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A quasichemical method that combines ab initio treatment of explicit solvent with dielectric continuum models
has been used to study the origin of a strong effect of methanol on the extent of iron(III) [tetrakis-
(pentafluorophenyl)]porphyrin chloride dissociation in acetonitrile-methanol solutions. It is shown that the
dissociation is energetically more favorable in methanol than in acetonitrile primarily because of the strong
specific interactions between the chloride anion and the solvent methanol molecules in its first solvation
shell. These interactions are weaker in acetonitrile. The final estimate for the difference in the dissociation
free energies in methanol and acetonitrile is-23 kJ/mol, in a good agreement with the experimental value
of -21 kJ/mol. Energy decomposition analysis of chloride-solvent interactions suggests that stronger chloride-
methanol binding is a result of the contribution of charge delocalization effects to the chloride-methanol
interactions.

1. Introduction

It has been shown recently that iron(III) [tetrakis(pentafluo-
rophenyl)]porphyrin chloride, here abbreviated as PFeCl (Figure
1), is catalytically inactive for cyclooctene epoxidation by
hydrogen peroxide or hydrogen peroxide decomposition when
dissolved in acetonitrile but is active if the solvent contains
methanol.1,2 Evidence based on shifts in the position of the1H
NMR signal of theâ-pyrrole protons on the porphyrin ring
suggests that the role of methanol is to facilitate the dissociation
of PFeCl into PFe+ and Cl- . It was also found that the
dissociation process involves axial coordination of methanol to
the iron(III) center located at the center of the porphyrin ring,
to form PFe(MeOH)+. The kinetics of cyclooctene epoxidation
by hydrogen peroxide was found to be linear in the concentration
of PFe(MeOH)+, where the concentration of this cation was
determined from the equilibrium constant for the following
reaction:

The equilibrium constant for this reaction in the mixture of
methanol and acetonitrile,Kmix, was described by the following
equation:

where∆H°MeCN is the enthalpy of PFeCl dissociation in pure
acetonitrile,R is a factor indicating the extent to which the
enthalpy of dissociation changes with increasing molar con-
centration to methanol, [MeOH] is the molar concentration of
methanol, and∆S ° is the entropy of PFeCl dissociation.

Values of∆H°MeCN, R, and∆S° were determined by fitting
eq 1 to values ofKmix obtained from1H NMR measurements
made for various solvent compositions and temperatures. The
resulting values were∆H°MeCN ) 25.1 ( 1.3 kJ/mol,∆S° )
-24.7( 3.3 J/K‚mol, andR ) -0.84( 0.04 kJ‚L/mol2. Using
these values, it was established that the change in Gibbs free
energy for reaction R1 is 20.7( 1.0 kJ/mol lower in pure
methanol than in pure acetonitrile; that is,

The strong effect of methanol on the extent of PFeCl
dissociation in acetonitrile-methanol solutions was attributed
to the ability of methanol to stabilize the products of dissocia-
tion.2 However, it was not possible solely on the basis of
experimental evidence to determine the extent to which methanol
enhances the dissociation of the porphyrin salt as a consequence
of coordination to PFe+ versus its effects on the solvation of
PFe(MeOH)+ and Cl- . The aim of this paper is to isolate these
effects through the use of ab initio methods. In carrying out
this study, we have found that a quasichemical model provides
a relatively simple and the most effective means for determining
the effects of solvent composition on∆∆G°.

2. Models and Methods

The standard free energy change of reaction R1 in solvent S
is a sum of two components: the ideal gas free energy change
and the excess free energy change.

∆G°ig is the free energy change for reaction R1 occurring in
the gas phase and in the absence of solvation effects, whereas
∆G°ex,S is the free energy change due to differences in the
solvation of reactants and products:
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PFeClsol + MeOHsol h PFe(HOMe)sol
+ + Clsol

- (R1)

Kmix ) exp(-
(∆H°MeCN + R[MeOH])

RT
+ ∆S°

R ) (1)

∆∆G° ≡ ∆G°MeOH - ∆G°MeCN ) -20.7( 1.0 kJ/mol (2)

∆G°S ) ∆G°ig + ∆G°ex,S (3)
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∆G°ig(X) is the ideal gas free energy of species X, and
∆G°ex,S(X) is the excess free energy of species X in solvent S.

