1.4. Note that Eq. (5) is identical to Eq. (4)
when 4= 1. Onufriev et al. [179] have found that the new
GB method accurately predicts pK, shifts in several
proteins where such shifts are associated with large
conformational changes. Furthermore, they have shown
that the new GB method still provides reliable and
accurate results for small molecules. In an effort to make
our solvation models more generally applicable to larger
biomolecules, we will consider using Eq. (5) instead of
Eq. (4) for the calculation of effective Born radii.

The Gcps term can be written as a sum of two terms:

Geps = Geps + Geps (6)

where

3
Glbs =Y s> AR {re+rs)> oy s fr,({Ze R )
o=1 k J
(7)

and where the index § goes over the solvent descriptors
n, o, and f, S; is the value of each of these three de-
scriptors, the index k goes over all atoms in the solute,
Ay is the SASA of atom k, which depends on the
geometry, R, of the solute and on a set of van der Waals
solute radii rp- augmented by a solvent radius rs, Zj is
the atomic number of atom k, the index j goes over the



geometry-dependent functions fz;, which are used to
distinguish between different types of functional groups
in the solute that may be near atom k (their functional
forms are described in detail elsewhere [154, 156-159,
162]), Ry 1s the interatomic distance between atoms
k’and k", and azlk 5 is an atomic surface tension coefli-
cient (a parameter to optimize). The second term in
Eq. (6) is

;
2 2
Gibs = D S505 3 Ax(R, {ry +rs}), (8)
o=4 k

where here the index o ff!zoes over the solvent descriptors
v, B2, ¢*, and 2, and 0'(5] is a molecular surface tension
coefficient (this optimized parameter does not depend on
atomic number). Note that in previous work [68, 72, 86,
154, 161] and in the present work, water has its own set
of atomic surface tension coefficients, so neither Eq. (8)
nor the solvent descriptors in Eq. (7) are needed for
water, and the set of {P } are denoted as ? ?
Thus, for water

O-Zjé O-Zj,water :

Geps = ZAk(Rv {rk/ + rS}>Z ngj,waterfzkj({zk/7Rk’k”})'
k J

©)

We note that the solvent dependence is entirely con-
tained in the S; values; rg is independent of solvent.
Furthermore, SM5.43R can make solvation free energy
predictions of solutes in any organic solvent if the sol-
vent descriptors for the solvent of interest are known
experimentally or can be estimated. A database of sol-
vent descriptors for about 175 organic solvents is
available on the internet [180]. In addition, some or all
of these data have been made available in previous work
[159, 181]. Because the models can be applied to any
solvent for which the descriptors are known or can be
estimated, they are called universal solvation models.

3. Parameter optimization for SM5.43R
3.1. Parameters to optimize

There are five types of parameters to consider opti-
mizing to obtain the new SM5.43R: (1) the values of
the empirical Coulomb radii used in the calculation of
the effective Born radii, (2) the values of the van der
Waals radii used in Egs. (7), (8), and (9), (3) the solvent
radius, (4) the atomic and molecular surface tension
parameters, and (5) the dj,- parameters in Eq. (3). In
this parameterization, as in all of our previous
parameterizations, we will use the van der Waals radii
of Bondi [134] for the parameters of type 2 from the
initial [86] SM5.43R parameterization. However, be-
cause we will consider using Eq. (5) instead of Eq. (4)
for the calculation of the effective Born radii, we will
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consider reoptimizing these radii for use with Eq. (5),
and we will consider optimizing 4. We will only accept
newly optimized values, however, if the accuracy of the
resulting predictions of the aqueous free energies of
solvation of both neutral and ionic solutes is not
compromised. We will use a solvent radius of 0.4 A,
which was previously optimized for hydrophobic
interactions in water [86, 182]. In terms of predicting
accurate free energies of solvation, we have found that
the overall optimal value of the solvent radius is zero
when a single value is optimized for all solvents, and
that errors in predicted free energies of solvation in-
crease as the value of the solvent radius increases. Our
motivation for using a nonzero value for the solvent
radius is that it leads to a more physically meaningful
definition of the SASAs of the atoms in the solute.
While a different nonzero value would probably be
obtained if the optimization were carried out for dif-
ferent potentials of mean force (PMF) in different
solvents, we want to use the same value in all solvents
so that our model can easily be applied in a universal
way. Among the PMFs that one could consider using,
the methane-methane PMF in water is certainly a good
choice because of the importance_ of hydrophobic
interactions. Thus, the value of 0.4 A is a good com-
promise between obtaining a meaningful definition of
the SASAs of the atoms in the solute and predicting
accurate free energies of solvation. Finally, we will also
optimize the parameters of type 4, and take the
parameters of type 5 to be the ones determined previ-
ously [68]. (In particular, dyc=dcy=4.2 and
dkk’:3~9~)

3.2. Training set

We will optimize the parameters of types 1 and 4 using
the training set of data used in the original [86] SM5.43R
parameterization. This training set consists of 257
experimental aqueous free energies of solvation of neu-
tral solutes, 1,980 experimental free energies of solvation
of neutral solutes in 90 organic solvents, and 79 exper-
imental free energies of transfer of neutral solutes be-
tween water and 12 organic solvents (which are a subset
of the 90 organic solvents). In addition, this training set
consists of 47 experimental free energies of solvation of
1onic solutes in water. All solutes contain at most H, C,
N, O, F, P, S, Cl, and Br.

3.3. Optimization protocol

All parameters are optimized for a temperature of
298 K, and the geometries of all solutes are optimized at
the mPWIPWI1/MIDI! level. We will optimize the
empirical Coulomb radii and the atomic and molecular
surface tension coefficients using the same procedure
described in our previous SMS5.43R parameter optimi-
zation [86].
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3.4. Basis sets

We will carry out SM5.43R parameter optimizations for
MPWX using the MIDI! [146, 147], MIDI!6D [146, 147],
6-31G(d) [148], 6-31+G(d) [148], and 6-31+G(d,p)
[148] basis sets. The MIDI! and MIDI!6D basis sets were
developed for H, Li, C, N, O, F, Si, P, S, Cl, Br, and I.
They are small, split-valence basis sets that contain
polarization functions on all heavy atoms except carbon.
The MIDI! basis set uses five spherical harmonic d
functions, and all other basis sets used here use six
Cartesian d functions.

4. Results and discussion
4.1. The empirical Coulomb radii

Preliminary results of the parameter optimization of
the empirical Coulomb radii using Eq. (5) to calculate
the effective Born radii yielded larger values of the
intrinsic Coulomb radii. The predicted free energies of
solvation of neutral solutes were insensitive to the
resulting larger effective Coulomb radii. However, this
was not the case for ionic solutes, where the errors in
predicted free energies of solvation were on the order
of a factor of 2 larger than when Eq. (4) is used to
calculate the effective Born radii. On the basis of these
results, we decided to continue to use Eq. (4) and the
empirical Coulomb radii determined in the first
SM5.43R parameterization.

4.2. Using averaged surface tension parameters versus
using specifically optimized surface tension parameters

We have carried out parameter optimizations for the
SM5.43R continuum solvation model with MPW.X/
MIDI! [146, 147], MPWX/MIDI!6D [146, 147], MPW X/
6-31G(d) [148], MPW X/6-31 + G(d) [148], and MPW.X/
6-31+G(d,p) [148], for X=0, 25, 42.8, and 60.6, i.e., 20
specific parameter sets in all. (Note that the parameter
optimizations for MPW25/6-31G(d) and MPW25/
6-31+ G(d) were carried out in previous work [86].) For
a given basis set, we found that the optimized atomic
and molecular surface tension parameters for each of the
four values of X in MPWX were so similar to one an-
other that we determined the final atomic and molecular
surface tension parameters to be the average of the four
sets of optimized surface tension parameters, i.e., five
averaged parameter sets in all, where each averaged
parameter set corresponds to one of the five basis sets
used in this paper.

We assess the validity of using SM5.43R models that
use averaged surface tension parameters by making
comparisons between the accuracy of these models and
SM5.43R models using specifically optimized surface
tension parameters. Table 1 shows the MUEs (in kilo-
calories per mole), as compared with those obtained

from experiment, of the free energies of solvation for
various solute classes in the SM5.43R training set cal-
culated by SM5.43R/MPW X/MIDI!, for X=0, 25, 42.8,
and 60.6, using averaged surface tension parameters.
Table 1 also gives the corresponding MUEs calculated
by SM5.43R models using surface tension parameters
specifically optimized for each value of X in MPWX/
MIDI! (e.g., column 6 of Table 1 corresponds to MUEs
calculated by SM5.43R/MPW25/MIDI! using atomic
and molecular surface tension parameters optimized
specifically for the MPW25/MIDI! method). Table 2
shows the same data as Table 1, but the MUEs are
calculated by various SM5.43R models using MPW.X/
6-31+ G(d,p). The 6-31+ G(d,p) basis set is the largest
basis set considered in this paper, and the MIDI! basis
set is the smallest. Tables 1 and 2 show that there is no
substantial loss in accuracy of predicted free energies of
solvation when averaged surface tension parameters are
used instead of ones specifically optimized for a partic-
ular combination of MPWX and basis set. The largest
difference between a MUE calculated with averaged
parameters and a MUE calculated with specific
parameters is 0.17 and 0.40 kcal/mol for MIDI! and
6-31+ G(d,p), respectively. These MUEs both corre-
spond to ionic solutes containing second-row atoms
and/or bromine in water. These differences in MUEs are
not too alarming, however, because the experimental
uncertainty of aqueous solvation energies of ions is on
the order of 5 kcal/mol [183, 184]. Note that we observe
similar trends for all of the other basis sets used in this
work. All results presented in the rest of this paper are
therefore based on using averaged surface tension
parameters.

4.3. Parameters

Tables 3, 4, 5, 6, 7, and 8 show the averaged atomic and
molecular surface tension parameter sets corresponding
to the MIDI!, MIDI!6D, 6-31G(d), 6-31+ G(d), and
6-31+ G(d,p) basis sets, respectively. The values of the
parameters from the five basis sets are generally similar
in magnitude. When the five sets of parameters are
compared, the standard deviations of corresponding
parameters from all the basis sets are small; approxi-
mately 76% of the nonzero parameters have standard
deviations smaller than 10 cal/molA? and approximately
92% of the nonzero parameters have standard devia-
tions smaller than 20 cal/molA”. In addition, the signs of
the majority of the parameters from each basis set are
the same. These are encouraging results, as they indicate
that CM3 delivers consistent charge distributions. Thus,
consistent predictions of AGgp and consistent correc-
tions to it from Gcpg are obtained, regardless of which
basis set is used. These results also illustrate the success
of the redistributed Léwdin population analysis method
to predict more reliable charge distributions than the
Lowdin population analysis method when diffuse func-
tions are included in the basis set [118]. It is very
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Table 1. Mean-unsigned errors (MUEs, kcal/mol) of the free energies of solvation for solutes in various solute classes of the SM5.43R
training set calculated by various SM5.43R/MPW X/MIDI! solvation models

Solute class No. of data® X=0 X=250 X=4238 X=60.6

Avg.? Opt.° Avg.? Opt.° Avg.? Opt.© Avg Opt.©

In water solvent

Neutral H, C, N, O, F 171 0.55 0.55 0.55 0.55 0.55 0.54 0.55 0.54
Cl, Br, S, and P neutrals 86 0.49 0.47 0.49 0.49 0.49 0.49 0.50 0.50
All neutrals 257 0.53 0.52 0.53 0.53 0.53 0.53 0.53 0.53
All H, C, N, O, F ions 32 5.03 5.03 4.98 4.98 4.94 4.94 4.90 4.90
All Cl, Br, P, S ions 15 4.59 4.41 4.45 4.28 4.37 4.21 4.31 4.15
All ions 47 4.89 4.83 4.81 4.75 4.76 4.71 4.71 4.66
In organic solvents

All H, C, N, O absolute free energies 1,733 0.51 0.50 0.50 0.50 0.50 0.50 0.51 0.50
All H, C, N, O transfer free energies 37 0.45 0.45 0.45 0.45 0.44 0.44 0.44 0.44
All H, C, N, O data 1,770 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
F, Cl, Br, S absolute free energies 210 0.62 0.62 0.62 0.62 0.61 0.61 0.61 0.62
F, Cl, Br, S transfer free energies 33 0.63 0.62 0.62 0.62 0.62 0.62 0.62 0.62
H, C,N, O, F, S, Cl data 243 0.62 0.62 0.62 0.62 0.61 0.62 0.61 0.62
All P absolute free energies 37 1.39 1.39 1.40 1.40 1.40 1.40 1.41 1.40
All P transfer free energies 9 0.57 0.57 0.59 0.59 0.59 0.60 0.61 0.61
All P data 46 1.23 1.23 1.24 1.24 1.24 1.24 1.25 1.25
All absolute free energies 1,980 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53
All transfer free energies 79 0.54 0.54 0.54 0.54 0.53 0.54 0.53 0.54
All data 2,059 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

“Number of experimental data in a given solute class.
°SM5.43R/MPW.X/MIDI! using averaged surface tension parameters from MPWX/MIDI! (X=0, 25, 42.8, and 60.6).
°SM5.43R/MPWX/MIDI! using specifically optimized surface tension parameters for the given value of X in MPW X/MIDI!.

