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ABSTRACT: This work describes in detail the reaction path of
the well-known SN2 reaction CH3Br + Cl− → CH3Cl + Br−, whose
reaction rate has a huge variation with the solvent in the gas phase
and in protic and aprotic liquid environments. We employed the
ASEC-FEG method to optimize for minima (reactants and
products) and saddle points (transition states) in the in-solution
free-energy hypersurface. The method takes atomistic details of the
solvent into account. A polarizable continuum model (PCM) has
also been employed for comparison. The most perceptive
structural changes are noted in aqueous solution by using the
ASEC-FEG approach. The activation energies in all solvents,
estimated by means of free-energy perturbation calculations, are in good agreement with the experimental data. The total solute−
solvent hydrogen bonds play an important role in the increased barrier height observed in water and are therefore crucial to explain
the huge decrease in the kinetic constant. It is also found that the hydration shell around the ions breaks itself spontaneously to
accommodate the molecule, thus forming minimum energy complexes.

1. INTRODUCTION
Bimolecular nucleophilic substitution (SN2) reactions play a
fundamental role in the building of functional groups in organic
chemistry and are prototypes of more complex bimolecular
systems.1−3 In view of these applications over the last decades,
an enormous amount of experimental and/or theoretical works
has been devoted to understanding the mechanisms behind
these chemical reactions in the gas phase.4−13 This type of
reaction consists of a concerted process governed by the making
and breaking of two single bonds on the α-carbon. In general,
there is a consensus that the ground-state potential energy
surface exhibits two deep minima, originated by the strong
dipole-charge interaction, with a transition state barrier height
separating them.14−16 Another interesting feature is that their
reaction rates are very affected by the surrounding environment
and can drastically change in comparison with the gas phase. In
particular, some reactions show rates that are 10 or more orders
of magnitude smaller when taking place in water than in the gas
phase.17−19 This means that the activation barrier increases and,
as a consequence, the reaction velocity is slower in solution. The
solute−solvent hydrogen bonds formed in aqueous solution are
important for understanding the increase in the barrier height as
well as a better energetic stabilization of the minima.20 In terms
of theoretical predictions for the case in solution, most of the
studies focus on describing the mechanism in water using
microsolvation models.13,21−25 Although some partial success
might be obtained with microsolvation, it is well-timed to
recognize that this approach ignores the characteristics of the
liquid nature and the related thermodynamic condition. Noting

this dearth of theoretical studies, we address here the explicit
inclusion of the liquid solvent interaction and extend the study
to include other solvents and solvent effects, both protic and
aprotic.
Today, there are two well-consolidated manners to

incorporate solvent effects. The first one is based on implicit
solvation by treating the solvent as a dielectric or a conductor
continuum,26,27 which implies that the degrees of freedom
(DOFs) of the solvent are neglected, and thus specific
interactions cannot be taken into account. This approach has
the great advantage of having a low computational cost,
demanding almost the same computational time as considering
only the isolated molecule. We aim at a procedure to remove
some of the limitations of implicit solvation and to explicitly
consider in the quantum mechanical calculation the nearest
solvent molecules around the solute. The issue now is the
number and position of the solvent molecules to be included.
Those ones can be obtained with molecular simulation
techniques with a specified thermodynamic condition. Among
these approaches, we here highlight those that combine
quantum mechanics (QM) methods and molecular mechanics
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(MM) simulations, namely QM/MM methods.28 In this
context, some of us have previously developed a methodology
that allows optimizing the free energy of molecules in solution
by using a sequential QM/MM methodology29 (S-QM/MM)
and the free-energy gradient30,31 (FEG). An important point in
this is the selection of the interacting potential, and we have used
an average solvent electrostatic configuration (ASEC).32 This
has been coined as the ASEC-FEG method.33,34 This approach
has been shown to be relatively accurate to characterize free-
energy minima as well as electronic properties of several
molecules in solution for different electronic states.35−38 The
understanding of chemical reactions and the calculation of
reaction rates require obtaining good potential energy surfaces
and, in particular, some stationary points along the reaction
paths. In a liquid situation, the thermodynamic condition plays a
pivotal role, and it is thus of essential importance to consider the
free energy and the solute−solvent interactions. Note that in the
MM part, either molecular dynamics (DM) or Monte Carlo
simulation techniques can be, in principle, applied since both are
able to generate a representative sample of the configuration
space. We have chosen MC because our focus of study does not
include the evaluation of temporal properties and a smaller
number of steps to achieve the equilibrium regime is required in
MC.39