Using eqs 3 and 4, the difference∆∆G° defined in eq 2 can
be written as a sum of four terms (the ideal gas term is the
same for both solvents):

Comparison of the solvation energies of the species involved
in reaction R1 in methanol and acetonitrile will elucidate the
principal effects and the role of solvent composition on the
energetics of PFeCl dissociation.

Calculation of accurate solvation free energies for ions and
molecules, right hand side of eq 4, is a fundamental problem in
theoretical chemistry. The most accurate approaches to this
problem are molecular dynamics or Monte Carlo simulations
with explicit solvent that sample the most important configura-
tions of solvent molecules around the solute.3 In combination
with free energy perturbation or thermodynamic integration
techniques,3-5 these methods are capable of producing reason-
able solvation free energies provided that sufficiently long
trajectories are generated, a large enough solvent box with
periodic boundaries is used, and the potential energy surface is
adequately described (i.e., all pertinent inter- and intramolecular
interactions are accounted).6,7

Empirical force fields are the cheapest but not always the
most accurate method to evaluate the total energy along the
sampled trajectory.8,9 Ab initio electronic structure theory gives
an accurate description of solvent-solute and solvent-solvent
interactions but becomes very expensive for systems of many
solvent molecules and long trajectories. For charged species (i.e.,
the chloride anion and porphyrin cation in this work), there is
also a principal issue of the treatment of long-range electrostatic
interactions in the context of a sample of finite size.10,11These
factors place severe limitations on the use of ab initio simulations
with explicit treatment of solvent molecules for free energy
calculations.

Continuum-based or implicit-solvent models that incorporate
solvent effects into quantum mechanical calculations of the
solute represent a practical alternative to explicit-solvent
models.12-14 In this conceptually simple framework, the solute
molecules are embedded in a cavity in the continuum character-
ized by its dielectric constant. The charge distribution (electrons
and nuclei) of the solute, inside the cavity, polarizes the
dielectric continuum, which in turn polarizes the solute charge
distribution. A number of techniques has been developed to find
the energy of the final self-consistent polarized charge distribu-

tions.14 Long-range effects which are of a great importance for
charged solutes are properly taken into account in the polarizable
continuum models.10 Ambiguities arise in the definition of the
solute cavity and treatment of nonelectrostatic effects such as
cavitation, dispersion, and specific solute-solvent interactions.

Since methanol and acetonitrile have similar dielectric
constants (εMeOH ) 32.6, εMeCN ) 36.6),15 the strong solvent
effect on the dissociation of PFeCl is unlikely to be explained
by a continuum model. The possibility of combining explicit
solvation techniques with the dielectric continuum representation
in the same calculation has been the topic of a number of recent
studies.14,16-22 The main idea of these discrete/continuum (or
explicit/implicit) models is to include a small number of solvent
molecules explicitly, usually those belonging to the first
solvation shell, and then describe the remaining solvent as a
dielectric continuum. One of the advantages of mixed discrete/
continuum models is that they do not require lengthy sampling
of the solvent configuration phase space because the number
of degrees of freedom that need to be treated explicitly is greatly
decreased.

The statistical mechanical foundation of the mixed discrete/
continuum models has been summarized by Paulaitis and Pratt.23

These models are most commonly referred to as quasichemical
models. Ideally, the best description of the first explicit shell
includes averaging over all possible configurations of solute and
solvent, with all possible numbers of solvent molecules in the
cluster. However, for practical reasons, the most primitive form
of the quasichemical theory takes into account only the most
stable configuration of the cluster.17,20

In the simplest form of the quasichemical approximation,17,20

the solvation free energy (the excess chemical potential) of
solute X is expressed in terms of the solvation free energy of
the cluster,∆G°ex,S(Sn‚X) and the gas-phase free energy of the
cluster formation,∆G°ig,form(Sn‚X):

where∆G°ig,form(Sn‚X) is given by:

The energetics of specific solute-solvent interactions are
described by∆G°ig,form(Sn‚X), whereas∆G°ex,S(Sn‚X) includes
long-range interactions and is calculated with a dielectric
continuum model. The first three terms of eq 6 can be interpreted
as the free energies of three elementary steps in which a gas
phase solute particle (molecule or ion) is placed into the solvent.
In the first step,n solvent molecules S are removed from the
solvent to the gas phase (term 3), thenn solvent molecules
interact with the solute in the gas phase to form cluster Sn‚X
(term 1), and finally the cluster is placed into the solvent (term

Figure 1. Iron(III) [tetrakis-(pentafluorophenyl)]porphyrin systems with two axial ligands: (A) S‚PFe(HOMe)+ and (B) S‚PFeCl. S) MeOH and
MeCN. The methanol molecule is coordinated through the oxygen atom; the acetonitrile molecule is coordinated through the nitrogen atom.