Table 2. MUEs (kcal/mol) of the free energies of solvation for solutes in various solute classes of the SM5.43R training set calculated by
various SM5.43R/MPW X/6-31 + G(d,p) solvation models

Solute class No. of data® X=0 X=25.0 X=4238 X=60.6

Avg.? Opt.° Avg.® Opt.© Avg.® Opt.© Avg® Opt.©

In water solvent

Neutral H, C, N, O, F 171 0.56 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Cl, Br, S, and P neutrals 86 0.54 0.50 0.53 0.52 0.52 0.53 0.53 0.54
All neutrals 257 0.55 0.54 0.54 0.54 0.54 0.54 0.54 0.55
All H, C, N, O, F ions 32 5.22 5.22 5.17 5.17 5.15 5.15 5.12 5.12
All Cl, Br, P, S ions 15 4.22 3.83 4.16 3.72 4.11 3.68 4.06 3.64
All ions 47 4.90 4.78 4.85 4.71 4.82 4.68 4.78 4.65
Inorganic solvents

All H, C, N, O absolute free energies 1,733 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
All H, C, N, O transfer free energies 37 0.46 0.46 0.45 0.46 0.45 0.45 0.46 0.45
All H, C, N, O data 1,770 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
F, Cl, Br, S absolute free energies 210 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
F, Cl, Br, S transfer free energies 33 0.64 0.63 0.63 0.62 0.62 0.62 0.61 0.62
H, C,N, O, F, S, Cl data 243 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
All P absolute free energies 37 1.64 1.59 1.64 1.63 1.66 1.64 1.71 1.66
All P transfer free energies 9 0.62 0.67 0.69 0.68 0.69 0.67 0.68 0.67
All P data 46 1.44 1.41 1.45 1.45 1.47 1.45 1.51 1.47
All absolute free energies 1,980 0.53 0.53 0.53 0.53 0.54 0.54 0.54 0.54
All transfer free energies 79 0.55 0.56 0.55 0.55 0.55 0.55 0.55 0.55
All data 2,059 0.53 0.53 0.53 0.53 0.54 0.54 0.54 0.54

“Number of experimental data in agiven solute class.
®SM5.43R/MPW.X/6-31 + G(d,p) using averaged surface tension parameters from MPWX/6-31 + G(d,p) (X=0, 25, 42.8, and 60.6).
°SM5.43R/MPW X/6-31 + G(d,p) using specifically optimized surface tension parameters for the given value of X in MPWX/6-31 + G(d,p).

encouraging that our preliminary work in developing 4.4. Performance of SM5.43R for solutes in water solvent
CM3 and the redistributed Lowdin population analysis

method is confirmed in this way to have been worth- Tables 9, 10, 11, 12, and 13 give the MUEs, as compared
while. with experimental values, of the aqueous free energies of
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Table 3. Averaged atomic surface tension parameters (cal/molAz)
for MPWX/MIDI!. An entry of 0.00 indicates that this parameter
was not used. The recommended range of X is 0.0-60.6

Table 5. Averaged atomic surface tension parameters (cal/molAz)
for MPWX/6-31G(d). An entry of 0.00 indicates that this param-
eter was not used. The recommended range of X is 0.0-60.6

k

(1

k

(1

(1]

k,water Ok O Okp k,water Ok O Op

H 59.94 20.59 0.00 0.00 H 59.75 20.20 0.00 0.00
C 101.89 79.16 30.76 585 C 97.06 76.19 30.85 4.98
N 102.11 36.87 -51.97 7732 N 89.54 31.27 —56.08 83.43
(6] —125.50 -15.20 -35.96 0.00 O —128.40 -16.80 -36.54 0.00
F 33.39 -2.20 191.70 -143.64 F 30.40 -3.42 194.02 -146.97
Cl -3.22 -27.22 0.00 0.00 Cl -2.46 -27.10 0.00 0.00
Br -13.33 -35.62 0.00 0.00 Br -13.39 -35.59 0.00 0.00
S —-64.84 -54.92 0.00 0.00 S —58.58 -53.84 0.00 0.00
P —44.29 -22.06 0.00 000 P -27.14 -9.84 0.00 0.00
H,C -85.79 -70.05 0.00 0.00 H,C -85.42 -69.34 0.00 0.00
C,C —-67.98 -75.80 0.00 0.00 C,C —-64.70 -74.04 0.00 0.00
C,C(2) -28.45 -19.32 0.00 0.00 C,C (2 -26.03 -17.65 0.00 0.00

0 —189.38 —-19.98 -196.41 -220.23 0 —153.44 -5.96 —186.34 -198.99
H.,0 (2) 283.49 110.86 0.00 0.00 H,O (2) 308.11 120.99 0.00 0.00

,C 146.14 32.14 0.00 12.58 K 153.28 33.04 0.00 17.01
0,0 37.14 -34.34 107.90 3.11 0,0 38.64 -31.45 107.77 -6.61
H,N —146.55 -38.87 0.00 —66.49 H,N —127.69 -30.01 0.00 —-60.66
H,N (2) -203.57 —-126.81 0.00 0.00 H,N (2) -209.30 -131.67 0.00 0.00

N —-36.48 -73.71 40.47 0.00 N -15.06 —-62.41 47.76 0.00
N,C —54.22 -7.40 -33.66 -10.89 N.C -58.17 -9.57 -34.70 -12.01
N,C (2) —18.49 0.00 0.00 0.00 N,C(2) 11.07 0.00 0.00 0.00
N,C (3) —62.83 —16.65 0.00 0.00 N,C(3) —38.41 -7.28 0.00 0.00
O,N 198.85 44.72 24.59 16.81 O,N 204.03 44.50 29.55 17.13
H,S 31.84 39.30 0.00 0.00 H.,S 22.54 39.23 0.00 0.00
S.S 34.51 -1.70 0.00 0.00 S,S 26.39 -2.36 0.00 0.00
O.,P 91.94 38.85 0.00 0.00 O,P 84.57 32.09 0.00 0.00
S.P 95.34 13.84 0.00 0.00 S,P 98.05 22.36 0.00 0.00

Table 4. Averaged atomic surface tension parameters (cal/molAz)
for MPWX/MIDI!6D. An entry of 0.00 indicates that this
parameter was not used. The recommended range of X is 0.0-60.6

Table 6. Averaged atomic surface tension parameters (cal/molz&z)
for MPWX/6-31+G(d). An entry of 0.00 indicates that this
parameter was not used. The recommended range of X is 0.0-60.6

(1

(1]

(1]

(1

1

k O-k,water Gk,n O-k,ac Gk.ﬁ k O-k,water ak,n O-k,x Gl[f]ﬁ

H 59.92 20.49 0.00 0.00 H 59.89 20.68 0.00 0.00
C 102.53 79.44 30.39 6.07 C 100.73 79.99 31.68 3.20
N 119.57 45.02 —47.47 78.43 N 72.32 28.83 —58.66 71.08
(0] -120.28 -12.59 -33.84 0.00 O -138.12 -26.03 -40.93 0.00
F 33.77 -2.02 193.90 -145.62 F 26.47 -4.75 190.25 —148.62
Cl -3.27 -27.28 0.00 0.00 ClI -1.73 -26.33 0.00 0.00
Br -13.13 -35.68 0.00 0.00 Br —13.41 -36.02 0.00 0.00
S —64.60 -54.71 0.00 0.00 S -70.27 —54.53 0.00 0.00
P -45.01 -22.63 0.00 0.00 P -5.09 7.33 0.00 0.00
H,C —85.55 -69.92 0.00 0.00 H,C —85.68 —68.98 0.00 0.00
C,C —68.95 -76.36 0.00 0.00 C,C -66.25 =77.13 0.00 0.00
C,C (2 -28.28 -19.19 0.00 0.00 C,C (2 -29.97 -20.05 0.00 0.00
H,O —204.40 -27.46 -203.34 -221.28 ,0 -152.21 0.30 -186.24 —-198.01
H,O0 (2) 292.32 115.34 0.00 0.00 H,0(2) 356.50 145.07 0.00 0.00
0,C 144.24 29.79 0.00 15.87 ,C 154.85 41.00 0.00 8.29
0,0 35.03 -35.32 108.58 336 0,0 38.33 -29.15 107.48 -19.57
H,N —151.36 -41.46 0.00 -66.54 H,N -107.82 -26.00 0.00 —47.28
H,N (2) -206.57 —127.88 0.00 0.00 H,\N (2) -219.20 —135.57 0.00 0.00
C,N —46.72 -78.03 31.85 0.00 CN -15.59 —69.50 74.75 0.00
N,C -53.86 -7.39 -32.79 -10.19 N,C —62.78 -11.36 —38.38 -11.95
N,C (2) -26.69 0.00 0.00 0.00 N,C(2) 0.28 0.00 0.00 0.00
N,C (3) -84.25 -27.80 0.00 0.00 N,C(3) -37.95 -8.06 0.00 0.00
O,N 196.31 42.36 21.48 22.18 O,N 203.57 50.96 33.99 10.04
H,S 30.63 38.31 0.00 0.00 H,S 52.07 39.69 0.00 0.00
S.S 35.60 -1.08 0.00 0.00 S,S 51.08 4.40 0.00 0.00
O,p 92.89 38.29 0.00 0.00 O,P 138.77 59.81 0.00 0.00
S,P 94.88 13.21 0.00 0.00 S,p 104.04 28.20 0.00 0.00




Table 7. Averaged atomic surface tension parameters (cal/molAz)
for MPWX/6-31+G(d,p). An entry of 0.00 indicates that this
parameter was not used. The recommended range of X is 0.0—

60.6

k

(1

(1]

Jk,water Ok O—k,at O_kﬁ[f

H 59.90 20.59 0.00 0.00
C 96.50 78.88 31.02 1.88
N 75.99 30.21 —55.46 72.03
(0] —-144.50 -28.19 —45.18 0.00
F 26.29 -4.61 186.36 —-147.32
Cl -1.55 -26.18 0.00 0.00
Br —-13.12 -36.08 0.00 0.00
S —-69.90 —53.27 0.00 0.00
P -9.72 4.70 0.00 0.00
H.C —84.86 —68.61 0.00 0.00
C,C -64.94 -76.77 0.00 0.00
C.C(2) —29.65 -20.46 0.00 0.00

,0 —143.85 4.49 —-182.51 —198.96
H,0 (2) 360.53 146.64 0.00 0.00

R 167.20 46.30 0.00 16.44
0,0 36.31 -31.10 114.60 -23.69
H,N —-106.44 -25.55 0.00 —-48.05
H.N (2) —225.07 —-137.39 0.00 0.00
CN —24.05 -73.81 64.84 0.00
N,C —-63.53 —-11.49 -38.54 -12.31
N.C (2) -31.16 0.00 0.00 0.00
N.C (3) -31.02 -4.09 0.00 0.00
O,N 213.04 55.55 33.80 11.87
H,S 53.81 37.92 0.00 0.00
S.S 54.54 4.73 0.00 0.00
O,p 151.26 65.89 0.00 0.00
S.P 110.76 30.57 0.00 0.00
Table 8. Averaged molecular surface tension parameters

(cal/molAz) for MPWX and the

mended range of X is 0.0-60.6

indicated basis set. The recom-

Method

o

(]

2]

y J¢2 Gl//z Gﬁz
MIDI! 0.26 -3.05 -6.54 2.82
MIDI!6D 0.26 -3.08 —-6.51 2.82
6-31G(d) 0.27 -3.12 -6.38 2.45
6-31+G(d) 0.26 -3.02 -6.28 2.70
6-31+G(d,p) 0.25 -3.03 -6.41 291

solvation for various solute classes calculated by
SM5.43R using MPWX, for X=0, 25, 42.8, and 60.6,
and each of the five basis sets used in this work. On
average, all SM5.43R methods yield similar errors. The
MUEs range from 0.50 to 0.55 kcal/mol for all 257
neutral solutes. For ionic solutes, the MUEs are larger,
ranging from 4.3 to 5.2 kcal/mol.