In this work, we thus apply the promising ASEC-FEG
approach to investigate an important and, in most cases, an
essential point in the study of chemical reaction in solution, the
transition states (TS). Inspired by this motivation, we have
selected the well-known SN2 CH3Br + Cl− → CH3Cl + Br−

reaction, whose solvent effects are enormously pronounced and
therefore are a good challenge to any theoretical method. This
specific reaction is very sensitive to the environment and its
kinetic constant varies from vacuum to water by more than 10
orders of magnitude, which in terms of the free-energy difference
represents a barrier increase of around 15 kcal/mol.40−42 Up
until now, this reaction has been extensively studied
theoretically in the gas phase4,5,43,44 and only a few theoretical
studies have addressed it in aqueous solution.45,46 Nonetheless,
the reaction rate drops sharply in aprotic solvents,47−49 and up
to date, we have found no theoretical studies dedicated to the
subject and hence no theoretical analysis of this reaction rate.
Therefore, we propose to systematically investigate this SN2
reaction in aqueous solution as well as in two other solvents
(acetone and dimethylformamide). Accordingly, several
ground-state critical points are optimized in the gas phase and
in solution, and their free energy is estimated. Finally, the
energetic and entropic contributions along the reaction path are
obtained and discussed in some detail.

2. COMPUTATIONAL DETAILS
Ground-state critical points of CH3Br + Cl− → CH3Cl + Br−

reaction were optimized, both in the gas phase and in solution,
by using the second-order Møller−Plesset perturbation theory
(MP2)50 with the augmented triple-ζ atomic basis set (aug-cc-
pVTZ).51 This level of theory was chosen because it provides a
good compromise between the agreement with the experimental
activation energy value in the gas phase and computing time,
besides being consistent with other highly correlated wave-
functionmethods and larger atomic basis sets (see Tables S1 and
S2 in Supporting Information). The increase in the basis sets
from aug-cc-pVTZ to aug-cc-pQTZ or aug-cc-5TZmakes only a
slight change in the relative energies of the critical points,
differing by less than 1 kcal/mol. On comparing MP2 with MP4

and CCSD(T), the same trend is observed. Thus, we decided on
a more economical MP2/aug-cc-pVTZ level. Harmonic vibra-
tional frequency calculations indicated that the TS is correctly
characterized as containing a single imaginary frequency which
encompasses the motion of both ions in relation to the methyl
group. Additionally, no imaginary frequencies were observed in
the reactant and product structures, confirming that these
geometries correspond to energetic minima in the ground-state
surface.
Solvent effects were introduced with two schemes: (i) a

simple implicit solvation with the self-consistent reaction field
(SCRF) approach and the polarizable continuum model within
the integral equation formalism (IEFPCM)26 model and (ii) the
more involved and accurate ASEC-FEG33,34 approach. The
latter one requires an iterative process where each optimization
step consists of a classical simulation followed by QM
calculations of the atomic forces and an adjustment of the
charges on the atomic sites to update the solute electronic
polarization by the solvent. The solute−solvent interaction in
the QM part is inserted as a one-electron term in the solute’s
Hamiltonian by using an average solvent electrostatic
embedding (ASEC)32 for the solvent. In a similar fashion,
Aguilar and co-workers proposed a scheme based on the average
electrostatic potential instead of the average electrostatic
configuration.52 We refer interested readers to refs 32, 33, and
53 for more detailed information about the theory.
Classical simulations were performed using the MC method

