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Solvent effects and potential of mean force study of the
SN2 reaction of CH3F+CN− in water∗

Chen Li(李琛), Peng Liu(刘鹏), Yongfang Li(李永方), and Dunyou Wang(王敦友)†
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We used a combined quantum mechanics and molecular mechanics (QM/MM) method to investigate the solvent
effects and potential of mean force of the CH3F+CN− reaction in water. Comparing to gas phase, the water solution
substantially affects the structures of the stationary points along the reaction path. We quantitatively obtained the solvent
effects’ contributions to the reaction: 1.7 kcal/mol to the activation barrier and −26.0 kcal/mol to the reaction free energy.
The potential mean of force calculated with the density functional theory/MM theory has a barrier height at 19.7 kcal/mol,
consistent with the experimental result at 23.0 kcal/mol; the calculated reaction free energy at −43.5 kcal/mol is also
consistent with the one estimated based on the gas-phase data at −39.7 kcal/mol.

Keywords: transition state, quantum mechanics and molecular mechanics, solvent effect, potential of mean
force

PACS: 34.20.–b, 34.20.Cf, 34.20.Gj, 34.50.Lf DOI: 10.1088/1674-1056/27/3/033401

1. Introduction
Bimolecular nucleophilic substitution (SN2) reaction is a

fundamental reaction in organic chemistry. In gas phase, the
SN2 reactions have been extensively studied,[1–6] especially
for the CH3X+Y−→CH3Y +X− (X and Y are F, Cl, Br, and I)
reactions.[7–12] In textbook, the standard SN2 reaction mecha-
nism occurs with the attack of the Y− at the center carbon atom
with a Walden inversion process. There is also a front-side at-
tack reaction mechanism existing in these SN2 reactions.[13]

Besides the Walden-inversion reaction mechanism, new reac-
tion mechanisms have also been found, such as the rebound
mechanism,[14] the roundabout mechanism,[15] the striping
mechanism,[14] and the double-inversion mechanism.[16] Al-
though the bimolecular nucleophilic SN2 reactions have been
well studied in the gas phase, the studies of these reactions in
solution are scarce.

In our previous studies of the CHmCl4−m+OH−,
CH3Br+OH−, CH3F+OH− in aqueous solution[17–21] with
the multi-level quantum mechanics and molecular mechan-
ics (ML-QM/MM) methods, the calculated reaction barrier
heights agree well with the experimental results. The activa-
tion barriers increase significantly from gas phase to solution
phase due to the presence of the aqueous solution, which indi-
cates that the reactivity of the same reaction from gas-phase to
solution is greatly reduced.

For the title reaction CH3F+CN− →CH3CN+F− in gas
phase, using the viral partitioning method, Bader et al. calcu-
lated an overall activation energy of 22.6 kcal/mol; the the-
oretical density functional theory (DFT) calculation with a
4-31G basis set gave the barrier height at 26.6 kcal/mol;[22]

Ga’zquez[23] took into account of the difference of the hard-

ness between the reactant and transition state and found the

activation energy at 33.9 kcal/mol. In water, Marshall and

Moelwyn–Hugh[24] measured the rate constants of the title

reaction in aqueous solution and derived the activation en-

ergy of 23.0±1 kcal/mol. We can see from the above studies

that the activation barrier varies not much from the gas phase

(26.6 kcal/mol) to aqueous solution (23.0 kcal/mol); somehow,

the barrier height in gas phase is higher than the one measured

in solution phase. This indicates that the water solution does

not affect the reaction barrier height very much, even lowers

the barrier height from gas phase to solution. This is very dif-

ferent from our previous calculations for other reactions[17–21]

where the water solution raises the barrier height significantly

from gas phase to solution.