In general, the MUEs for neutral solute classes are
between 0.2 and 0.6 kcal/mol.; However, there are sev-
eral solute classes that have MUEs outside of this range,
in particular, amides and ureas (four data), aromatic
nitrogen heterocycles (ten data), halogenated com-
pounds containing N and/or O (nine data) or S (two
data), and phosphorus compounds containing S (three
data). We know from previous parameterizations that
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these types of compounds are difficult to model. They
do, however, add diversity to the training set, and
leaving them in the training set should provide more
robust and reliable solvation model parameters.

As we found with the previous SM5.43R parame-
terizations [86], the addition of diffuse functions to the
6-31G(d) basis set does not significantly increase the
error, as one might have found if the difficulty of
carrying out the population analysis with diffuse basis
sets were to have caused inaccurate partial charges
and hence inaccurate electrostatic contributions to
solvation energies. In fact, the use of diffuse functions
improves the prediction of aqueous free energies of
solvation for neutral solutes containing H, C, N, and
O, such as nitrohydrocarbons, amides, and ureas. This
is encouraging because diffuse functions are known
[41] to lead to improved relative energies of gas-phase
species for DFT and hybrid DFT, and the ultimate
quality of the predictions of a liquid-phase property
depends both on the quality of the prediction of the
gas-phase value and the prediction of the change upon
solvation.

4.5. Performance of SM5.43R for solutes in organic
solvents in terms of solute functional class

Tables 14, 15, 16, 17, and 18 show the MUEs, as
compared with experimental values, of the free ener-
gies of solvation for various solute classes in the 90
organic solvents of our training set calculated by
various SM5.43R methods. Note that the set of sol-
vation energy data used in these tables is obtained by
removing all experimental aqueous free energy of sol-
vation data from the SMS5.43R training set. On the
average, the MUEs calculated by all methods are be-
tween 0.51 and 0.54 kcal/mol. For solutes containing
at most H, C, N, and O, the MUEs are approxi-
mately 0.5 kcal/mol, while the MUEs increase to 0.62—
0.69 kcal/mol for solutes containing second-row atoms
and/or bromine. As in the aqueous training set, the
MUE:s for solutes containing halogens and N and/or
O and solutes containing P and S are large relative to
the MUEs for other solute classes. The SMS5.43R
methods using either the 6-31+ G(d) or 6-31+ G(d,p)
basis set are more accurate than the other SM5.43R
methods for predicting free energies of solvation of
amides, ureas, and nitrohydrocarbons. However, they
are not as accurate as the other methods for predicting
solvation energies of solutes containing P.

There is little to no variation in the MUE with respect
to the value of X in MPWJX, and this trend further
illustrates that CM3 provides consistent charge distri-
butions for use in the calculation of AGgp. For most
solute classes in the organic training set and for each of
the five basis sets used, the variations are typically less
than 0.05 kcal/mol. The largest variations generally oc-
cur for inorganic compounds, fluoroalkanes, and fluo-
roarenes.
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Table 9. MUEs (kcal/mol) of
the aqueous free energies of
solvation for various solute

Solute class No. of data X=0 X=25 X=428 X=60.6

classes calculated by SM5.43R/  Inorganic H, C, N 4 0.31  0.27 0.30 0.37
MPWX/MIDI! (X=0, 25, 42.8, Unbranched alkanes 8 0.64 0.64 0.64 0.64
and 60.6). Averaged values of Branched alkanes 5 047  0.48 0.48 0.48
the surface tension parameters ~ Cycloalkanes 5 0.61 0.60 0.60 0.60
from MPW.X/MIDI! are used Alkenes 9 037 0.37 0.37 0.37
Alkynes 5 024 0.24 0.23 0.23
Arenes 8 035 0.36 0.36 0.38
Alcohols 12 0.55 0.53 0.51 0.50
Phenols 4 031 0.35 0.38 0.44
Ethers 12 047  0.46 0.47 0.48
Aldehydes 6 0.40 0.43 0.39 0.37
Ketones 12 0.30  0.30 0.29 0.29
Carboxylic acids 5 0.40 0.32 0.30 0.29
Esters 13 0.29  0.30 0.32 0.34
Bifunctional H, C, O compounds 5 0.39 0.42 0.43 0.44
All H, C, O compounds 109 0.41 0.41 0.41 0.42
Aliphatic amines 15 091  0.90 0.89 0.88
Anilines 1 024 0.27 0.28 0.26
Ar N heterocycles (1 N in ring) 10 1.08 1.07 1.08 1.06
Ar N heterocycles (2 Ns in ring) 2 0.47 047 0.53 0.51
Nitriles 4 0.61 0.61 0.63 0.62
Bifunctional H, C, N compounds 1 036 045 0.49 0.59
H, C, N compounds 33 0.86 0.86 0.86 0.85
Amides 3 1.22 1.17 1.18 1.17
Ureas 1 3.09 312 3.17 3.18
Nitrohydrocarbons 7 0.62 0.59 0.57 0.57
Bifunctional H, C, N, O compounds 4 0.42 045 0.43 0.44
H, C, N, O compounds 15 0.85 0.84 0.83 0.83
Fluorinated compounds 6 0.43 0.39 0.34 0.32
Bifunctional fluorinated compounds 4 1.09  1.09 1.10 1.12
Neutral H, C, N, O, F 171 0.55 0.55 0.55 0.55
Phosphine 1 0.13 0.12 0.12 0.11
Chlorinated compounds 27 0.38  0.39 0.40 0.41
Brominated compounds 14 0.17 0.17 0.17 0.17
Multihalogen-containing compounds 12 0.31 0.31 0.30 0.30
Bifunctional halogenated H, C, N, O compounds 5 1.34 1.30 1.26 1.24
Thiols 4 0.17  0.19 0.21 0.23
Sulfides 5 049  0.51 0.53 0.55
Disulfides 2 029 0.28 0.27 0.27
Sulfur heterocycles 1 0.54  0.56 0.55 0.57
H, C, N, O, S, halogens 2 1.62 176 1.84 1.91
H,C, N,O, P 3 0.19 0.13 0.11 0.12
H,C,N,0O,P, S 3 1.89  1.87 1.89 1.85
H, C, N, O, P, halogens 2 034 0.24 0.22 0.22
H, C, N, O, P, S, halogens 5 083 0.88 0.87 0.88
Cl, Br, S, and P neutrals 86 0.49 0.49 0.49 0.50
All neutrals 257 0.53 0.53 0.53 0.53
H, C, N, O ions 30 528 523 5.20 5.17
F ions 2 .28  1.12 0.99 0.89
All H, C, N, O, F ions 32 503 498 4.94 4.90
H, C, S ions 6 6.90 6.71 6.61 6.54
Cl and Br ions 3 2.75  2.55 243 2.33
H, C, P ions 3 2.38 2.28 2.19 2.13
Inorganic S and P ions 3 4.02 4.02 4.01 4.01
All Cl, Br, P, S ions 15 459 445 4.37 431
All ions 47 489 4381 4.76 4.71
4.6. Performance of SM5.43R for Solutes in Organic and aromatic solvents; it is not known whether this occurs
Solvents in Terms of Solvent Functional class because data in these two solvents make up a large frac-

tion, about 40%, of the data in the organic training set or

Next we report the MUEs of free energies of solvation for  because these solvents are “‘easier” to treat. The MUEs in
solutes in various solvent classes calculated by SM5.43R.  other solvents, such as ketones, ethers, amines, pyridines,
These MUESs are shown in Tables 19, 20, 21, 22, and 23. amides, and halogenated solvents, are between 0.5 and
The SM5.43R model makes the most accurate predictions 0.6 kcal/mol, while the MUEs in alcohols, esters, and
of free energies of solvation for solutes in hydrocarbon nitrohydrocarbons are approximately 0.7 kcal/mol.
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Table 10. MUEs (kcal/mol) of

the aqueous free energies of Solute class

.of data X=0 X=25 X=428 X=60.6

solvation for various solute

classes calculated by SM5.43R/  Inorganic H, C, N 4 0.34 0.29 0.33 0.41
MPW.X/MIDII6D (X =0, 25, Unbranched alkanes 8 0.62  0.62 0.62 0.62
42.8, and 60.6). Averaged Branched alkanes 5 046 047 0.47 0.47
values of the surface tension Cycloalkanes 5 0.61 0.60 0.60 0.60
parameters from MPW.X/ Alkenes 9 0.37  0.37 0.37 0.37
MIDII6D are used Alkynes 5 024 0.24 0.23 0.23
Arenes 8 036  0.37 0.37 0.40
Alcohols 12 0.55 0.53 0.52 0.51
Phenols 4 028  0.33 0.35 0.39
Ethers 12 047 047 0.47 0.48
Aldehydes 6 041 041 0.42 0.38
Ketones 12 0.31 031 0.32 0.31
Carboxylic acids 5 042 033 0.31 0.30
Esters 13 0.29  0.30 0.33 0.35
Bifunctional H, C, O compounds 5 0.40 0.42 0.43 0.44
All H, C, O compounds 109 0.42 0.41 0.42 0.42
Aliphaticamines 15 093 092 0.91 0.91
Anilines 1 024 0.28 0.29 0.26
Ar N heterocycles (1 N in ring) 10 1.07 1.06 1.06 1.05
Ar N heterocycles (2 Ns in ring) 2 047 048 0.47 0.48
Nitriles 4 0.60  0.63 0.62 0.63
Bifunctional H, C, N compounds 1 029  0.39 0.49 0.58
H, C, N compounds 33 0.87 0.87 0.86 0.86
Amides 3 1.26 1.22 1.19 1.19
Ureas 1 3.14 3.17 3.21 3.21
Nitrohydrocarbons 7 0.68 0.65 0.63 0.63
Bifunctional H, C, N, O compounds 4 0.39 0.41 0.43 0.44
H, C, N,O compounds 15 0.89 0.87 0.86 0.86
Fluorinated compounds 6 0.43 0.40 0.36 0.33
Bifunctional fluorinated compounds 4 1.10  1.11 1.12 1.14
Neutral H, C, N, O, F 171 0.56  0.55 0.55 0.56
Phosphine 1 0.14 0.11 0.11 0.11
Chlorinated compounds 27 0.38  0.40 0.41 0.42
Brominated compounds 14 0.18 0.19 0.18 0.18
Multihalogen-containing compounds 12 0.31 0.31 0.31 0.31
Bifunctional halogenated H, C, N, O compounds 5 1.39 1.35 1.29 1.27
Thiols 4 0.17  0.18 0.20 0.22
Sulfides 5 047  0.50 0.51 0.53
Disulfides 2 0.30 0.29 0.28 0.27
Sulfur heterocycles 1 0.58  0.59 0.59 0.61
H, C, N, O, S, halogens 2 1.53 1.68 1.77 1.85
H,C, N, O,P 3 0.18  0.11 0.14 0.17
H,C,N,0O,P, S 3 195 192 1.92 1.89
H, C, N, O, P, halogens 2 0.39  0.32 0.22 0.17
H, C, N, O, P, S, halogens 5 0.80  0.81 0.83 0.82
Cl, Br, S, and P neutrals 86 0.49 0.49 0.50 0.50
All neutrals 257 0.54 0.53 0.53 0.54
H, C, N, O ions 30 525 519 5.17 5.13
F ions 2 1.24  1.06 0.95 0.84
All H, C, N, O, F ions 32 5.00 4.94 491 4.87
H, C, S ions 6 693  6.75 6.64 6.56
Cl and Br ions 3 2.75 2.53 2.41 2.31
H, C, P ions 3 2.43 2.35 2.28 2.23
Inorganic S and P ions 3 4.08 4.10 4.12 4.12
All Cl, Br, P, S ions 15 463 4.50 442 4.36
All ions 47 488 479 4.75 4.70