with Metropolis sampling.54 Periodic boundary conditions,
minimum-image convention, and long-range correction were
applied in a cubic simulation box with aminimum solvation shell
thickness of at least 12 Å, leading to 250 acetone (ACE) and
dimethylformamide (DMF) molecules and 1000 water (WAT)
molecules. Solvent and solute structures were treated as rigid
along with the classical simulations. At each MC step, the
molecular interaction is expressed as a sum of the Lennard-Jones
(LJ) plus Coulomb potential over all atomic sites. For the solute,
the LJ parameters were taken from the optimized potentials for
liquid simulation (OPLS-AA),55 while the set of initial atomic
charges was calculated from aMerz−Singh−Kollman56 (MK) fit
using the same level of theory employed in the geometry
optimization procedure. No van der Waals radius was requested
to compute the partial charges on the chlorine and bromine ions.
Specific force fields were adopted for ACE,57 DMF,58 and
WAT.59 The thermalization procedure is divided into two
stages, which start with anNVT simulation of 8 × 104 MC steps
per molecule and then anNPT simulation of 12 × 104 MC steps
per molecule. Next, a production of 4 × 105 MC steps per
molecule is carried out in the equilibrium regime. A total of 200
statistically uncorrelated configurations are stored to generate
the ASEC electrostatic embedding, meaning that in each interval
of 2 × 103 MC cycles, a configuration is saved. This interval was
estimated by the biexponential fit of the energy autocorrelation
function.60 Normal conditions (T = 298 K and P = 1 atm) were
adopted in the classical simulations. In the IEFPCM model, the
adopted dielectric constants were 20.493, 37.781, and 78.355 for
ACE, DMF, and WAT, respectively.
In order to obtain the Gibbs free-energy difference (ΔG),

other MC simulations were performed employing the free-
energy perturbation (FEP)61 technique, connecting some points
on the ground-state free-energy surface by interpolating
geometry and atomic charges of the solute. Double-wide
sampling57 is employed in an effort to reduce the simulation
time, implying that one simulation yields two increments in the
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Gibbs free-energy change. The totalΔG is given by summing, in
addition to the contribution estimated from FEP, the energetic
difference due to the structural changes. For each one of these
simulations, a total of 8 × 105 MC steps were run to reach a
sufficiently small fluctuation of the ΔG value. Three
independent simulations were carried out to get the standard
deviation. This quantity was also predicted with the IEFPCM
model, including the thermodynamic effects via vibrational
frequency calculations. The MC classical simulations and the
FEP calculations in the solvated environments were computed
by using the DICE62 code. All electronic structure calculations
were carried out in the Gaussian 0963 suite.

3. RESULTS AND DISCUSSION

3.1. Critical Points and Charge Distributions. In the gas
phase, the Cl···C optimized length is 3.082 and 1.814 Å for
reactant and product minima, respectively. On the other hand,
the Br···C distance is calculated to be 1.962 and 3.258 Å,
respectively. Both ions are nearly equidistant from the methyl
group in the TS structure. Furthermore, in all stages of the
reaction mechanism, the pair of ions remains colinear, with the
angle formed by the Cl, C, and Br atoms close to 180°. These
findings are consistent with previous theoretically coupled
cluster calculations including perturbative triple excitations
(CCSD(T))4,5 and ab initio molecular dynamics using the
density functional theory (DFT) and BLYP as functional.6

We have sought equivalent critical points in the ground-state
free-energy surface in solution. Figure 1 shows the converged
values of the Cl−C and Br−C bond distances in gas and solvent
phases using the ASEC-FEG approach for the CH3Br + Cl− →
CH3Cl + Br

− reaction in its reactant, TS, and product structures.
Solvent effects on the other coordinates are less pronounced.
In the reactant and product cases, the bond between the

methyl group and the ion bonded to it, coined here as CH3X (X
= Br for reactant, and X = Br for product), decreases as the
polarity of themedium increases. In relation to the gas phase, the
largest change in this coordinate is observed for the reactant in
water, reducing to about 0.030 Å its length. Conversely, the
other ion moves away from the CH3X group, mainly in aqueous
solution. Even though the ion is far enough away from the CH3X
group, a full solvation shell around the ion is not verified.
Considering the transition state, the effects on the molecular

structure are mild when the system is embedded in solutions of
ACE or DMF. Again, the most perceptible changes occur in
WAT, with the Cl···Cbond shortening by 0.066 Å and the Br···C
bond lengthening by 0.077 Å in relation to the gas phase. The
values reported in water agree with those earlier obtained by
Raugei et al. using Car−Parrinello molecular dynamics (CPMD)
simulations45 and other theoretical work of similar reac-
tions.20,64,65

