
Published: August 29, 2011

r 2011 American Chemical Society 14556 dx.doi.org/10.1021/jp205508z | J. Phys. Chem. B 2011, 115, 14556–14562

ARTICLE

pubs.acs.org/JPCB

Use of Solution-Phase Vibrational Frequencies in Continuum Models
for the Free Energy of Solvation
Raphael F. Ribeiro, Aleksandr V. Marenich, Christopher J. Cramer,* and Donald G. Truhlar*

Department of Chemistry and Supercomputing Institute, University of Minnesota, 207 Pleasant Street S.E., Minneapolis,
Minnesota 55455-0431, United States

1. INTRODUCTION

A recent Comment1 in The Journal of Physical Chemistry A
about the use of implicit solvation models discussed what were
perceived as “shortcomings”, “confusion”, and “incorrect” label-
ing of output in three widely available electronic structure
programs,2�4 as well as perceived misuse of that labeled output
in publications. We here assert that there are no errors in the
output and that what were perceived as shortcomings and mis-
use are instead well-defined and useful approximations; the
Comment1 needlessly narrowed the definition of free energy in
solution to a single meaning that is inconsistent with the broader
range of correct meanings in common use. In light of the con-
flicting statements in the literature, we present the theory here in
a fashion that we hope will be useful for those engaged in practical
work, and we follow this with computations to confirm our main
theoretical points.

In order to make the situation clear, we must begin with the
concept of a potential of mean force (PMF), also called a free
energy surface (FES). This is the solution-phase analogue of a
gas-phase potential energy surface.5�13 Although this concept is
not mentioned in the Comment, its appreciation is essential to
understanding what we regard as a fundamental confusion in the
Comment. A textbook14 on molecular simulation correctly states
that, “Implicit solvent models based on continuum electro-
static treatments...essentially approximate the potential of mean
force.... The potential of mean force is an effective free energy

potential....” The concept of a PMF or FES was introduced by
Kirkwood15 in 1935, it is used in theDebye�H€uckel theory,16a and
it has been widely used in the chemical physics literature, espe-
cially for the case of a single coordinate.17�20 The PMF as a func-
tion of a single atomic coordinate is also called a free energy
profile,21 and it gets its name in that context because the mean
force acting on the selected coordinate is given byminus the deri-
vative of the free energy function with respect to that coordinate.
In such functions, the privileged coordinate is a special case of an
order parameter.21 More generally, this interpretation applies to
a PMF or FES that is a function of any number of coordinates.

2. THEORY

A general scheme for working with the FES in liquid-phase
solution has been presented in a recent article,13 and the reader
may consult that for further discussion. Here we outline the
major issues using the notation of that article. Let R denote the
3N� 6 internal coordinates of the solute, and let P denote their
conjugate momenta. Let r and p denote the remaining coordi-
nates and conjugate momenta of the entire system (solute plus
solvent). For simplicity in presenting our main points, we do not
here distinguish between Gibbs free energy G and Helmholtz
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free energy A. We assume the Born�Oppenheimer approxima-
tion with only the ground electronic state occupied. The thermo-
dynamic free energy G(S) of species S is given by16b

e�βGðSÞ ¼ C
Z
S
dR dP dr dp e�βHðR,P, r, pÞ ð1Þ

where C is a geometry-independent constant determined by
the choices for zero of energy and standard state, H is the
Hamiltonian, and β is 1/~kT where ~k is Boltzmann’s constant and
T is temperature. Notice that the integral is taken only over the
range of R that corresponds to species S. For example, for s-cis-4-
methyl-1,3-pentadiene one integrates over the portion of the
R space corresponding to the s-cis structure but not the s-trans
and not the portion of the space corresponding to isomers of
2-methyl-1,3-pentadiene or other isomers. One could, if desired,
carry out the integration of eq 1 in two steps:

e�βWðRÞ ¼ C0
Z

dR0 dP dr dp δðR � R0Þe�βHðR0 ,P, r, pÞ

ð2Þ

e�βGðSÞ ¼ C00 Z
S
dR e�βWðRÞ ð3Þ

where C0 and C00 are geometry-independent constants that again
depend on zero of energy and standard-state conventions. The
quantityW is called the FES or PMF. For a particular choice ofC0
and C00 we have