4.7. Predicted free energies of solvation for selected sol-
utes in n-hexadecane, n-octanol, and water

Finally we discuss the prediction of free energies of
solvation of several solutes in three different solvents,
namely n-hexadecane, 1-octanol, and water. These sol-
vents have a broad range of characteristics. Of these
three solvents, n-hexadecane has the smallest dielectric
constant and does not have the capability to donate or

accept hydrogen bonds (it has zero values for the o and f§
solvent descriptors). The solvent 1-octanol has a smaller
dielectric constant than water and has nonzero values
for « and f. Both n-hexadecane and 1-octanol have long
aliphatic tails, which should lead to favorable dispersion
interactions with aliphatic and aromatic groups in sol-
utes, and both of these solvents are sometimes used
[185-195] as surrogates for biological membranes in
estimating the bioavailability of drugs.
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Table 11. MUE:s (in kcal/mol)

of the aqueous free energies of ~ Solute class

No. of data X=0 X=25 X=428 X=60.6

solvation for various solute

classes calculated by SM5.43R/  Inorganic H, C, N 4 0.29 025 0.26 0.30
MPW.X/6-31G(d) (X=0, 25, Unbranched alkanes 8 0.69  0.69 0.69 0.69
42.8, and 60.6). Averaged Branched alkanes 5 048 0.49 0.49 0.49
values of the surface tension Cycloalkanes 5 059  0.59 0.58 0.57
parameters from MPW.X/ Alkenes 9 0.36 0.35 0.34 0.33
6-31G(d) are used Alkynes 5 0.21 0.20 0.19 0.18
Arenes 8 027 0.28 0.29 0.30
Alcohols 12 0.50 0.48 0.47 0.46
Phenols 4 026 0.28 0.31 0.38
Ethers 12 046 047 0.48 0.50
Aldehydes 6 0.36 0.33 0.27 0.24
Ketones 12 0.30  0.30 0.28 0.27
Carboxylic acids 5 047  0.37 0.34 0.32
Esters 13 0.30 0.32 0.33 0.34
Bifunctional H, C, O compounds 5 0.35 0.36 0.37 0.38
All H, C, O compounds 109 0.40 0.40 0.39 0.39
Aliphatic amines 15 0.87 0.85 0.85 0.83
Anilines 1 028 0.26 0.29 0.28
Ar N heterocycles (1 N in ring) 10 1.13 1.10 1.09 1.07
Ar N heterocycles (2 Ns in ring) 2 0.58  0.57 0.57 0.58
Nitriles 4 046  0.51 0.52 0.52
Bifunctional H, C, N compounds 1 036 0.48 0.55 0.65
H, C, N compounds 33 0.85 0.84 0.84 0.83
Amides 3 1.00  0.98 1.02 1.05
Ureas 1 290  2.89 293 2.96
Nitrohydrocarbons 7 0.42 0.40 0.37 0.36
Bifunctional H, C, N, O compounds 4 0.40 043 0.42 0.42
H, C, N, O compounds 15 0.70 0.69 0.69 0.69
Fluorinated compounds 6 0.39 0.37 0.35 0.34
Bifunctional fluorinated compounds 4 1.11 1.13 1.13 1.14
Neutral H, C, N, O, F 171 0.53  0.52 0.52 0.52
Phosphine 1 0.08 0.13 0.17 0.13
Chlorinated compounds 27 0.31 0.31 0.32 0.33
Brominated compounds 14 0.13 0.14 0.15 0.15
Multihalogen-containing compounds 12 032 0.32 0.31 0.31
Bifunctional halogenated H, C, N, O compounds 5 1.19 1.15 1.13 1.11
Thiols 4 020 0.21 0.22 0.23
Sulfides 5 0.51 0.54 0.56 0.59
Disulfides 2 023 0.23 0.22 0.21
Sulfur heterocycles 1 0.31 0.35 0.37 0.38
H, C, N, O, S, halogens 2 .72 1.95 2.06 2.17
H,C,N,O,P 3 027 0.24 0.23 0.16
H,C,N,0O,P, S 3 1.70  1.76 1.74 1.75
H, C, N, O, P, halogens 2 0.33 0.27 0.25 0.20
H, C, N, O, P, S, halogens 5 1.14 1.13 1.12 1.13
Cl, Br, S, and P neutrals 86 0.46 0.47 0.47 0.48
All neutrals 257 0.51 0.50 0.50 0.50
H, C, N, O ions 30 534 5.30 5.27 5.24
F ions 2 1.19  1.02 0.90 0.81
All H, C, N, O, F ions 32 5.08  5.03 4.99 4.96
H, C, S ions 6 5.62 548 5.42 5.38
Cl and Br ions 3 2.77 2.55 243 2.33
H, C, P ions 3 1.31 1.07 0.89 0.85
Inorganic S and P ions 3 373 374 3.74 3.83
All Cl, Br, P, S ions 15 381  3.66 3.58 3.55
All ions 47 4.68  4.60 4.54 4.51

Table 24 reports the values of AGgp, Geps, and AGE
calculated by SM5.43R using mPWI1PWO1 and each of
the five basis sets employed in this work for a number
of solutes in n-hexadecane, 1-octanol, and water sol-
vents. Table 24 also gives the corresponding experi-
mental free energies of solvation. The predicted values
of AGgp in n-hexadecane are more positive than the
values of AGgp in the other two solvents for all solutes.

Further insight can be obtained by analyzing the indi-
vidual components; however, we should keep in mind
that the partition into AGgp and Gcpg depends on the
Coulomb radii more strongly than their sum does [178],
and Gcps includes the non-bulk part of the electro-
statics. For the larger solutes, such as toluene, phenol,
tetrahydrofuran, anisole, benzaldehyde, pyridine,
nitrobenzene, thiophene, and chlorobenzene, the
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Table 12. MUE:s (in kcal/mol)

of the aqueous free energies of ~ Solute class

No. of data X=0 X=25 X=428 X=60.6

solvation for various solute

classes calculated by SM5.43R/  Inorganic H, C, N 4 0.31 028 0.27 0.27
MPWX/6-31+G(d) (X=0, 25, Unbranched alkanes 8 0.75 0.73 0.72 0.71
42.8, and 60.6). Averaged Branched alkanes 5 0.57  0.56 0.55 0.54
values of the surface tension Cycloalkanes 5 0.50  0.49 0.49 0.49
parameters from MPW.X/ Alkenes 9 028  0.27 0.26 0.26
6-31+G(d) are used Alkynes 5 024 0.24 0.23 0.22
Arenes 8 029  0.26 0.22 0.21
Alcohols 12 044 043 0.42 0.41
Phenols 4 037 0.35 0.32 0.29
Ethers 12 048 047 0.46 0.46
Aldehydes 6 048  0.39 0.32 0.30
Ketones 12 0.54  0.51 0.49 0.48
Carboxylic acids 5 0.53  0.53 0.54 0.54
Esters 13 047 048 0.50 0.52
Bifunctional H, C, O compounds 5 0.45 0.38 0.35 0.33
All H, C, O compounds 109 0.46 0.44 0.43 0.42
Aliphatic amines 15 0.78  0.78 0.78 0.78
Anilines 1 0.67 0.82 0.89 0.92
Ar N heterocycles (1 N in ring) 10 1.13 1.14 1.13 1.14
Ar N heterocycles (2 Ns in ring) 2 0.50  0.49 0.48 0.50
Nitriles 4 0.84 0.84 0.82 0.82
Bifunctional H, C, N compounds 1 0.89  0.70 0.62 0.57
H, C, N compounds 33 0.88 0.88 0.87 0.87
Amides 3 1.27 1.29 1.34 1.36
Ureas 1 1.70  1.93 2.08 2.20
Nitrohydrocarbons 7 0.21 0.19 0.18 0.20
Bifunctional H, C, N, O compounds 4 0.27 0.25 0.23 0.23
H, C, N,O compounds 15 0.54 0.54 0.55 0.57
Fluorinated compounds 6 0.29 0.31 0.32 0.33
Bifunctional fluorinated compounds 4 1.15  1.16 1.17 1.18
Neutral H, C, N, O, F 171 0.55 0.54 0.54 0.53
Phosphine 1 0.02  0.08 0.14 0.18
Chlorinated compounds 27 0.31 0.31 0.33 0.34
Brominated compounds 14 024 0.24 0.24 0.25
Multihalogen-containing compounds 12 0.37  0.36 0.36 0.36
Bifunctional halogenated H, C, N, O compounds 5 1.39 1.43 1.42 1.41
Thiols 4 0.16 0.18 0.21 0.24
Sulfides 5 049 048 0.47 0.47
Disulfides 2 045 046 0.46 0.47
Sulfur heterocycles 1 0.81 0.80 0.81 0.81
H, C, N, O, S, Halogens 2 037 042 0.46 0.48
H,C,N,O,P 3 020 0.26 0.41 0.63
H,C,N,0O,P, S 3 1.02  0.87 0.62 0.31
H, C, N, O, P, halogens 2 1.40 1.14 0.95 0.80
H, C, N, O, P, S, halogens 5 2.29 2.23 2.19 2.35
Cl, Br, S, and P neutrals 86 0.54 0.53 0.53 0.54
All neutrals 257 0.55 0.54 0.53 0.54
H, C, N, O ions 30 540  5.36 5.33 5.30
F ions 2 .22 1.05 0.95 0.87
All H, C, N, O, F ions 32 514  5.09 5.05 5.02
H, C, S ions 6 6.14  6.10 6.08 6.07
Cl and Br ions 3 1.84 1.67 1.57 1.50
H, C, P ions 3 220 198 1.82 1.70
Inorganic S and P ions 3 4.58  4.55 4.52 4.50
All Cl, Br, P, S ions 15 4.18  4.08 4.01 3.97
All ions 47 483 477 4.72 4.69

predicted value of Gcps is large relative to that of the
smaller solutes in Table 24, and this may be due in part
to favorable dispersion interactions between the ali-
phatic groups in these solutes and n-hexadecane. These
solutes may also benefit from favorable dispersion
interactions in 1-octanol, but perhaps to a lesser extent
than in n-hexadecane. For toluene, anisole, benzalde-
hyde, nitrobenzene, and chlorobenzene, this appears to
be the case, as Gcps is predicted to be more positive for

these solutes in I-octanol than in n-hexadecane. The
solutes ethanol, phenol, propanoic acid, propylamine,
and pyridine are predicted to have more negative values
of Gcps, and this derives from favorable hydrogen-
bonding interactions.