For comparison, we have also optimized all structures with the
IEFPCM model. These results are shown in Table S3 in the
Supporting Information. Overall, it predicts essentially the same

structure in all solvents, which entails that the implicit solvation
method cannot distinguish a solvent from another. This could be
expected since no significant variation in the structure is noted
from a certain value of the dielectric constant value. Besides, the
Cl−C and Br−C bond distances are quite distinct from those
optimized with the ASEC-FEG approach, predominantly in the
aprotic solvent (ACE and DMF).
We have also analyzed the solvent effects on the atomic charge

distribution (see Table 1). Here, we have only reported the

values obtained from the ASEC-FEG approach. In both reactant
and product, the inclusion of the solvent provokes a charge
migration from the X halogen atom to the methyl group. In the
TS structure, the atomic charge on the halogen atoms and the
methyl group is significantly affected only in water, becoming
more negative and positive, respectively. Recently, a theoretical
study of the FCH3 + CN− → CH3CN + F− reaction in water65

using an electrostatic DFT/MM embedding approach reported
that along with the reaction, the halogen atom always has a
negative charge (−0.36e for the reactant, −0.52e for TS, and
−0.20e for the product), and the methyl group always has a
positive charge (0.33e for the reactant, 0.34e for TS, and 0.20e
for the product), which is well consistent with our theoretical
predictions, even though the reaction is not the same.

3.2. Solute−Solvent Hydrogen Bonds. The reaction
complex only has acceptor sites, implying that solvent−solute
hydrogen bonds (HB) can occur only in the case of water
solution. Figure 2 shows the radial distribution function g(r)
between the halogen atoms of the complex and the oxygen
atoms of water. As it can be noticed, the first peak and minimum
positions of the g(r) involving the Br and oxygen atoms are
similar in the TS and the product, but this first peak is more
intense in the product. The location of this sharp peak is a typical
signature of HB, but additional criteria should be incorporated
in order to better quantify the number of HBs (see below for

Figure 1.Optimized structure of the reaction complex in its (a) reactant, (b) TS, and (c) product species in the gas phase. The Cl−C and Br−C bond
distances in the gas phase (black), acetone (red), dimethylformamide (blue), and water (green) are reported. Atomic representation: Cl = green, Br =
dark red, C = gray, and H = white.

Table 1. Charge Distribution (e) Over the Sites of the
Reaction Complex in the Gas Phase, Acetone,
Dimethylformamide, and Water

site GAS ACE DMF WAT

reactant C −0.55 −0.67 −0.70 −0.78
H 0.26 0.29 0.29 0.31
Cl −0.95 −0.97 −0.98 −1.02
Br −0.28 −0.23 −0.19 −0.13

TS C −0.49 −0.48 −0.49 −0.32
H 0.29 0.28 0.29 0.29
Cl −0.70 −0.68 −0.69 −0.75
Br −0.68 −0.68 −0.69 −0.80

product C −0.33 −0.40 −0.43 −0.48
H 0.20 0.21 0.22 0.24
Cl −0.29 −0.24 −0.23 −0.20
Br −0.98 −0.99 −1.00 −1.04
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more details). The spherical integration over this first peak
results in around seven and five water molecules surrounding the
halogen atom in the product and TS structures, respectively. For
the gCl−O(r), the peaks and minima in the reactant are a little
displaced with respect to the TS. However again, seven and four
water molecules are found in the first shell around the chlorine
atom for the reactant and TS structures, respectively. A previous
CPMD study in water estimated a first solvation shell
comprising, on an average, 3−4 water molecules around
bromine in the TS structure,46 which well fits with our results.
It cannot be assured that all water molecules located in this

first peak are indeed associated with hydrogen bonds. Then, in
this work, the number of HBs is obtained by using three
complementary criteria:66−68 (i) RXY, which is defined by the
first minimum of the g(r) between the electronegative X and Y
atoms; (ii) the θXY angle formed by the X, H, and Y atoms; and
(iii) the binding energy (EHB), which is determined from the
histogram of the solute−solvent pairwise energy distribution. In
this work, the selected parameters are RBr−O ≤ 3.85 Å, RCl−O ≤
3.65 Å, θ ≤ 40°, and EHB ≤ −0.1 kcal/mol. Table 2 exhibits the
average number of hydrogen bonds (HB) that each halogen
atom makes with the water and their respective classical
interaction energy (ΔE).