∆G°ex,S) ∆G°ex,S(Cl- ) + ∆G°ex,S(PFe(HOMe)+) -
∆G°ex,S(PFeCl)- ∆G°ex,S(MeOH) (4)

∆∆G° ) ∆∆G°ex(Cl- ) + ∆∆G°ex(PFe(HOMe)+) -
∆∆G°ex(MeOH) - ∆∆G°ex(PFeCl) (5)

∆G°ex,S(X) ) ∆G°ig,form(Sn‚X) +
∆G°ex,S(Sn‚X) - n∆G°ex,S(S) - nRTln[S] (6)

∆G°ig,form(Sn‚X) ) ∆G°ig(Sn‚X) - ∆G°ig(X) - n∆G°ig(S) (7)
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2). The fourth term in eq 6 is a correction for the solvent
concentration.17,18,20,23

Equation 6 is used in this work to estimate the difference in
the free energies of solvation of the species involved in reaction
R1 and, finally, the difference in the standard free energy change
of reaction R1 in methanol and acetonitrile,∆∆G°.

The first solvation shell of the porphyrin system contains too
many solvent molecules (of the order of several tens) to be
readily tractable with modern ab initio methods, particularly
since this large shell is likely to exhibit significant variability.
Therefore, only one solvent molecule for which specific
nonelectrostatic interactions with the porphyrin might be dif-
ferent in the two different solvents was included explicitly in
the quantum chemical region. This solvent molecule interacts
directly with the Fe ion as its second axial ligand (Figure 1).
To account for specific solvation of the methanol molecule on
the left side of reaction R1, clusters with three explicit solvent
molecules are used. Two solvent molecules form hydrogen
bonds with the lone pairs of the methanol oxygen atom; the
third solvent molecule interacts with the hydrogen atom of the
methanol hydroxyl (Figure 2). We think that this solvent
configuration is the most stable one and that the remaining
solute-solvent interactions can be captured with the dielectric
continuum. We have used different numbers of solvent mol-
ecules to describe short-range interaction of the solvent with
the chloride anion. Figure 3 shows clusters with six explicit
solvent molecules.

Calculation of the ideal gas free energy of the cluster
formation, ∆G°ig,form(Sn‚X) in eq 6, is complicated by the
presence of many degrees of freedom that correspond to low-

frequency vibrations and hindered rotations of solute and solvent
molecules relative to each other. The standard treatment of these
highly anharmonic floppy modes as harmonic vibrations results
in large errors in∆G°ig(Sn‚X). To avoid this problem, we used
a rigid-molecule model. The error introduced into the absolute
values of the solvation free energies by the use of this
approximation grows with the number of solvent molecules in
the cluster,n, as more and more low-frequency modes are
neglected. Inclusion of the thermal correction for rotations and
translations has a great impact on the absolute values of the
solvation free energies; however, the∆∆G°ex(X) is almost
unaffected by translations and rotations. To illustrate this, we
used two models to approximate∆G°ig,form(Sn‚X). In model 1,
∆G°ig,form(Sn‚X) is approximated by the total electronic energy
change. Thus, all ideal gas-phase entropy contributions (rota-
tions, translations, and vibrations) are completely neglected. In
model 2, the electronic energy change is combined with the
thermal correction for rotational and translational degrees of
freedom.

The Q-CHEM 3.0 software package24 was used to perform
geometry optimization and to evaluate all final electronic
energies. Calculations for the porphyrin systems were done using
the EDF1 density functional25 and the 6-31G basis set. Calcula-
tions for the chloride anion and methanol are done at the
MP2/6-31(+,+)G(d, p) level.26,27 The basis-set superposition
error (BSSE) was removed from all intermolecular interaction
energies by the counterpoise method.28 Thermodynamic func-
tions for all species were evaluated using standard ideal gas
statistical mechanics equations.29 T ) 298.15 K was used
throughout. Note that (°) refers to the 1 M standard state.30 Most

Figure 2. Methanol molecule in (A) methanol and (B) acetonitrile.