WðRÞ ¼ EðRjliqÞ þ ΔGcoupðRÞ ð4Þ
where E(R|liq) is the liquid-phase expectation value of the gas-
phase Hamiltonian, and22a

e�βΔGcoupðRÞ ¼ Æe�βBðRÞæ ð5Þ

where B is the coupling energy of the rigid solute to the solvent at
structure point R, and the average is over all configurations of
the solvent. We let Re denote the equilibrium geometry of the
solute in the gas phase, and let Rl be the geometry that minimizes
the FES of eq 4. Then

G�ðSjgasÞ ¼ EðRejgasÞ þ G�
transðSjgasÞ þ Gcon�rovibðSjgasÞ

ð6Þ
and

G�ðSjliqÞ ¼ WðR lÞ þ G�
libðSjliqÞ þ Gcon�rovibðSjliqÞ ð7Þ

where Gtrans
� is the translational free energy, Gcon�rovib is

the conformational�vibrational�rotational free energy, and
Glib
� (S|liq) is the liberational22a free energy. Notice that E(R|gas)

is just the gas-phase Born�Oppenheimer potential energy surface
sometimes written as V(R).

If we choose standard states in which the concentration of the
solute is fixed in the gas phase to be the same as in solution (such
a standard state choice is indicated by an asterisk), then it can be
shown22a that

G�
transðSjgasÞ ¼ G�

libðSjlibÞ ð8Þ

We define the fixed-concentration free energy of solvation of S as

ΔG�
SðSÞ ¼ G�ðSjliqÞ � G�ðSjgasÞ ð9Þ

Combining eqs 4 and 6�9 yields

ΔG�
SðSÞ ¼ ΔGcoupðRlÞ þ ΔEENðR l,RgÞ þ ΔGcon�rovibðSÞ

ð10Þ
where we have defined

ΔEENðR l,RgÞ ¼ EðR ljliqÞ � EðRgjgasÞ ð11Þ
and

ΔGcon�rovibðSÞ ¼ Gcon�rovibðSjliqÞ � Gcon�rovibðSjgasÞ
ð12Þ

For future discussion, we may partition Gcon�rovib into Gcon and
Grovib, where Grovib is the rotational�vibrational free energy
in the most populated conformation, and Gcon is the difference
of the free energy calculated by considering all significantly
populated conformations from the free energy computed by
considering only the most populated conformation. In the gas
phase, one often assumes that vibration and rotation are separ-
able, in which case Grovib becomes the sum of a rotational
contribution, Grot, and a vibrational one, Gvib. The solution-
phase analogue of this approximation is also useful, provided that
one recognizes that gas-phase rotations are converted into liquid-
phase librational motions; this is discussed further below.

Note also that we sometimes label the sum of the polarization
free energy7,23 GP and ΔEEN as ΔGENP, and similarly, it is
convenient to define

ΔGEPðRgÞ ¼ GPðRgÞ þ EðRgjliqÞ � EðRgjgasÞ ð13Þ
Next we consider how we proceed in the SMx solvation

models,23�27 although similar considerations can be applied to
other continuum solvent models. We approximate the solute�
solvent coupling by

ΔGcoup ¼ ΔGEPðR lÞ þ GCDSðR lÞ ð14Þ
where ΔGEP is the electronic�polarization contribution to the
solvation free energy based on bulk electrostatics andGCDS is the
contribution from cavitation, dispersion, and solvent structural
effects. (A note on labeling: in “EP” and “electronic�polarization”,
the abbreviation E and the word “electronic” refer to the elec-
tronic degrees of freedom of the solute and the abbreviation P
and the word “polarization” refer to the bulk electric polarization
of the solvent, which—at the level of a molecular treatment of the
solvent—involves translational, orientational, vibrational, and
electronic reorganization of solvent molecules.) The solvent
structural effects denoted by the abbreviation S in the CDS term
include, by definition, hydrophobic effects, hydrogen bonding,
exchange repulsion between solute and solvent, and deviations of
first-solvation-shell electrostatics from bulk electrostatics. Note
that GCDS is called Gnes in ref 1.