Till now, no theoretical studies of the title reaction

CH3F+CN− in aqueous solution have been done, therefore, in

this article, employing the combined QM/MM method,[17–19]

we carry out the first theoretical calculation of this reaction

in water. In this study, the reactant solute region is treated

with DFT[25] and electrostatic potential (ESP)[26] theories, and

the solvent is treated with molecular mechanics. We want to

study solvent effects on the reaction pathway, quantitatively

determine the aqueous solution contribution to the transition

state barrier, explore the detailed, atomic-level evolution of

the reaction mechanism, obtain the potential of the mean force

(PMF), and compare the activation barrier with the experimen-

tal result.[24]
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2. Methods and computational procedures
In this article, the combined QM/MM method was used to

study the reaction CH3F+CN−→CH3CN+F− in aqueous so-
lution. The reactant solute CH3F+CN− was described using
the QM method, while the water environment was described
using the MM method. The potential energy of the reaction
system can be calculated as

V =V int
qm(𝑟;ψ)+V ext

qm/mm(𝑟,𝑅;ρ)+Vmm(𝑟,𝑅). (1)

Here 𝑟 and 𝑅 refer to the coordinates of the QM and MM
parts, and ψ is the electron-wave function of the ground state
of the solute. V int

qm has the gas-phase expression and is the
QM-region energy. The bond interaction between the nu-
clear solute and solvent, the van der Waals interactions, and
the electrostatic interactions are included in the second term
V ext

qm/mm(𝑟,𝑅;ρ). The third term Vmm (𝑟,𝑅) is the solvent
energy contribution calculated using the molecular mechanics
method.

Hence we can calculate the potential mean force, ∆WAB,
between two neighboring points using the DFT/MM theory as

∆WAB =
(
∆W DFT→ESP

AA −∆W DFT→ESP
BB

)
+∆W ESP

AB . (2)

The last term ∆W ESP
AB is the solvent free energy difference cal-

culated through explicit statistical sampling.
We first solvated the reactants CH3F and CN− into a

35.8 Å cubic box with 1532 SPC/E[27] solvent waters, treated
as the MM region. The DFT/MPWB1K[25,28] theory with
the aug-cc-pvDZ basis was used to describe the reactant QM
part. The parameters for the van der Waals interactions were
adopted from the standard Amber force.[29]

First, with a multi-region optimization procedure, the QM
and MM regions were optimized. Hereafter, we fixed the QM
part and implemented molecular dynamics simulation to equi-
librate the solvent MM region for 40 picoseconds at 298 K.
Second, we optimized the whole system again in water to ob-
tain the initial reactant complex. Then, using the just-obtained
reactant complex, we could seek the product complex accord-
ing to the SN2 back-side attack mechanism. We also applied
the multi-region optimization and equilibration procedures to
obtain a converged initial product complex.

Next, the nudged elastic band (NEB)[30,31] method was
employed to constructed the initial reaction path using the ini-
tial reactant and product complexes obtained above in water.
We used the top stationary point from the initial NEB reac-
tion path to search the real transition state in aqueous solu-
tion, following a numerical frequency calculation to confirm
its saddle-point identity with one imaginary frequency.

We optimized the corresponding displacements of the
imaginary frequency along the imaginary frequency mode.
The NEB reaction pathway then was constructed anew with 10

points. For each of the NEB point, the water solution was equi-
librated using molecular dynamics simulation for 40 picosec-
onds. Next, the NEB reaction path was optimized again. This
equilibration-optimization procedure was repeated to reach a
convergence. Finally, the PMF was calculated based on Eq. (2)
on the converged NEB reaction pathway.

3. Results and discussion
3.1. Reactant complex

The comparison of the reactant complexes in gas
phase[32] and aqueous solution is presented in Fig. 1. In gas
phase, the C–C distance is 3.11 Å, while it is longer at 3.33 Å
in aqueous solution. This is due to the shield effects resulting
from the presence of the solvent between the nucleophile and
the substrate, which reduces the interaction between the two.
Another major difference is that the ∠CCN angle is 180.0◦ in
the gas phase, but non-linear in the aqueous solution. This
feature is also due to the presence of the water molecules.
This can be seen in that the CN− nucleophile accepts seven
hydrogen bonds. Their average distance is 2.48 Å with the
surrounding water molecules, and the uneven distribution of
the water molecules around the nucleophile makes the CN−

tilt up. This picture shows that the presence of the solvent
changes the structure of the reactants in aqueous solution.