Figure 3. Chloride anion interacting with six solvent molecules: (A) methanol and (B) acetonitrile.
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quantum chemistry software packages calculate ideal gas
thermodynamic functions for the 1 atm standard state (•). The
transformation between the states is:

whereR̃ ) 0.082 058 K-1.
Nonspecific solvation energies are calculated with the surface

and simulation of volume polarization for electrostatics polariz-
able continuum model, or SS(V)PE for short, developed by
Chipman.31 The SS(V)PE model treats the solvent as a
continuum dielectric, solving Poisson’s equation for apparent
surface charges on the solute cavity surface which is defined
as the isodensity countour of 0.0025 au. SS(V)PE was designed
to provide a good approximation to the volume polarization
arising from “escaped charge”, which is the fraction of the
wavefunction extending past the cavity boundary. SS(V)PE
calculations were performed at the EDF1/6-31G level for PFeCl
and PFe(HOMe)+ and at the HF/6-31(+,+)G(d, p) level for
chloride and methanol. Dielectric constants areεMeOH ) 32.6
andεMeCN ) 36.6.15

We further examine the detailed origin of the interaction of
chloride with solvent molecules by decomposing the intermo-
lecular binding energy into physically relevant components such
as the contribution from interacting “frozen monomer densities”
(FRZ), the energy lowering due to polarization (POL) of the
densities (without charge transfer), and the further energy
lowering due to charge transfer (CT) effects. This is ac-
complished using a recently introduced energy decomposition
analysis (EDA) scheme based on absolutely localized molecular
orbitals.32 Since the application of the energy decomposition
method is limited to single determinant wavefunctions computed

with DFT methods, we applied EDA to the interaction energies
calculated with a series of density functionals which most closely
reproduce more accurate MP2 energies. The EDA results are
reported for B3LYP,33,44BLYP,34,35BP86,35,36BMK,37 PW91,38

and EDF239 density functionals. All EDA calculations use
6-31(+,+)G(d, p) basis set and MP2/6-31(+,+)G(d, p) geom-
etries.

3. Results and Discussion

3.1. ∆∆G°ex(PFeCl) and ∆∆G°ex(PFe(HOMe)+). All gas-
phase calculations for PFeCl and PFe(HOMe)+ were performed
for doublet, quartet, and sextet spin states.〈S2〉 values (Table
1) indicate that spin contamination is not significant for the
quartet and the sextet states. Doublet wavefunctions are more
spin contaminated. However, since the quartet states are the
most stable for all porphyrin species considered in this work
(Table 1), we did not attempt spin state purification for doublets
as the purification only increases the total energy. We used
results for the quartet states in all further calculations.

The energies of solvation of porphyrin systems calculated
according to eq 6 are shown in Table 2. The ideal gas-phase
energy of cluster formation are calculated with and without the
thermal corrections for rotations and translations (model 2 and
model 1). However,∆∆G°ex is the same for both models. Both
the neutral porphyrin chloride and the porphyrin cation are better
stabilized in methanol than in acetonitrile:∆∆G°ex(PFeCl))
-6 kJ/mol, and∆∆G°ex(PFe(HOMe)+) ) -9 kJ/mol. This is
mostly because the methanol as an axial ligand better stabilizes
the porphyrin system than does acetonitrile:∆∆G°ig,form is
around-12 kJ/mol. As expected, the long-range electrostatic
effect is the same for methanol and acetonitrile:∆∆G°ex,S for
porphyrin systems is zero. The cation is better stabilized by the
polarizable continuum than the neutral PFeCl system is.

3.2. ∆∆G°ex(Cl-). ∆G°ex,S(Cl-) is calculated for both metha-
nol and acetonitrile according to eq 6. Results of the calculations
for different numbers of explicit solvent molecules,n ) 0-6,
are shown in Table 3. Again, absolute values of∆G°ig,form(Sn‚Cl-)
calculated with model 1 and model 2 are significantly different
(see comment on the absolute free energy values below);
however, the∆∆ quantities for models 1 and 2 (∆∆G°ex(Cl-),
∆∆G°ig,form(Sn‚Cl-), ∆∆S°ig,form(Sn‚Cl-)) are almost the same.