In water, all solutes are predicted to have more neg-
ative values of AGgp than in n-hexadecane and 1-octa-
nol. Moreover, the contribution to the free energy of
solvation from Gcpg in water is more positive than in
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Table 13. MUE:s (in kcal/mol)

of the aqueous free energies of ~ Solute class

No. of data X=0 X=25 X=428 X=60.6

solvation for various solute

classes calculated by SM5.43R/  Inorganic H, C, N 4 0.29  0.26 0.26 0.26
MPW.X/6-31+G(d,p) (X=0, Unbranched alkanes 8 0.73  0.72 0.71 0.71
25, 42.8, and 60.6). Averaged Branched alkanes 5 0.56  0.55 0.55 0.55
values of the surface tension Cycloalkanes 5 0.51 0.50 0.50 0.50
parameters from MPW.X/ Alkenes 9 029  0.28 0.27 0.27
6-31+G(d,p) are used Alkynes 5 0.26  0.26 0.25 0.24
Arenes 8 026 0.25 0.24 0.24
Alcohols 12 044 044 0.44 0.44
Phenols 4 0.38  0.36 0.34 0.32
Ethers 12 046  0.46 0.46 0.47
Aldehydes 6 0.56 0.49 0.43 0.33
Ketones 12 0.54  0.53 0.52 0.50
Carboxylic acids 5 0.52  0.51 0.51 0.52
Esters 13 047  0.48 0.50 0.52
Bifunctional H, C, O compounds 5 0.38 0.32 0.32 0.32
All H, C, O compounds 109 0.46 0.45 0.44 0.44
Aliphatic amines 15 0.80 0.79 0.79 0.80
Anilines 1 0.66 0.79 0.86 0.93
Ar N heterocycles (1 N in ring) 10 1.14 1.15 1.15 1.15
Ar N heterocycles (2 Ns in ring) 2 0.50  0.54 0.54 0.58
Nitriles 4 0.81 0.82 0.81 0.80
Bifunctional H, C, N compounds 1 1.02  0.79 0.67 0.56
H, C, N compounds 33 0.89 0.89 0.89 0.89
Amides 3 .22 1.23 1.26 1.34
Ureas 1 203  2.19 2.30 2.46
Nitrohydrocarbons 7 0.21 0.19 0.17 0.16
Bifunctional H, C, N, O compounds 4 0.30 0.28 0.27 0.28
H, C, N, O compounds 15 0.56 0.55 0.56 0.58
Fluorinated compounds 6 0.31 0.32 0.33 0.34
Bifunctional fluorinated compounds 4 .15 1.17 1.17 1.19
Neutral H, C, N, O, F 171 0.56  0.55 0.55 0.55
Phosphine 1 0.12  0.02 0.13 0.18
Chlorinated compounds 27 0.33  0.34 0.34 0.35
Brominated compounds 14 0.23 0.23 0.24 0.23
Multihalogen-containingcompounds 12 036 0.36 0.35 0.35
Bifunctional halogenated H, C, N, O compounds 5 1.36 1.39 1.37 1.36
Thiols 4 0.15 0.18 0.20 0.22
Sulfides 5 048  0.46 0.46 0.46
Disulfides 2 042 043 0.44 0.44
Sulfur heterocycles 1 0.82  0.81 0.80 0.81
H, C, N, O, S, halogens 2 040 041 0.44 0.45
H,C,N,O, P 3 0.58 0.44 0.53 0.77
H,C,N,0,P, S 3 0.89  0.94 0.67 0.37
H, C, N, O, P, halogens 2 1.60 0.91 0.73 0.56
H, C, N, O, P, S, halogens 5 1.98 2.09 2.10 2.24
Cl, Br, S, and P neutrals 86 0.54 0.53 0.52 0.53
All neutrals 257 0.55 0.54 0.54 0.54
H, C, N, O ions 30 549 545 5.43 5.41
F ions 2 1.18  1.00 0.89 0.78
All H, C, N, O, F ions 32 522 517 5.15 5.12
H, C, S ions 6 599 595 5.94 5.92
Cl and Br ions 3 1.89 1.71 1.62 1.53
H, C, P ions 3 247 230 2.16 2.02
Inorganic S and P ions 3 476  4.90 491 4.90
All Cl, Br, P, S ions 15 422 4.6 4.11 4.06
All ions 47 490 4.85 4.82 4.78

the other solvents for all solutes except ethanol and
propanoic acid.

5. Conclusions
We have optimized parameters for the SM5.43R con-

tinuum solvation model with MPWX/MIDI!, MPW X/
MIDI!6D, MPWX/6-31G(d), MPW X/6-31 + G(d), and

MPWX/6-31+ G(d,p), for X=0, 25, 42.8, and 60.6 in
this work and in a previous SM5.43R parameterization.
For a given basis set, we found that it is reasonable to
use surface tension parameters that are averaged over
the four values of X in MPWL, i.e., for a given basis set,
one set of SM5.43R parameters may be used with
MPWLX for any value of X between 0 and 60.6. Fur-
thermore the parameters do not depend strongly on
basis set. The SM5.43R model should be useful for
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Table 14. MUE:s (in kcal/mol)

of the free energies of solvation Solute class No. of data X=0 X=25 X=42.8 X=60.6
for various solute classes of
solutes in organic solvents Inorganic HCN 13 0.99 1.04 1.08 1.11
calculated by SM5.43R/ Inorganic compounds 20 0.73  0.70 0.68 0.67
MPW.X/MIDI! (X=0, 25, 42.8, All inorganic compounds 33 0.83 0.84 0.84 0.84
and 60.6). Averaged values of Unbranched alkanes 85 041 041 0.40 0.40
surface tension parameters Branched alkanes 7 0.50 0.50 0.49 0.49
from MPW.X/MIDI! are used Cycloalkanes 13 0.55 0.55 0.55 0.55
Alkenes 18 0.34 0.34 0.34 0.34
Alkynes 9 0.35 0.34 0.34 0.34
Arenes 134 0.65 0.67 0.67 0.70
Alcohols 273 040 0.41 0.41 0.42
Phenols 109 0.51  0.49 0.48 0.46
Ethers 87 0.40 0.39 0.38 0.38
Aldehydes 32 0.52  0.51 0.50 0.50
Ketones 195 0.51 0.51 0.50 0.50
Carboxylic acids 120 0.48 0.46 0.47 0.48
Esters 238 0.41 041 0.41 0.41
Nonhalogenated bifunctional compounds 28 1.79 1.79 1.79 1.79
All H, C, O, compounds 1,348 049 049 0.49 0.49
Aliphatic amines 154 046 0.45 0.44 0.43
Anilines 26 0.37 0.37 0.36 0.37
Ar N heterocycles (1 N in ring) 58 043 042 0.42 0.42
Ar N heterocycles (2 Ns in ring) 8 0.79  0.79 0.82 0.81
Nitriles 20 0.55 0.53 0.52 0.51
Bifunctional HCN and HCNO 4 0.88 091 0.93 0.97
H, C, N compounds 271 047 046 0.45 0.45
Amides 16 0.54 0.52 0.53 0.52
Ureas 7 143 1.43 1.45 1.45
Nitrohydrocarbons 88 0.60 0.63 0.62 0.64
Bifunctional HCN and HCNO 7 0.48 0.49 0.50 0.51
Compounds with H, C, N, O 118 0.64 0.65 0.65 0.66
All H, C, N, O absolute free energies 1,733 0.51 0.50 0.50 0.51
All H, C, N, O transfer free energies 37 045 045 0.44 0.44
All H, C, N, O data 1,770 0.50 0.50 0.50 0.50
Fluorinated hydrocarbons 5 0.85 0.83 0.77 0.75
Fluoroarenes 11 0.59  0.66 0.68 0.72
Chloroalkanes 26 0.55 0.55 0.55 0.55
Chloroalkenes 15 0.84 0.83 0.83 0.82
Chloroarenes 31 0.37 0.38 0.38 0.39
Brominated hydrocarbons 21 0.62 0.56 0.56 0.56
Bromoalkenes 2 0.13  0.11 0.11 0.11
Bromoarenes 16 0.53 0.55 0.56 0.58
Multi halogenated compounds 14 0.39  0.38 0.36 0.35
Log P: amides & ureas, halogen-containing 5 0.55 0.55 0.55 0.56
Log P: amides & ureas, halogen-containing 10 1.24  1.24 1.23 1.23
Log P: Other halogenated compounds 1 0.15 0.15 0.16 0.15
Multifunctional halogenated H, C, O compounds 33 0.94 092 0.90 0.87
Multifunctional halogenated H, C, N, O compounds 4 1.63  1.60 1.59 1.56
Thiols 10 045 0.44 0.44 0.43
Sulfides 13 0.65 0.65 0.65 0.66
Disulfides 4 042 0.43 0.44 0.44
Sulfur heterocycles 21 0.36 0.35 0.35 0.35
F, Cl, Br, S absolute free energies 210 0.62 0.62 0.61 0.61
F, Cl, Br, S transfer free energies 33 0.63 0.62 0.62 0.62
H, C, N, O, F, S, Cl data 243 0.62 0.62 0.61 0.61
H,C,0O,P 25 1.16 1.16 1.17 1.18
H,C,N,0O,P, S 6 1.59 1.61 1.62 1.64
H, C, N, O, P, halogen 10 0.96 0.96 0.96 0.97
H, C, N, O, P, S, halogen 5 1.68 1.72 1.71 1.72
All P absolute free energies 37 1.39  1.40 1.40 1.41
All P transfer free energies 9 0.57  0.59 0.59 0.61
All P data 46 1.23  1.24 1.24 1.25
All absolute free energies 1,980 0.53 0.53 0.53 0.53
All transfer free energies 79 0.54 0.54 0.53 0.53

All data 2,059 0.53  0.53 0.53 0.53
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Table 15. MUE:s (in kcal/mol)