The highest number of HBs is obtained in the TS stage, with
an amount of 9.3 on average. However, the interaction energy
due to them is the smallest. The reactant and product nearly
make the same number of HBs (∼8), although the interaction
energy coming from the HB is stronger in the reactant. In both
minima, the halogen atom bound to the CH3 group makes an

equal number of HBs, which is less than 1. In turn, a similar
number of HBs is observed for both halogen atoms in the TS
structure. This result suggests that the increased barrier height in
water, as compared to the gas phase or ACE orDMF solutions, is
a consequence of weaker hydrogen bonding interactions in the
TS structure than in either the reactant or product. This finding
has been already observed previously in another SN2 reaction.

69

3.3. Energy Profile. The magnitude of the activation energy
defines the speed at which the reaction occurs and can be
quantified by the free-energy difference between the reactant
and transition states. We have determined this property in
vacuum by the inclusion of the vibrational effects and zero-
energy contributions to the molecular Hamiltonian, whereas in a
solvated environment, it has been evaluated by combining MC
simulations and FEP technique (see section Computational
Details). These results in all environments are shown in Table 3.

Our theoretical prediction for the reaction in vacuum is in
good agreement with the available experimental measurements
at T = 298 K.40,41 Previous theoretical calculations at the
CCSD(T)/cc-pVDZ level pointed to an activation energy value
of 8.53 kcal/mol,5 which is smaller than our results but could still
be considered in good agreement with the experiment.
Experimental results show that the activation barrier from

GAS to ACE is increased by around 5 kcal/mol. The results
obtained using the FEP technique predict an increase of 3.4
kcal/mol, which differs from the experimental value by less than
2 kcal/mol. The experimental solvatochromic shift from ACE to
DMF47,48 indicates a moderate increase of 2.1 kcal/mol in the
activation energy. Our theoretical result also reveals an increase
that is computed to be 2.7 kcal/mol.
The largest experimental value for the activation energy is for

the case of water, where its value is obtained as 23.7 kcal/mol.42

We have found an activation barrier of 24.2± 1.9 kcal/mol using
the FEP technique, which is in very good agreement with the
experiment, with an essentially negligible difference of only 0.5
kcal/mol. From DMF to WAT, the experimental activation
barrier increases by 5.8 kcal/mol, while the theoretical
estimation is of 7.6 kcal/mol. In view of these results, we can
conclude that the combination of the ASEC-FEG approach with
the FEP technique is a good choice to obtain the activation
barrier in solution and is able to well describe the energies
involved in this nucleophilic reaction.
To our knowledge, unfortunately, theoretical studies of this

nucleophilic reaction are limited to the water environment.
However, in the case of the CH3Cl + CN− → CH3CN + Cl−

reaction, Xu and co-workers20 reported that the effects of water

Figure 2. Radial distribution function between (a) chlorine in the
solute and oxygen in water and (b) bromine in the solute and oxygen in
water.

Table 2. Average Number (HB) and Classical Average
Interaction Energy (ΔE; kcal/mol) of Hydrogen Bonds
Formed by CH3Br + Cl

− Reaction with theWater Moleculesa

reactant TS product

HB ΔE HB ΔE HB ΔE
Cl···H−O 6.4 −12.0 4.4 −9.5 0.9 −2.8
Br···H−O 0.9 −2.3 4.3 −7.2 6.5 −10.9
C−H···O 0.2 −9.5 0.2 −5.8 0.3 −8.0
total 7.9 −85.0 9.3 −76.3 8.1 −79.3

aThe total ΔE is computed as the sum of the interaction energy
obtained at each electronegative site multiplied by its respective
average number of HB.