To obtain∆∆G°ex(Cl-), we compared results for methanol
and acetonitrile with the same number of explicit solvent
molecules. As was mentioned before, the error in the calculated
absolute values of the solvation energies depends on the number
of explicit solvent molecules in the cluster. Therefore, the
most accurate values of∆∆G°ex(Cl-) are obtained by subtract-
ing the absolute values of∆G°ex,S(Cl-) computed for the same
value ofn.

The polarizable continuum model alone (n ) 0) predicts
virtually no difference in the energetics of chloride solvation
in two solvents because of the very similar dielectric constants

TABLE 1: Gas-Phase Calculations for Porphyrins

doublet quartet sextet

〈S2〉a

PFeCl 1.0962 3.7822 8.7563
MeOH‚PFeCl 0.7962 3.7853 8.7567
MeCN‚PFeCl 0.7796 3.7833 8.7562
PFe(HOMe)+ 1.1042 3.7823 8.7552
MeOH‚PFe(HOMe)+ 0.7850 3.7881 8.7548
MeCN‚PFe(HOMe)+ 0.7710 3.7877 8.7558

Energy relative to quartet, kJ/mol
PFeCl 48.1 0.0 10.2
MeOH‚PFeCl 18.3 0.0 23.6
MeCN‚PFeCl 6.7 0.0 11.9
PFe(HOMe)+ 79.1 0.0 41.8
MeOH‚PFe(HOMe)+ 39.4 0.0 42.1
MeCN‚PFe(HOMe)+ 16.2 0.0 39.9

a Exact values of〈S2〉 should be 0.75, 3.75, and 8.75 for doublet,
quartet, and sextet, respectively. Calculated values are expectation
values of the Kohn-Sham wavefunction which are of diagnostic use
but are not true〈S2〉 values.

∆G°ig(X) ) ∆Gig
• (X) + RT ln[R̃T] (8)

TABLE 2: Energetics (kJ/mol) of Porphyrin Solvation in Methanol and Acetonitrile (X ) PFeCl and X ) PFe(HOMe)+) with
Gas Phase, and SS(V)PE Calculations Are Performed at EDF1/6-31G Level of Theory; Quartet Spin States Are Used

∆G°ig,form
(S‚X) model 1a

∆G°ig,form
(S‚X) model 2b

∆G°ex,S
(S‚X) -∆G°ex,S(S) -RTln[S]

∆∆G°ex,S (X)
model 1a

∆G°ex,S (X)
model 2b

MeOH‚PFeCl -22 27 -118 26 -8 -122 -72
MeCN‚PFeCl -11 39 -118 21 -7 -115 -66
∆ (MeOH-MeCN) -11 -12 1 5 -1 -6 -6
MeOH‚PFe(HOMe)+ -60 -9 -294 26 -8 -336 -285
MeCN‚PFe(HOMe)+ -47 4 -294 21 -7 -327 -276
∆ (MeOH-MeCN) -13 -13 0 5 -1 -9 -9

a Model 1 includes only electronic degrees of freedom.b Model 2 includes electronic, rotational, and translational degrees of freedom.
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of methanol and acetonitrile (Table 3). With only one solvent
molecule, the chloride solvation is energetically more favorable
in methanol than in acetonitrile by approximately 10 kJ/mol.
Inclusion of more solvent molecules makes this effect more
pronounced and the absolute value of∆∆G°ex(Cl-) increases
with the number of solvent molecules. The final value of
∆∆G°ex(Cl-) obtained for clusters with 4, 5, and 6 solvent
molecules is around-30 kJ/mol.

Examination of the energy components of the∆∆G°ex(Cl-)
shows that∆∆G°ig,form(Sn‚Cl-) is the major contributor to the
final solvation energies. Therefore, the better solvation of the
chloride anion in methanol is a consequence of stronger specific
bonds formed with the first shell of solvent molecules. The
binding energy per solvent molecule in methanol clusters with
n ) 4, 5, and 6 is around 6 kJ/mol larger than in corresponding
acetonitrile clusters. The rest of the components of∆∆G°ex(Cl-),
responsible for long-range interaction effects, tend to cancel each
other and contribute only slightly to the final values of
∆∆G°ex(Cl-).