The claim in ref 1 that the computer output is mislabeled
essentially refers to labeling eq 4 as a free energy. But, as ex-
plained above, W(R) does have the status of a free energy, and
there is a large literature discussing such free energy quantities.
To summarize the issue more informally, we note that the
thermodynamic free energy of a species is obtained by averaging
over all solvent and solute degrees of freedom. But in statistical
mechanics, one may define free energy functions by averaging
over all but one or a few degrees of freedom, or by averaging over
all solvent degrees of freedom and no solute degrees of free-
dom, or indeed by averaging over any arbitrary subset of the total
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degrees of freedom; the free energy function is then a function of
the unaveraged degrees of freedom. In the case of one unaver-
aged degree of freedom, the free energy function becomes a free
energy profile, and in the case of more than one unaveraged
degree of freedom, the free energy function becomes a free
energy surface. In either case, the free energy function is a poten-
tial of mean force. What we calculate directly in our solvation
models (and what is routinely calculated in electronic structure
packages when self-consistent reaction (SCRF) field calculations
are performed) is the free energy surface where the unaveraged
degrees of freedom are all the internal degrees of freedom of the
solute.

Recall that, in the gas phase, the electronic energy and hence
the potential energy surface for nuclear motion are functions
of all internal degrees of freedom, but in the lowest order
of approximation, one sometimes approximates the thermody-
namic functions of species by evaluating the potential energy at a
single geometry, in particular the equilibrium geometry. Similar
approximations are used as the lowest order approximation in
solution; that is, the thermodynamic free energy is evaluated
from the potential of mean force at a single geometry. This is a
better approximation in some cases than in others. Thus,
the claim in ref 1 that the results of implicit solvation models
are misused in the literature must be examined on a case-by-case
basis, but in most cases cited,1 the issue is more that the example
failed to follow the unnecessarily restrictive prescriptions of ref 1
than that an actual mistake was made. Calculations in solution
can employ a hierarchy of approximations, just as one encounters
in the gas phase. For example, in the gas phase, one sometimes
computes a composite free energy based on vibrational partition
functions calculated at a lower level (“double slash” calculations),
and sometimes one even neglects vibrational effects. Similar ap-
proximations may sometimes be made in liquid-phase reactions.
Naturally, one cannot interpret results without reference to the
approximations employed, but that does not detract from the
potential utility of any individual choice.

3. DISCUSSION

The Comment1 also makes several interrelated points that
bear discussion: (1) Using inaccurate models such as B3LYP
for gas-phase energetics, even when augmented by accurate
solvation free energies, often leads to unacceptably large errors.
(2) The use ofGcon�rovib(S|liq)may incur some degree of double
counting of solvation effects because the calculated free energies
of solvation may already include some of the difference between
the liquid-phase and gas-phase values of Gcon�rovib due to
employing empirical parameters. (3) “Ideal gas [molecular]
partition functions, particularly the translational and rotational
contributions, are unlikely to be valid in solution. Furthermore
the structural re-organization of the solvent is completely ne-
glected through this approach,” and any good results obtained
this way are “serendipitous”. (4) The temperature dependence of
the solvation free energy should not be neglected. (5) When
structural parameters in solution are substantially different from
those in the gas phase, or the conformer distribution changes, the
correct approach involves independent treatment of gas- and
solution-phase ensembles. (6) Even with independent treat-
ments, such systems may be beyond the reach of current models.
(7) Parameterized models should be used in a way consistent
with their parametrization.We agree with points (1), (4), (5), and
(7), but we agree only partly with (2) and (3), and we think (6)

is overly pessimistic, although one’s attitude on (2), (3), and (6)
depends on the level of accuracy one is pursuing. Concerning
point (4), we direct the reader to our work28�30 on temperature-
dependent implicit solvation models for further discussion.

Next, consider point (2). During parametrization, we (and
others) have mainly (but not always) used solute training sets for
which one may safely neglect both (i) the difference between
ΔGENP at the gas-phase optimized geometry and ΔGENP at the
solution-phase optimized geometry and (ii) ΔGcon�rovib. This
does not mean that they are zero, just that they are expected to be
smaller than the mean error intrinsic to the continuum solvation
model. This justifies neglecting them during parametrization. It
does not justify neglecting them for arbitrary applications, where
they may on a case-by-case basis be significant, and they should
be included when they are significant. Nevertheless, one or both
of them are small in many cases. When ΔGcon�rovib is negligible,
one may replace Gcon�rovib (S|liq) by Gcon�rovib (S|gas) in eq 7,
and this leads to an equation like eq 4 of ref 1. While the authors
of ref 1 take the attitude that onemust useGcon�rovib (S|gas) with
implicit solvation models, our derivation shows that one should
use the liquid-phase value when it is expected to differ signifi-
cantly from the gas-phase value.We neglect this difference during
parametrization not because we think that the parameters in GP