Table 3. Theoretical Activation Energy (kcal/mol) for the
CH3Br + Cl− → CH3Cl + Br− Reaction in the Gas Phase and
Three Solventsa

GAS

this work 10.5

Exp. 8.6−10.740,41

ACE DMF WAT

IEFPCM 21.1 21.8 22.7
FEP 13.9 ± 0.6 16.6 ± 0.2 24.2 ± 1.9
exp. 15.847 17.948 23.742

aIEFPCM and FEP approaches were adopted to estimate the Gibbs
free-energy difference between the reactant and TS structures in the
solvent. Experimental data are also reported for comparison.
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and the polarization effect together increase the activation
barrier height by around 11.4 kcal/mol based on multiscale
QM/MM calculations, which is in accordance with our result
(13.6 kcal/mol). Higashi and Truhlar70 have also obtained a
similar shift from gas to the aqueous solution for the CH3Cl +
Cl− reaction (∼14 kcal/mol), employing a combination of DFT
calculations and MD simulations.
It is worth mentioning that the IEFPCM approach describes

well the activation energy in water (see Table 3). However, it
fails in obtaining the distinction between different solvents,
providing a similar activation energy value in the other solvents,
leading to discrepancies compared to experiments of 5.3 and 3.9
kcal/mol for ACE and DMF, respectively.
The Gibbs free-energy difference between the reactant and

product is also evaluated. Table 4 exhibits these calculated values

using the same strategies as above. According to our results, the
reaction is exothermic in the gas phase with the product being

placed 4.6 kcal/mol below the reactant, which agrees with
CCSD(T) calculations reported previously that obtained a value
of −6.5 kcal/mol.4

The reaction remains exothermic in solution despite having
less stability favoring the product, lowering by about 3 kcal/mol
(see Table 4). In the case of water, for instance, the reaction is
exothermic by about 2 kcal/mol. This behavior could be
expected since the total solute−solvent hydrogen bonding
interaction is stronger in the reactant. The IEFPCMmodel gives
similar differences, as can also be seen in Table 4. These findings
differ from those obtained previously6 using the microsolvation
technique with only one or two water molecules, where a greater
stabilization in water (∼7 kcal/mol) is suggested. Unfortunately,
no experimental data have been found to make a comparison,
but the limitations of the microsolvation model are clearly seen.
Finally, in Figure 3 are illustrated all the reaction processes for

the CH3Br + Cl− → CH3Cl + Br− reaction in water. The
energetic profile for the other solvents is also depicted. All these
Gibbs free-energy differences are estimated using the FEP
technique.
In all the solvents studied, the ion is not totally involved by a

full solvation shell in the minima structure points (reactant and
product), as stated before. A complete solvation shell is achieved
by stretching the CH3···Y distance around 6 Å inWAT and 10 Å
for ACE and DMF. FEP calculations predict that these two
structures are energetically locatedmore than 10 kcal/mol above
the nearest minimum. This difference is larger in acetone and

Table 4. Difference in the Gibbs Free Energy between the
Reactant and Product (kcal/mol) in Acetone,
Dimethylformamide, and Water for the CH3Br + Cl− →
CH3Cl + Br− Reaction

ACE DMF WAT

IEFPCM −1.5 −1.2 −1.2
FEP −1.3 ± 0.9 −1.0 ± 0.3 −1.8 ± 2.2

Figure 3. Gibbs free-energy difference for the reaction complex in (a) water, (b) acetone, and (c) dimethylformamide. The accessible volume of the
closest solvent molecules at each relevant point of the reaction is also illustrated.
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dimethylformamide, which implies that both the reactant and
product are more stabilized in these environments. Thus, in all
solvents, the chlorine and bromine ions prefer to make HBs
interact with bromomethane or chloromethane than with the
solvent molecules; that is, the process is spontaneous. Another
remark is that a full solvation shell is observed around the TS,
but it is less structured in ACE (Figure 3).
3.4. Entropy Profile. Another issue concerns the entropy

contribution along with the relevant points of the reaction. This
can be derived from our simulations using the thermodynamic
equation that relates the variations of free energy (ΔG),
enthalpy (ΔH), and entropy (ΔS). It is worth mentioning that
the vibrational contribution is not included in our model
because the molecules are kept rigid during the classical
simulations. Nonetheless, other contributions (electronic,
rotational, and translational) are taken into account. Notably,
the vibrational, rotational, and translational contributions can be
estimated using low-cost approaches based on continuum
models, for instance, the COSMO-RS71,72 (conductor-like
screening model for real solvents) approach, but these
contributions to the Gibbs free-energy barriers are not expected
to be significant in this study. This is emphasized by noting the
large calculated energy barriers that will not change appreciably
by the small differences in entropy of the specific points. The
configurational enthalpy difference (ΔHc) depends on the
solute−solvent and solvent−solvent interactions, with the latter
term usually being called in the literature as solvent relaxation
energy. This quantity has a slow convergence because it is
computed from the fluctuation between two large numbers,73