3.3. ∆∆G°ex(MeOH). The absolute solvation energies of
methanol (methanol participates in reaction R1 as a reactant)
are calculated for both solvents using eq 6. The results are
summarized in Table 4, and the shapes of the clusters are shown
in Figure 2. The final value of∆∆G°ex(MeOH) is a result of
two opposing effects. On one side, methanol-methanol hydro-
gen bonds are stronger than methanol-acetonitrile hydrogen

bonds (∆∆G°ig,form(S3‚MeOH) < 0) because OH groups in
methanol-methanol interactions are more polar than CH groups
in methanol-acetonitrile interactions. On the other side, the
methanol-acetonitrile cluster is more strongly stabilized by the
polarizable continuum (∆∆G°ex,S(S3‚MeOH) > 0) because two
polar CN groups are exposed to the solute-continuum interac-
tion. As a result, the calculated solvation free energy of a
methanol molecule is approximately 10 kJ/mol lower in
methanol than in acetonitrile.

3.4. Summary: ∆∆G°. The difference in∆G°S for reaction
R1 occurring in methanol and acetonitrile can be calculated as
a sum of four terms in eq 5 discussed above. In summarizing
the results of the previous sections, we can estimate these energy
terms as follows:

Thus, the final estimate for the difference in the dissociation
free energies in methanol and acetonitrile is∆∆G° ≈ -23 kJ/

∆∆G°ex(PFeCl)≈ -6 kJ/mol

∆∆G°ex(PFe(HOMe)+) ≈ -9 kJ/mol

∆∆G°ex(Cl-) ≈ -30 kJ/mol

TABLE 3: Energetics (kJ/mol) of Chloride Solvation in Methanol and Acetonitrile (X ) Cl-) with Gas Phase, and SS(V)PE
Calculations Are Performed at MP2/6-31(+,+)G(d, p) and HF/6-31(+,+)G(d, p) Levels of Theory, Respectively

∆G°ig,form(Sn‚X)
model 1a

∆G°ig,form(Sn‚X)
model 2b ∆G°ex,S(Sn‚X) -n∆G°ex,S(S)c -nRTln[S]d

∆G°ex,S(X)
model 1a

∆G°ex,S(X)
model 2b

T∆S°ig,form(Sn‚X)
model 2e

S ) MeOH
Cl- 0 0 -310 0 0 -310 -310 0
(MeOH)1‚Cl- -60 -38 -281 27 -8 -322 -301 -24
(MeOH)2‚Cl- -112 -44 -258 54 -16 -332 -264 -74
(MeOH)3‚Cl- -159 -44 -243 81 -24 -345 -230 -122
(MeOH)4‚Cl- -200 -37 -231 108 -32 -356 -192 -173
(MeOH)5‚Cl- -236 -23 -225 135 -40 -365 -153 -225
(MeOH)6‚Cl- -270 -7 -219 162 -48 -375 -112 -277

S ) MeCN
Cl- 0 0 -311 0 0 -311 -311 0
(MeCN)1‚Cl- -49 -30 -281 26 -7 -312 -292 -22
(MeCN)2‚Cl- -94 -28 -256 52 -15 -314 -247 -72
(MeCN)3‚Cl- -134 -22 -241 77 -22 -320 -208 -119
(MeCN)4‚Cl- -171 -10 -228 103 -29 -325 -164 -171
(MeCN)5‚Cl- -211 0 -215 129 -37 -334 -123 -223
(MeCN)6‚Cl- -238 23 -219 155 -44 -347 -85 -276

∆ (MeOH-MeCN)
Cl- 0 0 1 0 0 1 1 0
(S)1‚Cl- -10 -8 -1 1 -1 -10 -8 -2
(S)2‚Cl- -18 -16 -2 2 -1 -19 -17 -2
(S)3‚Cl- -25 -22 -2 4 -2 -25 -22 -3
(S)4‚Cl- -29 -27 -4 5 -3 -31 -28 -2
(S)5‚Cl- -25 -23 -10 6 -3 -32 -30 -2
(S)6‚Cl- -31 -30 0 7 -4 -28 -27 -1

a Model 1 includes only electronic degrees of freedom.b Model 2 includes electronic, rotational, and translational degrees of freedom.c ∆G°ex,S
(MeOH) ) -27.0 kJ/mol;∆G°ex,S (MeCN) ) -25.8 kJ/mol.d RT ln[MeOH] ) 8.0 kJ/mol;RT ln[MeCN] ) 7.3 kJ/mol.e ∆S°ig,form (Sn‚X) ) 0 for
model 1.