and GCDS can systematically include the effect in general, but
rather because we choose a training set specifically designed to
make the effect as small as possible during parametrization. In
fact, in the first continuum solvent paper in the SMx series,23

we said,

“In the present paper, in comparing to experiment for
solvation free energies, we will simply assume that the
solution-phase electronic-excitation and vibrational contri-
butions are canceled by the gas-phase electronic-excitation
and vibrational contributions. (Note especially that we do
not claim that the vibrational zero point or thermal con-
tributions are absorbed in the empirical parameters. It will
often be useful or necessary to explicitly incorporate the
vibrational contributions in later work, e.g., to calculate iso-
tope effects or simply for higher accuracy, and we plan to do
this. In fact, the present scheme is specifically designed with
the intention that one should be able to use it to calculate
vibrational frequencies in the presence of solvent.)”

Even if the effect is significant for some solutes in the training
set, although some component of the effect might be included
in GCDS to the extent that it is approximately group additive,
the parametrization is unlikely to capture the effect because the
functional form is chosen to capture electrostatics, cavitation, dis-
persion, and solvent structural effects, not solvatochromic effects
on solute vibrations. One exception concerns the conversion of
rotational motions into low-frequency modes as discussed in the
next paragraph.

Consider next point (3). First of all, translation does not cause
a problem. As shown clearly by Ben-Naim, the translational parti-
tion function in the gas phase becomes the liberation free energy
in solution.22b Second, the conversion of gas-phase rotations into
solution-phase librations has long been recognized as an issue.31

For example, a pedagogical chapter32 in theTechniques of Chemistry
series says that solution-phase thermodynamics may be based on
“partition functions in an adiabatic bath. This may involve im-
portant changes from the gas phase in the nature of the normal
modes. For example, free rotation is usually missing in solution



14559 dx.doi.org/10.1021/jp205508z |J. Phys. Chem. B 2011, 115, 14556–14562

The Journal of Physical Chemistry B ARTICLE

and is replaced by hindered rotations.” This total makeover of
low-frequency solute rotational modes is intimately coupled
to solvent structural perturbations that are included in the
parametrization of cavity�dispersion�solvent-structure terms
in SMxmodels, and so it is reasonable to assume that calculations
of ΔGcon�rovib should include only the 3N � 6 gas-phase vibra-
tions. In fact that is how it was treated in a recent application.13

We agree with the Comment1 that the free energy associated
with hindering rotation upon dissolution is partly included in the
parametrization (for SMx models, it is in the solvent-structural
terms) and that it is not included perfectly, but our point is that it
is not treated inconsistently or confusingly: it is a well-defined
approximation. The low-frequency torsions can also be strongly
affected upon dissolution, and that can change the number of
solute conformations. That couples this point to point (5), and it is
the reason why ΔGcon�rovib is actually a change in the con-
formational�rovibrational partition function, not just a change in
the rovibrational partition function in a given conformation. The
torsions are also strongly coupled to rotations, and this further
complicates the situation. The accurate treatment of the solution-
phase thermochemistry of floppy solutes or solute�solvent com-
plexes treated as supermolecular solutes is a challenge for the future.

If, instead of treating the conversion of rotations into libra-
tions, we approximate them as unhindered rotations in solution,
we find that the dependence of the rotational partition functions
on the molecular principal moments of inertia makes them very
insensitive to the small changes in solute structure usually asso-
ciated with solvation. Thus, irrespective of the formal question of
whether the rotational partition function should be considered to
be physically realistic in solution, its computation for a structure
optimized in solution provides a free energy contribution quan-
titatively indistinguishable from that computed for a gas-phase
structure (typically within 0.01 kcal/mol over the data set we
describe further below), rendering it a potentially useful quantity
when assembling a full solute free energy in solution.