of the free energies of solvation Solute class No. of data X=0 X=25 X=42.8 X=60.6
for various solute classes of
solutes in organic solvents Inorganic HCN 13 1.02  1.08 1.13 1.17
calculated by SM5.43R/ Inorganic compounds 20 0.74 0.70 0.69 0.67
MPW.X/MIDII6D (X =0, 25, All inorganic compounds 33 0.85 0.85 0.86 0.87
42.8, and 60.6). Averaged Unbranched alkanes 85 041 0.41 0.41 0.41
values of surface tension Branched alkanes 7 0.50 0.50 0.50 0.50
parameters from MPW.X/ Cycloalkanes 13 0.56  0.55 0.55 0.55
MIDI!6D are used Alkenes 18 0.34 034 0.34 0.34
Alkynes 9 0.35 0.34 0.34 0.34
Arenes 134 0.67 0.69 0.70 0.72
Alcohols 273 041 0.41 0.42 0.42
Phenols 109 0.52  0.50 0.48 0.47
Ethers 87 0.41 0.40 0.39 0.39
Aldehydes 32 0.52  0.51 0.51 0.51
Aectones 195 0.51 0.51 0.52 0.51
Carboxylic acids 120 0.48 0.47 0.48 0.49
Esters 238 043 042 0.42 0.42
Nonhalogenated bifunctional compounds 28 1.82  1.82 1.82 1.81
All H, C, O, compounds 1,348 0.50 0.50 0.50 0.50
Aliphatic amines 154 0.48 0.46 0.45 0.44
Anilines 26 0.37  0.37 0.37 0.38
Ar N heterocycles (1 N in ring) 58 043 043 0.42 0.42
Ar N heterocycles (2 Ns in ring) 8 0.81 0.81 0.81 0.81
Nitriles 20 0.55 0.52 0.52 0.50
Bifunctional HCN and HCNO 4 0.87 091 0.95 0.99
H, C, N compounds 271 048 047 0.46 0.45
Amides 16 0.52  0.51 0.50 0.50
Ureas 7 148 1.48 1.49 1.49
Nitrohydrocarbons 88 0.64  0.66 0.66 0.67
Bifunctional HCN and HCNO 7 0.49  0.50 0.51 0.51
Compounds with H, C, N, O 118 0.66 0.68 0.68 0.69
All H, C, N, O absolute free energies 1,733 0.52  0.51 0.51 0.52
All H, C, N, O transfer free energies 37 046 045 0.45 0.44
All H, C, N, O data 1,770 0.52  0.51 0.51 0.51
Fluorinated hydrocarbons 5 0.85 0.82 0.79 0.76
Fluoroarenes 11 0.60  0.67 0.70 0.74
Chloroalkanes 26 0.55 0.54 0.53 0.53
Chloroalkenes 15 0.83 0.82 0.82 0.81
Chloroarenes 31 0.38 0.39 0.39 0.40
Brominated hydrocarbons 21 0.62 0.56 0.56 0.56
Bromoalkenes 2 0.12  0.11 0.11 0.11
Bromoarenes 16 0.55 0.56 0.57 0.59
Multihalogenated compounds 14 0.38 0.37 0.35 0.35
Log P: amides & ureas, halogen-containing 5 0.56  0.56 0.57 0.57
Log P: amides & ureas, halogen-containing 10 1.27  1.26 1.26 1.26
Log P: Other halogenated compounds 1 0.17 0.17 0.17 0.17
Multifunctional halogenated H, C, O compounds 33 0.97 0.95 0.93 0.90
Multifunctional halogenated H, C, N, O compounds 4 1.65 1.63 1.60 1.59
Thiols 10 045 0.44 0.44 0.43
Sulfides 13 0.65 0.65 0.66 0.66
Disulfides 4 043 0.44 0.44 0.45
Sulfur heterocycles 21 0.35 0.35 0.35 0.34
F, Cl, Br, S absolute free energies 210 0.63 0.63 0.62 0.62
F, Cl, Br, S transfer free energies 33 0.64 0.63 0.63 0.63
H, C, N, O, F, S, Cl data 243 0.63  0.63 0.62 0.62
H,C,0O,P 25 1.14  1.15 1.16 1.17
H,C,N,O,P, S 6 1.60 1.62 1.63 1.65
H, C, N, O, P, halogen 10 0.99 0.99 0.99 1.00
H, C, N, O, P, S, halogen S 1.64 1.66 1.68 1.67
All P absolute free energies 37 1.38  1.39 1.40 1.40
All P transfer free energies 9 0.58  0.59 0.62 0.63
All P data 46 1.22  1.23 1.24 1.25
All absolute free energies 1,980 0.55 0.54 0.54 0.54
All transfer free energies 79 0.55 0.54 0.54 0.54

All data 2,059 0.55 0.54 0.54 0.54
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Table 16. MUE:s (in kcal/mol)

of the free energies of solvation Solute class No. of data X=0 X=25 X=42.8 X=60.6
for various solute classes of
solutes in organic solvents Inorganic HCN 13 0.97 1.00 1.00 1.01
calculated by SM5.43R/ Inorganic compounds 20 0.76 0.74 0.73 0.72
MPW.X/6-31G(d) (X=0, 25, All inorganic compounds 33 0.85 0.84 0.84 0.83
42.8, and 60.6). Averaged Unbranched alkanes 85 0.39  0.39 0.38 0.38
values of surface tension Branched alkanes 7 0.49 0.48 0.48 0.48
parameters from MPW.X/ Cycloalkanes 13 0.54 0.54 0.54 0.53
6-31G(d) are used Alkenes 18 032 0.32 0.32 0.32
Alkynes 9 0.31 0.31 0.31 0.30
Arenes 134 0.57  0.60 0.62 0.63
Alcohols 273 0.40 0.40 0.40 0.41
Phenols 109 0.54  0.50 0.48 0.46
Ethers 87 0.38 0.38 0.38 0.38
Aldehydes 32 0.50 0.50 0.50 0.51
Acetones 195 0.50 0.50 0.49 0.48
Carboxylic acids 120 0.48 0.46 0.46 0.47
Esters 238 0.39  0.39 0.38 0.38
Nonhalogenated bifunctional compounds 28 1.68 1.68 1.69 1.67
All H, C, O, compounds 1,348 048 047 0.47 0.47
Aliphatic amines 154 043 0.42 0.42 0.41
Anilines 26 0.37  0.37 0.37 0.37
Ar N heterocycles (1 N in ring) 58 0.44 044 0.44 0.43
Ar N heterocycles (2 Ns in ring) 8 0.85 0.85 0.85 0.85
Nitriles 20 0.39 0.37 0.36 0.36
Bifunctional HCN and HCNO 4 0.83 0.87 0.89 0.93
H, C, N compounds 271 044 043 0.43 0.43
Amides 16 0.51 0.52 0.53 0.53
Ureas 7 1.28 1.27 1.27 1.27
Nitrohydrocarbons 88 0.51  0.50 0.51 0.53
Bifunctional HCN and HCNO 7 0.46 0.48 0.49 0.49
Compounds with H, C, N, O 118 0.55 0.55 0.56 0.57
All H, C, N, O absolute free energies 1,733 048 048 0.48 0.48
All H, C, N, O transfer free energies 37 045 043 0.43 0.43
All H, C, N, O data 1,770 048 0.48 0.48 0.48
Fluorinated hydrocarbons 5 0.87 0.82 0.80 0.78
Fluoroarenes 11 0.71  0.77 0.81 0.84
Chloroalkanes 26 0.59 0.58 0.58 0.57
Chloroalkenes 15 0.86 0.85 0.84 0.84
Chloroarenes 31 0.36 0.36 0.37 0.38
Brominated hydrocarbons 21 0.55 0.55 0.55 0.55
Bromoalkenes 2 0.13  0.15 0.15 0.15
Bromoarenes 16 0.52  0.56 0.57 0.59
Multihalogenated compounds 14 0.35 0.34 0.34 0.33
Log P: amides & ureas, halogen-containing 5 0.53 0.54 0.53 0.53
Log P: amides & ureas, halogen-containing 10 .13 1.13 1.13 1.13
Log P: Other halogenated compounds 1 0.10 0.10 0.10 0.10
Multifunctional halogenated H, C, O compounds 33 0.94 0.90 0.87 0.84
Multifunctional halogenated H, C, N, O compounds 4 1.49 1.46 1.44 1.40
Thiols 10 047 0.45 0.44 0.44
Sulfides 13 0.63 0.64 0.65 0.65
Disulfides 4 0.36 0.37 0.37 0.38
Sulfur heterocycles 21 0.37  0.36 0.36 0.35
F, Cl, Br, S absolute free energies 210 0.63 0.63 0.62 0.62
F, Cl, Br, S transfer free energies 33 0.59 0.59 0.58 0.58
H, C, N, O, F, S, Cl data 243 0.62 0.62 0.62 0.62
H,C,0O,P 25 .19 1.19 1.20 1.21
H,C,N,O,P, S 6 1.46 1.50 1.51 1.49
H, C, N, O, P, halogen 10 0.95 0.95 0.96 0.96
H, C, N, O, P, S, halogen S 1.95 194 1.93 1.95
All P absolute free energies 37 142 142 1.42 1.43
All P transfer free energies 9 0.59 0.61 0.62 0.65
All P data 46 1.26 1.26 1.27 1.27
All absolute free energies 1,980 0.52  0.51 0.51 0.51
All transfer free energies 79 0.52  0.52 0.52 0.52

All data 2,059 0.52  0.51 0.51 0.51
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Table 17. MUE:s (in kcal/mol)

of the free energies of solvation Solute class No. of data X=0 X=25 X=42.8 X=60.6
for various solute classes of
solutes in organic solvents Inorganic HCN 13 .11 1.09 1.06 1.05
calculated by SM5.43R/ Inorganic compounds 20 0.79 0.78 0.78 0.77
MPW.X/6-31+G(d) (X=0, 25,  All inorganic compounds 33 0.92  0.90 0.89 0.88
42.8, and 60.6). Averaged Unbranched alkanes 85 0.36 0.36 0.36 0.37
values of surface tension Branched alkanes 7 0.50 0.50 0.50 0.50
parameters from MPW.X/ Cycloalkanes 13 0.48 0.47 0.47 0.47
6-31+G(d) are used Alkenes 18 0.33  0.34 0.35 0.35
Alkynes 9 0.32  0.30 0.30 0.29
Arenes 134 0.58 0.57 0.58 0.59
Alcohols 273 041 0.41 0.41 0.41
Phenols 109 0.55 0.54 0.52 0.50
Ethers 87 0.37 0.37 0.38 0.38
Aldehydes 32 0.52  0.50 0.51 0.52
Acetones 195 0.51  0.49 0.48 0.48
Carboxylic acids 120 0.45 045 0.45 0.45
Esters 238 0.48 047 0.47 0.47
Nonhalogenated bifunctional compounds 28 1.54  1.59 1.61 1.62
All H, C, O, compounds 1,348 049 0.48 0.48 0.48
Aliphatic amines 154 0.38 0.38 0.39 0.39
Anilines 26 0.36 0.38 0.39 0.39
Ar N heterocycles (1 N in ring) 58 0.46 047 0.47 0.47
Ar N heterocycles (2 Ns in ring) 8 0.86 0.86 0.85 0.86
Nitriles 20 0.54 0.55 0.55 0.55
Bifunctional HCN and HCNO 4 0.96 0.87 0.83 0.81
H, C, N compounds 271 043 043 0.44 0.44
Amides 16 043 0.43 0.45 0.47
Ureas 7 0.90 093 0.97 1.00
Nitrohydrocarbons 88 0.38  0.39 0.40 0.41
Bifunctional HCN and HCNO 7 0.57  0.57 0.57 0.58
Compounds with H, C, N, O 118 043 044 0.45 0.46
All H, C, N, O absolute free energies 1,733 048 048 0.48 0.48
All H, C, N, O transfer free energies 37 046 045 0.44 0.44
All H, C, N, O data 1,770 048 0.48 0.48 0.48
Fluorinated hydrocarbons 5 0.62  0.62 0.62 0.62
Fluoroarenes 11 091 0.96 1.02 1.07
Chloroalkanes 26 0.59 0.58 0.56 0.55
Chloroalkenes 15 0.85 0.85 0.85 0.86
Chloroarenes 31 0.37 0.35 0.36 0.36
Brominated hydrocarbons 21 0.69 0.68 0.69 0.69
Bromoalkenes 2 0.16 0.15 0.16 0.16
Bromoarenes 16 0.50 0.51 0.53 0.54
Multihalogenated compounds 14 044 0.44 0.44 0.44
Log P: amides & ureas, halogen-containing 5 0.65 0.64 0.63 0.61
Log P: amides & ureas, halogen-containing 10 1.08 1.06 1.05 1.04
Log P: Other halogenated compounds 1 0.12  0.12 0.12 0.11
Multifunctional halogenated H, C, O compounds 33 1.08 1.08 1.06 1.04
Multifunctional halogenated H, C, N, O compounds 4 1.59  1.60 1.58 1.57
Thiols 10 0.44 0.43 0.41 0.39
Sulfides 13 0.65 0.65 0.66 0.66
Disulfides 4 0.50 0.51 0.51 0.51
Sulfur heterocycles 21 0.38  0.37 0.36 0.36
F, Cl, Br, S absolute free energies 210 0.67 0.67 0.67 0.67
F, Cl, Br, S transfer free energies 33 0.61 0.60 0.59 0.58
H, C, N, O, F, S, Cl data 243 0.67 0.66 0.66 0.66
H,C,0O,P 25 1.25 1.25 1.30 1.36
H,C,N,O,P, S 6 146 1.42 1.42 1.40
H, C, N, O, P, halogen 10 .13 1.08 1.06 1.03
H, C, N, O, P, S, halogen S 3.01 295 2.90 2.84
All P absolute free energies 37 1.63  1.60 1.62 1.65
All P transfer free energies 9 0.68  0.67 0.67 0.68
All P data 46 144 142 1.44 1.46
All absolute free energies 1,980 0.53  0.52 0.52 0.53
All transfer free energies 79 0.55 0.54 0.53 0.52