TABLE 4: Energetics (kJ/mol) of Methanol Molecule (X ) MeOH) Solvation in Methanol and Acetonitrile with Gas Phase,
and SS(V)PE Calculations Are Performed at MP2/6-31(+,+)G(d, p) and HF/6-31(+,+)G(d, p) Levels of Theory, Respectively

∆G°ig,form(S3‚X)
model 1a

∆G°ig,form(S3‚X)
model 2b ∆G°ex,S(S‚X) -3* ∆G°ex,S(S) -3*RT ln[S]

∆G°ex,S(X)
model 1a

∆G°ex,S(X)
model 2b

(MeOH)3‚MeOH -75 58 -44 81 -24 -62 72
(MeCN) 3‚MeOH -47 85 -61 77 -22 -52 79
∆(MeOH-MeCN) -29 -26 17 4 -2 -10 -8

a Model 1 includes only electronic degrees of freedom.b Model 2 includes electronic, rotational, and translational degrees of freedom.

∆∆G°ex(MeOH)≈ -10 kJ/mol
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mol, in a very good agreement with the experimental value of
-21 kJ/mol.

Therefore, despite the simplicity of the quasichemical model,
the origin of the strong solvent effect on the dissociation of
PFeCl can be understood. The dissociation is energetically more
favorable in methanol than in acetonitrile primarily because of
the strong specific interactions between the chloride anion and
the solvent methanol molecules in its first solvation shell. These
interactions are weaker in acetonitrile. The differences in the
solvation energies of the other species participating in the
dissociation process are also noticeable but contribute to the
observed solvent effect to a lesser extent.

3.5. Energy Decomposition Analysis of Chloride-Solvent
Interactions. The nature of chloride-solvent interactions is
studied in detail with a recently proposed energy decomposition
method.32 Decomposition of the total solvent-chloride binding
energies in S1‚Cl- is shown in Figure 4 together with the MP2
binding energies which cannot be readily decomposed. Although
none of the density functionals tested in this work reproduces
the MP2 energy exactly, the DFT energies reported in Figure 4
are in reasonable agreement with the MP2 results. Most
importantly for our present purpose, the difference between the
MP2 binding energies for methanol and acetonitrile (-10 kJ/
mol) is captured well by DFT.

From Figure 4, we see that the different density functionals
all produce rather different absolute values for the different
components of the interaction energy and indeed for the total
interaction energy. This partly reflects differences between the
functionals and also reflects the fact that charge-transfer and
frozen density interactions depend exponentially on interfrag-
ment distances. Fortunately, however, the differences in both
the total interaction energies and the components of the
interaction energy are quite stable to the choice of density
functional and therefore can be discussed with confidence.
∆∆EFRZ ≈ 3-6 kJ/mol indicating that frozen density interac-
tions are stronger in acetonitrile, most likely because of the
higher dipole moment of the acetonitrile molecule (µMeOH )
1.70 D,µMeCN ) 3.92 D). The polarization energy component
is the same in both solvents (∆∆EPOL ≈ -1 kJ/mol); however,
charge-transfer effects contribute approximately 10-12 kJ/mol
more into the chloride-methanol binding energy than into the

chloride-acetonitrile binding energy. Therefore, it is the
large contribution of charge-transfer effects that leads to
stronger chloride-methanol binding compared with chloride-
acetonitrile binding. It is worth noting that the charge is
primarily transferred from the chloride anion to the solvent
molecule (∆ECT

Cl-fS:∆ECT
SfCl- ) 98:2).

3.6. Comment on the Absolute Solvation Energies and
Entropy Effects. In this work, we used a simple form of the
quasichemical approximation17,20 to evaluate the absolute free
energies of solvation of several molecular and ionic species in
methanol and in acetonitrile. Even though the calculation of
the absolute free energies of solvation was not the main goal
of this work, we would like to make some comments on the
performance of the quasichemical method for these systems.