Finally, we consider point (6); in particular, we here make
explicit another key aspect of the parametrization of the SMx
solvation models. In choosing data against which to parametrize,
we usually avoided molecules with conformational issues such as
multiple conformations that might be expected to be significantly
different in the gas phase and solution, and we avoided molecules
that might be expected to show large geometry changes upon
dissolution. Therefore, we interpret the parametrization as provid-
ing those parameters that describe the physical effects involved in
fixed-solute-geometry dissolution. If the parametrization were
quantitatively accurate (<0.1 kcal/mol), it would include effects
such as small geometry changes implicitly. But these effects are
usually (not always) smaller than the error in the parametrized
method. Thus, when one makes applications to systems where
these effects are large (e.g., systems with multiple conformers or
solvent-dependent transition states), it is philosophically consis-
tent to include the large effects, and, if the parametrization does
capture the fixed-R physics, the implicit model might be useful if
employed with proper ensemble averaging. Another interesting
question is whether solvation effects on vibrational frequencies
should be treated by equilibrium or nonequilbrium33 methods,
but that is beyond our scope.

4. COMPUTATIONS

To illustrate in practice the points made above, we have
computed34 the vibrational contributions to thermal free energy

in the gas phase and in aqueous and carbon tetrachloride solu-
tions (following reoptimization) for molecular systems included
in the training set that was used to parametrize the SMD27

solvation model. Note that we continue to neglect the conforma-
tional free energy; furthermore, as recommended above, we
include only the contribution of the 3N � 6 vibrations because
the effect of converting rotations to librations (which are low-
frequency vibrations) is assumed to be included in the CDS
terms through parametrization.We then compared the SMD free
energies of solvation calculated with eq 10 (i.e., with account of
geometrical changes and changes in vibrational frequencies in
solution), and we also computed the SMD free energies of
solvation with eq 4 of ref 1, which neglects this variation.

Equation 4 of ref 1 does not explicitly address the issue of the
solute geometry used for the computation of ΔEEN and ΔGcoup.
One may in principle choose to use either the gas-phase
geometry (in which case the solute nuclear repulsion remains
constant) or the geometry optimized in solution. When the gas-
phase geometry is used, ΔGcon�rovib will be neglected. However,
one may take an intermediate approach where the effects of
geometrical relaxation are included in the computation of the
solvation free energy but the ΔGcon�rovib term is neglected.

We have examined these separate issues by comparing vibra-
tional free energies for structures optimized in different phases
and also by computing total solvation free energies for (i) rigid
gas-phase structures (determined from a SCRF calculation for
the gas-phase geometry and the gas-phase electronic energy, cf.
eq 3 of ref 1), (ii) structures optimized in solution with neglect
of ΔGcon�rovib (determined from a SCRF calculation for the
solution-optimized geometry and the gas-phase electronic en-
ergy for the gas-phase geometry, but not requiring a frequency
calculation in solution), and (iii) structures optimized in solution
and including ΔGcon�rovib (determined from a SCRF calculation
for the solution-optimized geometry, the gas-phase electronic
energy for the gas-phase geometry, and a frequency calculation in
solution).

In each phase, the optimizations and frequency calculations
made use of the M06-2X density functional35 and the 6-31+
G(d,p) basis set.36 Partition functions were computed using the
same quasiharmonic approximation in both the gas phase and
solution; the quasiharmonic approximation is the same as the
usual harmonic oscillator approximation,37 except that vibra-
tional frequencies lower than 100 cm�1 were raised to 100 cm�1

as a way to correct for the well-known breakdown of the har-
monic oscillator model for the free energies of low-frequency
vibrational modes. Our chosen standard state includes zero-point
vibrational energies in the free energies.

The aqueous training set is composed of 274 neutral mole-
cules, 31 clustered ions (explained below), and 71 unclustered ions,
and the carbon tetrachloride set contains 78 neutral mole-
cular structures. Table 1 presents the mean differences between
thermal contributions to the free energy computed with gas-phase
and liquid-phase solute partition functions, whereas Table 2 pro-
vides the mean unsigned errors vs experiment for solvation free
energies obtained by following the three protocols discussed above.