All data 2,059 0.53  0.52 0.52 0.53
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Table 18. MUE:s (in kcal/mol)

of the free energies of solvation Solute class No. of data X=0 X=25 X=42.8 X=60.6
for various solute classes of
solutes in organic solvents Inorganic HCN 13 1.08 1.07 1.06 1.03
calculated by SM5.43R/ Inorganic compounds 20 0.80 0.79 0.78 0.77
MPW.X/6-31+ G(d,p) (X=0, All inorganic compounds 33 091 0.90 0.89 0.88
25, 42.8, and 60.6). Averaged Unbranched alkanes 85 0.37 0.37 0.37 0.37
values of surface tension Branched alkanes 7 0.50 0.50 0.50 0.50
parameters from MPW.X/ Cycloalkanes 13 0.49 0.49 0.49 0.49
6-31+G(d,p) are used Alkenes 18 0.31 0.32 0.32 0.32
Alkynes 9 0.32  0.31 0.31 0.31
Arenes 134 0.61  0.60 0.61 0.61
Alcohols 273 041 042 0.43 0.43
Phenols 109 0.58 0.56 0.55 0.53
Ethers 87 0.37 0.38 0.38 0.38
Aldehydes 32 0.52  0.51 0.51 0.52
Acetones 195 0.54 0.53 0.52 0.50
Carboxylic acids 120 0.45 045 0.45 0.46
Esters 238 0.47 047 0.47 0.48
Nonhalogenated bifunctional compounds 28 1.59  1.65 1.67 1.69
All H, C, O, compounds 1,348 0.50 0.50 0.50 0.50
Aliphatic amines 154 0.38 0.38 0.38 0.39
Anilines 26 0.36 0.37 0.38 0.39
Ar N heterocycles (1 N in ring) 58 047 047 0.47 0.47
Ar N heterocycles (2 Ns in ring) 8 0.85 0.87 0.87 0.90
Nitriles 20 0.53  0.52 0.52 0.50
Bifunctional HCN and HCNO 4 1.05 095 0.90 0.85
H, C, N compounds 271 043 043 0.43 0.44
Amides 16 0.35 0.38 0.40 0.43
Ureas 7 1.08 1.10 1.12 1.17
Nitrohydrocarbons 88 0.37 0.38 0.38 0.39
Bifunctional HCN and HCNO 7 0.59  0.60 0.61 0.63
Compounds with H, C, N, O 118 042 043 0.44 0.46
All H, C, N, O absolute free energies 1,733 049 049 0.49 0.49
All H, C, N, O transfer free energies 37 046 045 0.45 0.46
All H, C, N, O data 1,770 0.49 0.49 0.49 0.49
Fluorinated hydrocarbons 5 0.64 0.64 0.64 0.64
Fluoroarenes 11 0.95 1.02 1.07 1.12
Chloroalkanes 26 0.61 0.59 0.58 0.57
Chloroalkenes 15 0.87 0.88 0.88 0.88
Chloroarenes 31 0.36 0.36 0.36 0.37
Brominated hydrocarbons 21 0.70  0.70 0.70 0.70
Bromoalkenes 2 0.19 0.20 0.20 0.20
Bromoarenes 16 0.54 0.55 0.56 0.57
Multihalogenated compounds 14 043  0.43 0.43 0.43
Log P: amides & ureas, halogen-containing S 0.62 0.62 0.61 0.60
Log P: amides & ureas, halogen-containing 10 1.17  1.16 1.14 1.13
Log P: Other halogenated compounds 1 0.13  0.13 0.13 0.13
Multifunctional halogenated H, C, O compounds 33 1.10  1.09 1.08 1.06
Multifunctional halogenated H, C, N, O compounds 4 1.54 1.55 1.52 1.50
Thiols 10 044 0.43 0.42 0.41
Sulfides 13 0.68 0.68 0.68 0.69
Disulfides 4 048 0.48 0.49 0.49
Sulfur heterocycles 21 0.39 0.38 0.38 0.37
F, Cl, Br, S absolute free energies 210 0.69 0.69 0.69 0.69
F, Cl, Br, S transfer free energies 33 0.64 0.63 0.62 0.61
H, C, N, O, F, S, Cl data 243 0.68 0.68 0.68 0.68
H,C,0O,P 25 1.31  1.34 1.41 1.49
H,C,N,O,P, S 6 140 141 1.38 1.36
H, C, N, O, P, halogen 10 .12 1.07 1.04 1.01
H, C, N, O, P, S, halogen S 274 283 2.76 2.76
All P absolute free energies 37 1.64 1.64 1.66 1.71
All P transfer free energies 9 0.62  0.69 0.69 0.68
All P data 46 144 1.45 1.47 1.51
All absolute free energies 1,980 0.53 0.53 0.54 0.54
All transfer free energies 79 0.55 0.55 0.55 0.55

All data 2,059 0.53  0.53 0.54 0.54
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Table 19. MUE:s (in kcal/mol) of the free energies of solvation of
solutes in each organic solvent calculated by MPW X/MIDI! (X =0,
25, 42.8, and 60.6). Averaged values of the surface tension
parameters from MPWX/MIDI! are used

Table 22. MUE:s (in kcal/mol) of the free energies of solvation of
solutes in each organic solvent calculated by MPW X/6-31+ G(d)
(X=0, 25, 42.8, and 60.6). Averaged values of the surface tension
parameters from MPW X/6-31+ G(d) are used

Solvent class No. of data X=0 X=25 X=42.8 X=60.6

Solvent class No. of data X=0 X=25 X=42.8 X=60.6

Alkanes 597 042 042 042 0.43
Arenes 274 048 047 0.406 0.46
Alcohols 338 0.70 0.69  0.68 0.68
Ketones 43 0.61 0.62 0.61 0.64
Esters 39 0.67 0.64 0.62 0.60
Ethers 125 0.64 0.63 0.62 0.62
Amines 16 0.52 049 0.49 0.49
Pyridines 19 0.52 0.52  0.50 0.50
Nitriles 14 0.56 0.59 0.58 0.59
Nitrohydrocarbons 34 0.66 0.72 0.73 0.76
Amides 21 0.52 048 047 0.45
Haloaliphatics 287 0.53 0.54 0.55 0.56
Haloaromatics 116 0.50 0.53 0.54 0.56
Other C, H, O solvents 13 0.60 0.59 0.59 0.59
Other solvents 44 0.57 0.57 0.58 0.58

Alkanes 597 042 042 042 0.42
Arenes 274 048 048 0.48 0.48
Alcohols 338 0.69 0.69 0.69 0.69
Ketones 43 0.59 0.58 0.58 0.58
Esters 39 0.68 0.67 0.66 0.65
Ethers 125 0.59 0.58 0.58 0.58
Amines 16 0.51 0.51  0.50 0.50
Pyridines 19 0.37 036 0.37 0.37
Nitriles 14 0.50 0.49 0.49 0.49
Nitrohydrocarbons 34 0.62 0.61  0.60 0.60
Amides 21 042 043 044 0.45
Haloaliphatics 287 0.52 0.52 0.52 0.53
Haloaromatics 116 0.54 0.54 0.54 0.54
Other C, H, O solvents 13 0.59 0.59 0.59 0.59
Other solvents 44 0.56 0.58  0.59 0.60

Table 20. MUE:s (in kcal/mol) of the free energies of solvation of
solutes in each organic solvent calculated by MPW.X/MIDI!6D
(X=0, 25, 42.8, and 60.6). Averaged values of the surface tension
parameters from MPWX/MIDI!6D are used

Table 23. MUE:s (in kcal/mol) of the free energies of solvation of
solutes in each organic solvent calculated by MPWX/6-31 + G(d,p)
(X=0, 25, 42.8, and 60.6). Averaged values of the surface tension
parameters from MPW X/6-31+ G(d,p) are used

Solvent class No. of data X=0 X=25 X=42.8 X=60.6

Solvent class No. of data X=0 X=25 X=42.8 X=60.6

Alkanes 597 043 043 043 0.43
Arenes 274 049 048 047 0.46
Alcohols 338 0.72 0.70  0.69 0.69
Ketones 43 0.64 0.64 0.65 0.67
Esters 39 0.69 0.66 0.63 0.62
Ethers 125 0.66 0.65 0.64 0.63
Amines 16 0.54 0.51 0.51 0.51
Pyridines 19 0.53 0.53 0.52 0.52
Nitriles 14 0.59 0.61 0.61 0.63
Nitrohydrocarbons 34 0.70 0.75 0.77 0.79
Amides 21 0.53 048 047 0.45
Haloaliphatics 287 0.54 0.55 0.56 0.57
Haloaromatics 116 0.51 0.54 0.56 0.58
Other C, H, O solvents 13 0.61 0.60 0.61 0.60
Other solvents 44 0.59 0.59 0.59 0.59

Table 21. MUEs (in kcal/mol) of the free energies ofsolvation of
solutes in each organic solvent calculated by MPW X/6-31G(d)
(X=0, 25, 42.8, and 60.6). Averaged values of the surface tension
parameters from MPWX/6-31G(d) are used

Solvent class No. of data X=0 X=25 X=42.8 X=60.6

Alkanes 597 041 041 041 0.41
Arenes 274 047 045 045 0.44
Alcohols 338 0.68 0.67 0.66 0.66
Ketones 43 0.59 0.59 0.58 0.59
Esters 39 0.65 0.62 0.60 0.58
Ethers 125 0.61 0.60 0.59 0.59
Amines 16 0.50 049 048 0.47
Pyridines 19 0.46 046 045 0.44
Nitriles 14 048 048 049 0.51
Nitrohydrocarbons 34 0.62 0.66 0.67 0.69
Amides 21 045 044 042 0.41
Haloaliphatics 287 0.51 0.52 0.52 0.52
Haloaromatics 116 0.50 0.53 0.54 0.55
Other C, H, O solvents 13 0.59 0.60 0.58 0.58
Other solvents 44 0.56 0.58 0.58 0.59

Alkanes 597 043 043 043 0.43
Arenes 274 0.48 048 0.48 0.49
Alcohols 338 0.71 0.71 0.71 0.71
Ketones 43 0.60 0.59  0.59 0.59
Esters 39 0.69 0.68 0.67 0.66
Ethers 125 0.61 0.60 0.60 0.59
Amines 16 0.50 0.50  0.50 0.50
Pyridines 19 0.40 0.38 0.38 0.37
Nitriles 14 0.51 0.51 0.51 0.50
Nitrohydrocarbons 34 0.64 0.64 0.64 0.63
Amides 21 042 042 043 0.44
Haloaliphatics 287 0.53 0.54 0.54 0.55
Haloaromatics 116 0.54 0.54 0.55 0.55
Other C, H, O solvents 13 0.61 0.62 0.61 0.61
Other solvents 44 0.56 0.58 0.59 0.60

predicting solvation free energies, partition coefficients,
solubilities, vapor pressures, liquid-phase geometries,
and potentials of mean force for a broad range of
chemical compounds.