The absolute solvation free energies of the chloride anion in
methanol and acetonitrile (∆G°ex,S(Cl-)) are shown in Table 3.
Models with different numbers of explicit solvent molecules
(n ) 0-6) were used. It is clear that the free energy values of
∆G°ex,S(Cl-) calculated with the thermal correction for rota-
tional and translational degrees of freedom (model 2) increase
rapidly with n. Therefore, it is hard to assign any particular
value to∆G°ex,S(Cl-) if model 2 is used. The reason for such a
strong dependence onn in model 2 is that the ideal gas free
energy of cluster formation,∆G°ig,form(Sn‚Cl-) is calculated
within the rigid-molecule approximation (see above). If this
approximation is used with model 2, rotational and translational
motion of free solvent molecules become completely “frozen”
upon formation of the cluster. This leads to a significant
overestimation of the entropy effects of cluster formation.
Calculated∆G°ig,form(Sn‚Cl-) values are large negative numbers
(Table 3). Therefore, the stability of the cluster is underestimated
in this approach mainly because of the entropic component.
Moreover, the error in the calculated thermodynamic functions
grows with n, and thus, the results become less reliable for
solutes with large number of solvent molecules in the first
solvation shell.

By completely neglecting rotations and translations, we
introduce the opposite extreme approximation (model 1),
ensemble of fixed rigid noninteracting molecules, for which
∆S°ig,form(Sn‚Cl-) is equal to zero. As shown in Table 3,

Figure 4. Energy decomposition analysis of chloride-solvent interactions in S1‚Cl-; S is MeOH and MeCN. Basis set is 6-31(+,+)G(d, p).
Geometries are optimized at the MP2/6-31(+,+)G(d, p) level.
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solvation free energies predicted by model 1 decrease only
slightly with n (as opposed to the rapid increase observed for
model 2). Unlike model 2, which “freezes out” the internal low-
frequency modes in the cluster but allow the corresponding
rotations and translations in the separated solute/solvent, model
1 prohibits them for both the cluster and the separated solute/
solvent. This equal treatment of translations and rotations is the
main reason for a seemingly better performance of model 1.

The true values of∆S°ig,form(Sn‚Cl-) are expected to lie in
between two limits given by models 1 and 2. These true values
will produce ∆G°ex,S(Cl-) that will not depend onn and will
fall in between the∆G°ex,S(Cl-) values for models 1 and 2.
However, the estimation of the true value of∆S°ig,form(Sn‚Cl-)
is a complicated computational problem that is beyond the scope
of this work.

Therefore, we can conclude that, in order to compute absolute
solvation energies with quasichemical methods, special care
must be taken when computing the ideal gas entropy of cluster
formation. In the case of PFeCl dissociation, the experimental
measurements show that entropy effects (∆S°) are the same for
methanol and acetonitrile. Even though neither model 1 nor
model 2 can precisely capture absolute values of solvation
entropy, the errors cancel out when the difference between two
solvents,∆∆S°, is calculated. Therefore, one might expect a
good agreement between the calculated and the experimentally
measured values for∆∆G°.

4. Conclusions

Experimental measurements have shown that the free energy
of dissociation of PFeCl is 21 kJ/mol lower in methanol than
in acetonitrile. In order to understand the origin of the strong
solvent effect on the thermodynamics of this process, we studied
the energetics of the dissociation of PFeCl computationally using
mixed discrete/continuum models. In these models, solute and
a few solvent molecules in the first solvation shell are treated
with accurate ab initio methods, and the remaining solvent is
described by the dielectric continuum.

The calculated difference in the dissociation free energies is
approximately 23 kJ/mol lower in methanol than in acetonitrile,
in full agreement with the experimental measurements. The
origin of the solvent effect on the dissociation reaction is
primarily due to the difference in the energy of solvation of the
chloride anion. The hydrogen bonds formed by methanol
molecules with Cl- are stronger than acetonitrile-chloride
interactions. Energy decomposition analysis of chloride-solvent
interactions suggests that this is because of a higher contribution
of charge delocalization effects to the chloride-methanol
bonding.

Although the simple quasichemical approximation used in
this work does not reproduce the entropy effects of solvation,
the final calculated values of∆∆G° reproduce experimental
results very well because the entropy of solvation is the same
for both solvents (i.e.,∆∆S° is close to zero).
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