Table 1 shows that, for neutral molecules in an aqueous
solution, the mean unsigned difference (MUD) in the vibrational
free energies was computed to be 0.24 kcal/mol, whereas for neu-
tral molecules in carbon tetrachloride, theMUDwas 0.14 kcal/mol.
In both cases, this average is smaller than the mean inaccuracy
of the model (0.7�0.9 kcal/mol) when compared to experiment,
thereby justifying the neglect of this effect during parametrization.
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As pointed out above, though, for cases where the effect is
significantly larger than the average effect, it would be reason-
able to include it. An interesting example is offered by N,N0-
dimethylpiperazine,

which in aqueous solution presents the largest deviation, 1.6
kcal/mol, observed in the data set based on the two partition
functions. In the gas phase, this molecule exhibits substantial
hyperconjugative delocalization of its nitrogen lone pairs into the
σ* orbitals of vicinal C�Hbonds; this well-known effect weakens
these bonds, and the resulting red-shifted C�H stretch peaks in
alkaloid IR spectra are known as Bohlman bands.38 In aqueous
solution, however, there is less energy penalty associated with
highly localized sp3 N lone pairs, and this manifests in a solution
structure with more pyramidal nitrogen atoms, shorter C�H
bonds (up to 0.003 Å shorter for those C�H bonds anti-
periplanar to the N lone pairs), and an increase in essentially
every C�H stretching frequency by 30�50 cm�1. The net
change in zero-point vibrational energy associated with these
C�H stretches provides most of the 1.6 kcal/mol change in the
vibrational free energy. Importantly, it improves the computed
free energy of solvation for this solute when the change in the

vibrational partition function is taken into account, leading to
an error compared to experiment of 0.3 kcal/mol compared to
1.4 kcal/mol when the gas-phase vibrational partition function
is used.

For calculating the free energy of aqueous solvation of ions, we
have divided them into two groups. Group 1 consists of ions with
three or fewer atoms, ions in which the magnitude of the partial
charge on any oxygen atom is greater than that on the oxygen
atom in neutral water, and all (substituted or unsubstituted)
ammonium and oxonium ions. The solvation energies of group
1 ions are calculated by clustering them with a single water
molecule from the solvent and using a thermodynamic cycle.39

Other ions (group 2) are calculated unclustered (bare). Table 1
shows a mean unsigned difference between ΔGvib(S) in the gas
phase and in solution of 0.44 kcal/mol for the (harder-to-model)
clustered ions, whereas for unclustered ions, the mean unsigned
difference is reduced to 0.14 kcal/mol. Again both effects are
small compared to the average inaccuracy of the model as
compared to experiment, and, because mean errors in the
calculated solvation free energies of ions are larger than those
for neutrals (∼4 kcal/mol vs 0.7�0.9 kcal/mol), the ratio of the
average vibrational effect to the mean error of the model is
smaller for ions than for neutrals, especially if one follows the
recommendation to calculate certain ions by clustering. Impor-
tantly, clustering the smaller ions leads to smaller changes in the
vibrational contributions to free energy than when members of
group 1 are computed without clustering by a single water mole-
cule (shown in parentheses in the table); this further justifies
the use of such clusters beyond those arguments presented pre-
viously in ref 39.

The biggest outlier among ions is clustered ammonium, which
has a liquid phase vibrational free energy that is less positive by
1.6 kcal/mol compared to its gas-phase counterpart. However,
when eq 10 is employed to compute the solvation free energy of
clustered ammonium, accounting for the change in vibrational
free energy, the error given by the model is 0.5 kcal/mol, whereas
neglecting the change in vibrational free energy, as suggested in
ref 1, generates an error of 2.2 kcal/mol. Therefore, we conclude
that, for clustered ammonium and N,N0-dimethylpiperazine
(vide supra), adding ΔGcon�rovib (as approximated by ΔGvib)
to the free energy of solvation, as justified by eq 10, substantially
improves the accuracy of their liquid-phase treatments.

Table 2 shows that the accuracy on its training set of the SMD
continuum solvation model varies, for neutrals, by less than
0.2 kcal/mol when different choices are made for gas-phase vs
solution optimized geometries and, for solution geometries,
when different choices are made for whether or not to include
changes in vibrational free energies. In the case of ions, the choice
of vibrational partition functions has the same small effect as
observed for neutrals, but the choice of geometry has a larger
effect. Nevertheless, the predicted variation is typically only
∼10�20% of the mean unsigned error and is therefore well
within the mean inaccuracy of the models (and indeed within the
experimental uncertainty of measurements). Thus, the results in
Tables 1 and 2 show that most of the training set molecules do
indeed have only small free energy effects arising from solvation
effects on vibrational frequencies and from variations inΔGEP as
a function of geometry choice, and this justifies the neglect of the
rovibrational component of the termΔGcon�rovib in eq 10 during
parametrization.