6. Availability of SMS.43R

The SM5.43R methods presented here are available in
HONDOPLUS [196], which incorporates our solvation
model into the HonDO program [197]. For more
information on HONDOPLUS, see http://comp.chem.
umn.edu/hondoplus. The new methods are also avail-
able for Gaussian users in a program called SMXGAUSS
[198]. This program can read a Gaussian output file
corresponding to a gas-phase calculation of a given
solute and carry out a single-point calculation with
SM5.43R or a geometry optimization or a Hessian
calculation with SM5.43. In addition, for users who
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Table 24. Solvation free energies (kcal/mol) of selected neutral solutes in three solvents calculated by SM5.43R using mPW1PWO91 and
the indicated basis set. Averaged values of the surface tension parameters are used for all SM5.43R methods

Basis set n-Hexadecane 1-Octanol Water

Ggp Gcps AGS Ggp Gceps AGY Gep Gcps AGg
Toluene
MIDI! -1.22 -3.92 -5.14 -2.24 -2.82 —-5.06 -2.48 7 -1.31
MIDI!6D -1.22 -3.95 -5.17 -2.24 -2.85 -5.09 -2.48 15 -1.34
6-31G(d) -1.14 -3.94 —-5.08 -2.09 -2.88 —4.98 -2.32 1.14 -1.18
6-31 +G(d) -1.12 -3.92 -5.05 -2.06 -2.89 -4.96 -2.29 5 -1.04
6-31+G(d,p) -1.10 -3.97 -5.07 -2.00 -3.00 -5.00 -2.22 3 -1.09
Experiment —4.54 -4.55 -0.89
Phenol
MIDI! -2.25 -2.93 -5.18 -4.13 -3.68 -7.82 -4.59 -1.95 -6.53
MIDI!6D -2.19 -2.99 -5.18 —4.03 -3.75 =7.78 —4.48 -2.02 —-6.50
6-31G(d) -2.37 -2.82 -5.19 —4.36 -3.49 -7.85 —4.85 -1.70 -6.55
6-31+G(d) -2.19 -2.97 -5.17 -4.01 -3.71 =7.71 —4.44 -1.77 -6.21
6-31+G(d,p) -2.16 -3.01 -5.17 -3.93 -3.80 =7.72 —4.34 —-1.89 -6.24
Experiment -5.14 -8.69 —6.62
Ethanol
MIDI! -1.62 —-0.89 -2.50 -2.93 -2.58 -5.51 -3.24 -2.28 -5.53
MIDI!6D -1.61 -0.91 -2.52 -2.93 -2.62 -5.55 -3.24 -2.32 -5.56
6-31G(d) -1.77 -0.75 -2.52 -3.23 -2.32 -5.55 -3.57 -2.03 —-5.60
6-31+G(d) -1.71 —-0.83 -2.54 -3.09 -2.44 -5.53 -3.42 -2.15 -5.57
6-31+G(d,p) -1.73 -0.85 -2.57 -3.11 -2.48 —-5.58 -3.43 -2.20 -5.63
Experiment -2.03 -4.36 -5.01
Tetrahydrofuran
MIDI! -1.34 -2.39 -3.73 -2.46 -2.17 —4.63 -2.73 —-0.74 -3.46
MIDI!6D -1.39 -2.33 -3.71 -2.55 -2.09 —4.64 -2.83 —-0.65 —3.48
6-31G(d) -1.29 -2.43 -3.72 -2.37 -2.23 —4.60 -2.62 —-0.82 -3.44
6-31+G(d) -1.14 -2.55 -3.69 -2.11 -2.38 —4.48 -2.34 -0.92 -3.26
6-31+G(d,p) -1.11 -2.61 -3.72 -2.05 -2.48 —4.53 -2.28 -1.03 -3.31
Experiment -3.60 -3.93 -3.47
Anisole
MIDI! -1.82 -2.83 —4.65 -3.35 —-1.88 -5.23 -3.72 0.57 -3.15
MIDI!6D -1.84 -2.81 —4.65 -3.39 -1.85 -5.24 -3.77 0.62 -3.16
6-31G(d) -1.78 -2.90 —4.69 -3.29 -1.99 -5.28 —-3.66 0.49 -3.17
6-31+G(d) -1.66 -2.99 -4.65 -3.07 -2.14 -5.20 -3.41 0.49 -2.92
6-31+G(d,p) -1.58 -3.07 —4.66 -2.91 -2.28 -5.19 -3.23 0.31 -2.93
Experiment =535 =547 -2.45
Benzaldehyde
MIDI! -2.40 -2.63 -5.03 —4.51 -1.71 -6.21 -5.02 0.47 —4.55
MIDI!6D -2.41 -2.61 -5.02 —4.53 -1.65 -6.19 -5.06 0.54 —4.52
6-31G(d) -2.42 -2.69 -5.12 —4.63 -1.79 -6.42 -5.20 0.47 —4.73
6-31+G(d) -2.52 -2.84 -5.37 —4.83 -2.07 —-6.90 -5.42 0.38 -5.04
6-31+G(d,p) -2.50 -2.87 -5.37 -4.76 -2.13 —-6.89 -5.33 0.26 -5.07
Experiment -5.44 —-6.13 -4.02
Butanone
MIDI! -2.31 —-1.40 -3.71 -4.39 -1.09 -5.49 -4.92 0.76 -4.16
MIDI!6D -2.34 -1.36 -3.69 —4.48 -1.01 -5.49 -5.02 0.86 —4.16
6-31G(d) -2.22 —-1.45 -3.67 -4.29 -1.14 -5.43 —4.82 0.74 —4.08
6-31+G(d) -2.05 -1.50 -3.54 -3.94 -1.29 -5.23 —4.43 0.61 -3.82
6-31+G(d,p) -2.12 -1.48 -3.60 -4.07 -1.28 -5.35 —4.57 0.60 -3.97
Experiment =3.12 -3.78 -3.64
Cyclopentanone
MIDI! -2.03 -2.58 —4.60 -3.80 -2.33 —-6.13 —4.24 —-0.10 —4.34
MIDI!6D -2.07 -2.54 —4.60 -3.89 -2.24 -6.13 -4.35 0.00 —4.35
6-31G(d) -1.99 -2.60 —4.60 -3.80 -2.35 —-6.15 —4.26 —-0.08 —4.34
6-31+G(d) -1.91 -2.72 —4.63 -3.68 -2.58 -6.25 —4.12 —-0.26 —4.38
6-31+G(d.p) -1.92 -2.69 —4.60 -3.68 -2.54 -6.22 —4.13 —-0.24 —4.36
Experiment -4.39 -5.01 —4.68
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Table 24. (Contd.)

Basis set n-Hexadecane 1-Octanol Water

Ggp Gceps AGg Gep Geps AGg Gep Gceps AGg
Propanoic acid
MIDI! -2.54 -1.32 -3.86 —4.66 -2.02 —6.68 =517 -1.35 -6.52
MIDI!6D -2.51 -1.35 -3.86 —4.63 -2.01 —6.64 =5.15 -1.35 —6.49
6-31G(d) -2.63 —-1.14 -3.76 —4.87 —-1.81 —6.68 -5.41 -1.03 —-6.44
6-31+G(d) -2.32 -1.25 -3.57 —4.26 -2.21 —-6.48 —4.73 -1.34 —-6.07
6-31+G(d,p) -2.34 -1.27 -3.61 —4.30 -2.22 —-6.52 -4.77 -1.38 —-6.16
Experiment =3.12 —-6.86 —-6.47
Ethyl acetate
MIDI! -2.08 -1.55 -3.63 -3.85 —-0.56 -4.41 —4.28 1.01 -3.26
MIDI!6D -2.13 —-1.49 -3.62 -3.95 —-0.45 -4.40 -4.39 1.13 -3.26
6-31G(d) -2.06 -1.56 -3.62 -3.85 —-0.66 -4.51 —4.28 0.98 -3.30
6-31+G(d) -2.14 -1.63 -3.77 —4.03 —-0.98 -5.01 —4.50 0.76 -3.75
6-31+G(d,p) -2.07 -1.69 -3.76 -3.90 -1.03 -4.94 -4.36 0.66 -3.70
Experiment -3.25 -4.06 -3.10
Propylamine
MIDI! -1.29 -1.41 -2.70 -2.31 -2.09 -4.40 -2.55 -0.93 -3.48
MIDI!6D -1.35 -1.33 -2.67 -2.42 -1.96 —4.38 -2.66 —-0.79 —3.45
6-31G(d) -1.33 —-1.40 -2.73 -2.39 -2.06 —4.45 -2.64 -0.92 -3.56
6-31+G(d) -1.36 -1.37 -2.73 -2.46 -2.05 —4.51 -2.72 -0.93 -3.65
6-31+G(d,p) -1.37 -1.37 -2.73 -2.46 -2.06 —4.52 -2.72 -0.91 -3.62
Experiment -2.92 -4.77 -4.39
Pyridine
MIDI! -2.24 -2.12 —4.35 -4.20 -1.61 —-5.81 —4.69 0.36 —4.33
MIDI!6D -2.31 -2.03 —4.33 —4.34 -1.49 -5.83 —4.84 0.50 —4.34
6-31G(d) -2.17 -2.25 —4.43 —4.12 -1.76 —-5.88 -4.61 0.16 —4.45
6-31+G(d) -1.97 -2.48 —4.45 -3.73 -2.07 —-5.80 —4.17 —-0.20 —4.37
6-31+G(d,p) -1.91 -2.59 —4.50 -3.60 -2.25 -5.85 —4.02 —-0.41 —4.43
Experiment -4.10 -5.34 -4.70
Nitrobenzene
MIDI! -2.17 -3.13 -5.30 —4.09 -1.12 -5.20 —4.56 1.54 -3.02
MIDI!6D -2.17 -3.07 -5.25 —4.10 -0.97 -5.07 —4.58 1.68 -2.90
6-31G(d) -2.31 -3.15 -5.46 —4.42 -1.25 -5.67 —4.97 1.56 -3.41
6-31+G(d) -2.25 -3.53 -5.77 -4.39 -1.96 -6.35 —4.96 1.05 -3.90
6-31+G(d,p) -2.23 -3.63 —-5.85 —4.34 -2.15 —6.48 —4.89 0.834 —4.06
Experiment -6.22 —-6.63 -4.12
Thiophene
MIDI! —-0.84 -2.87 -3.71 -1.54 -2.08 -3.62 -1.71 -0.27 -1.98
MIDI!6D —-0.86 -2.86 -3.72 -1.57 -2.08 -3.65 -1.74 -0.27 -2.01
6-31G(d) —-0.80 -2.87 -3.67 -1.47 -2.11 -3.58 -1.63 —-0.15 -1.77
6-31+G(d) -0.89 -2.85 -3.74 -1.63 -2.11 -3.74 -1.81 -0.41 -2.22
6-31+G(d,p) —-0.85 -2.84 -3.70 -1.55 -2.14 -3.70 -1.72 -0.51 -2.23
Experiment -4.01 -3.89 -1.42
Chlorobenzene
MIDI! -1.04 —4.22 -5.27 -1.93 -3.25 -5.18 -2.14 0.65 -1.50
MIDI!6D —1.04 -4.25 -5.29 -1.92 -3.28 -5.20 -2.14 0.62 -1.52
6-31G(d) -1.01 —4.23 -5.24 -1.87 -3.29 -5.16 -2.08 0.66 -1.43
6-31+G(d) -0.97 —4.21 -5.18 -1.78 -3.30 -5.08 -1.98 0.78 -1.20
6-31+G(d,p) -0.96 —4.25 -5.21 -1.76 -3.38 -5.14 -1.95 0.67 -1.28
Experiment -4.99 -5.00 -1.12

have a Gaussian03 executable, sMXGAUSS can be used
in conjunction with the “External” option introduced
in Gaussian03. This allows for liquid-phase geometry
optimizations with the powerful optimizers available in

Gaussian. For more information on SMXGAUSS,
http://comp.chem.umn.edu/smxgauss.
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