which demands extremely large MC simulations to achieve
convergence. The convergence procedure for all solvents is
illustrated in Figure S1 in the Supporting Information, and Table
4 shows the converged values of the variations of free energy,
enthalpy, and entropy involving many stages of the CH3Br + Cl

−

→ CH3Cl + Br− reaction.
As we can see in Table 5, the ΔH and TΔS values for the

reactant → shell (Cl) and product → shell (Br) are always
negative (except TΔS in water), with DMF having the most
extreme values. As entropy is directly related to the disorder
degree, we can deduce that the full solvation shell around the
ions leads to a more organized structure than the minima
(reactant and product). Except for ACE, the entropy decreases
from the reactant to TS and increases from TS to the product.
Overall, the entropy contribution in water is relatively small.

4. CONCLUSIONS

This work has been devoted to the study of the liquid solvent
effects on SN2 reaction. Theoretical advances were made by
obtaining the Gibbs free energy along the reaction path and at

specific important points, such as the transition state. Explicit
solvent molecules were included that obeyed thermodynamic
conditions and the distribution derived from a Monte Carlo
simulation. A systematic study of the CH3Br + Cl− → CH3Cl +
Br− reaction was carried out in gas and in three solvent
environments. To this end, several ground-state critical points
along the reaction path were optimized (minima and transition
states). The estimation of the activation energy barrier by using
FEP calculations indicates an increase in this property when the
solvent is included, with theoretical predictions close to those
measured experimentally. In addition, the reaction becomes less
exothermic in solution because the reactant is energetically
calculated to be around 1 kcal/mol above the product. This
finding could be explained in water because the solute−solvent
hydrogen bond interactions are more intense in the product
than in the reactant. Finally, the entropic contributions are
considerably small, mainly in aqueous solution. In all cases, we
obtained a picture that agreed with the experiment for the three
considered solvents. Hence, this study opens the possibility of
realistic theoretical studies of chemical reactions in solution..
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(27) Klamt, A.; Schüürmann, G. COSMO: A new approach to
dielectric screening in solvents with explicit expressions for the
screening energy and its gradient. J. Chem. Soc., Perkin Trans. 2 1993,
799−805.
(28) Tu, Y.; Laaksonen, A. Implementing Quantum Mechanics into
Molecular Mechanics-Combined QM/MM Modeling Methods.
Advances in Quantum Chemistry; Sabin, J. R., Brandas, E., Canuto, S.,
Eds.; Elsevier: Netherlands, 2010; Vol. 59, pp 1−15.
(29) Coutinho, K.; Rivelino, R.; Georg, H. C.; Canuto, S. The
Sequential qm/mm Method and its Applications to Solvent Effects in
Electronic and Structural Properties of Solutes. In Solvation Effects on
Molecules and Biomolecules: Computational Methods and Applications;
Canuto, S., Ed.; Springer Netherlands: Dordrecht, 2008; pp 159−189.
(30) Okuyama-Yoshida, N.; Nagaoka, M.; Yamabe, T. Transition-
state optimization on free energy surface: Toward solution chemical
reaction ergodography. Int. J. Quantum Chem. 1998, 70, 95−103.
(31) Nagaoka, M. Structure optimization of solute molecules via Free
Energy Gradient method. Bull. Kor. Chem. Soc. 2003, 24, 805−808.
(32) Coutinho, K.; Georg, H. C.; Fonseca, T. L.; Ludwig, V.; Canuto,
S. An efficient statistically converged average configuration for solvent
effects. Chem. Phys. Lett. 2007, 437, 148−152.
(33) Georg, H. C.; Canuto, S. Electronic properties of water in liquid
environment. A sequential QM/MM study using the free energy
gradient method. J. Phys. Chem. B 2012, 116, 11247−11254.
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