As noted above, the Comment1 singled out as inconsistent the
use of solution-phase rather than gas-phase rovibrational thermal

Table 2. Mean Unsigned Errors (MUEs, kcal/mol) as Com-
pared to Experiment for FixedConcentration Free Energies of
Solvation Computed by SMD/M06-2X/6-31+G(d,p) for Gas-
Phase and Solution Geometries without and with the Change
in Vibrational Free Energies

geometries;frequenciesa

solvent solutes gas;gasb,c liq;gasc liq;liqd

H2O 274 neutrals 0.73 0.78 0.91

CCl4 78 neutrals 0.58 0.59 0.66

H2O 31 clustered ions 5.38 4.47 4.35

H2O 81 bare ions 4.50 4.00 4.10
a liq denotes solution. bThe calculations in this column are sometimes
denoted as //gas. This is the method used for parametrization. cΔGrovib (S)
assumed to be zero. dΔGrovib (S) computed and included.

Table 1. Mean Differences (kcal/mol) between Gas-Phase
Vibrational Free Energies Computed with M06-2X/6-31
+G(d,p) and Solution-Phase Vibrational Free Energies
Computed with SMD/M06-2X/6-31+G(d,p)

solvent solutes MUDa MSDb rmsdc

H2O 274 neutrals 0.24 �0.16 0.32

CCl4 78 neutrals 0.14 �0.10 0.20

H2O 31 clustered ions 0.44 �0.11 0.58

(0.67)d (0.65) (0.92)

H2O 81 bare ions 0.14 0.28 0.36
aMean unsigned difference of solution results from gas-phase results.
bMean signed difference of solution results from gas-phase results
(Gvib(liq) � Gvib(gas)).

cRoot mean square difference of solution
results from gas-phase results. dThe values in parentheses are the results
of calculating these ions unclustered, even though we recommend that
that they be calculated clustered.
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contributions when assembling a solute free energy designed to
include such contributions (cf. eq 4 of ref 1). Although we have
just demonstrated that the magnitude of the difference between
the two is sufficiently small for “everyday” molecules that the
choice should not be significant, it is important to note that there
are some instances where stationary points of interest in solution
will not have corresponding stationary points in the gas phase,
making it impossible to compute relevant gas-phase rovibrational
contributions for these structures.

For example, as shown in Figure 1, the addition of the meth-
oxide anion to methyl acetate does not have a relevant transition-
state structure in the gas phase; the addition to form the so-called
tetrahedral intermediate product is spontaneous in the absence
of solvation by a polar solvent. It is straightforward, however, to
optimize the reactant, product, and associated transition-state
structures with a solvation model and to compute ideal-gas, rigid-
rotator, quasiharmonic-oscillator partition functions from which
free energy contributions may be determined. At the SMD/M06-
2X/6-31+G(d,p) level, including these contributions for solution-
optimized structures, we compute the 298 K free energy of
activation for this reaction in water to be 16.4 kcal/mol in the 1M
standard state. If the liberational and rovibrational contributions
are neglected, on the other hand, the free energy of activation is
predicted to be 5.9 kcal/mol. If only the rovibrational free energy
contributions are neglected, the free energy of activation is
predicted to be 18.1 kcal/mol.

Note that we do not attempt to assess the absolute accuracy of
the methoxide addition reaction in Figure 1; we simply use it to
highlight that the use of molecular partition functions computed
for structures optimized in solution may sometimes be the best
choice for a particular modeling problem.

5. SUMMARY AND CONCLUSION

When molecular free energies are defined to include free
energy contributions from nuclear motion (including appropri-
ate combinations of translational, liberational, rotational, con-
formational, librational, and vibrational contributions), it may
sometimes be more consistent with parametrization history
to determine these contributions from gas-phase partition

functions, but it is not “incorrect” to employ instead partition
functions for structures that are stationary points in solution. In
many instances, the two approaches will give quantitatively
similar results, and in instances where they do not, vibrational
frequencies determined at the solution structures may well be
more appropriate.We take this opportunity to note that although
we disagree with some of the conclusions in ref 1, we are grateful
to the authors for having raised these issues constructively
because we think it is very worthwhile to have a thorough
discussion of these points in the literature.
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