(a) reaction complex (gas)

(b) reaction complex (solution)

Fig. 1. (color online) Structures of the reactant complex for the reac-
tion CH3F+CN−→ CH3CN+F− (a) in gas phase and (b) in aqueous
solution. The indicated distances are in Å.

3.2. Transition state

The comparison of the transition states in gas phase[32]

and in aqueous solution is shown in Fig. 2. The transition state
[F. . . CH3. . . CN]− in water has one imaginary frequency at
425.7i cm−1. In gas phase, the C–C distance is 2.06 Å, while
it is longer at 2.16 Å in aqueous solution; the ∠CCN is 180.0◦

while it is 153.8◦ in aqueous solution. These two main differ-
ences are still due to the interactions between the solute and
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the surrounding water molecules as we discussed in the com-
parison of the reactant complexes above. The transition state
has an almost planar CH3. However, the CN− gets closer to
attack the C center of the CH3 group with the C–C distance
at 2.16 Å, and we can see that the C–F distance is increased
from 1.40 Å in reactant to 1.65 Å. In the meantime, seven wa-
ter molecules form the solvation shell of the CN− nucleophile
with an average distance at 2.45 Å.

(a) transition state (gas)

(b) transition state (solution)

Fig. 2. (color online) Structures of the transition for the reaction
CH3F+CN−→ CH3CN+F− (a) in gas phase and (b) in aqueous so-
lution. The indicated distances are in Å.

3.3. Product complex

The product complex is compared with the one in gas
phase[32] in Fig. 3. In gas phase, the leaving group F− is totally
detached from the C atom and forms a hydrogen bond with
one of the H atoms in CH3 at 1.79 Å with the ∠FHC angle
of 172.2◦. Meanwhile in aqueous solution, the leaving group
behaves similarly as in gas phase and also forms a hydrogen
bond with one of the H atoms in CH3, but the angle ∠FHC is
more bent at 148.5◦. At this stage, the CN− nucleophile forms
a new bond with the substrate with a C–C distance of 1.43 Å.
There are still seven water molecules forming hydrogen bonds
with CN at an average distance of 2.83 Å.

Note that the number of hydrogen bonds formed
around CN/CN− is consistent with the results in previ-
ous studies.[33,34] Infrared and NMR study[35] indicates that
the average hydrogen-bonded neighbors around the CN−

include six to seven molecules, and molecular-dynamics
calculations[34] show that the average number of hydrogen
bonds formed with CN− in water is 6.3. Nonetheless, not all
the hydrogen bonds formed with CN/CN− should be in its first
solvation shell. According to the definition of weak hydrogen

bond in the range of 2.0–3.0 Å,[35] the hydrogen bonds longer
than 3.0 Å in the stationary points should be in the outer re-
gion of the CN/CN− solvation shell. Therefore, the CN/CN−

solvation numbers of water molecules in the reactant, transi-
tion state, and product complex are six, five, and three, respec-
tively. This is understandable as the CN− transfers its negative
charge to the substrate, its electronegativity is decreased, thus,
it loses water molecules in its first solvation shell.

(a) product complex (gas)

(b) product complex (solution)

Fig. 3. (color online) Structures of the product complex for the reac-
tion CH3F+CN−→ CH3CN+F− (a) in gas phase and (b) in aqueous
solution. The indicated distances are in Å.

3.4. Atomic-level reaction mechanism

In Fig. 4, we provide the atomic-level evolution of the ge-
ometries for the title reaction in water along the NEB reaction
pathway. Ten snapshots are displayed along the reaction path
in water. The C–C length decreases from 3.33 Å at reactant
(Fig. 4(a)) to 2.16 Å at transition state (Fig. 4(e)); while in the
meantime, the C–F distance increases from 1.40 Å to 1.65 Å.
Moreover, the C–C distance further decreases from 2.16 Å at
transition state to 1.43 Å at product state, and the C–F distance
increases from 1.65 Å to 2.76 Å. On the other hand, at the be-
ginning of the reaction process, the 3H atoms in CH3F face
the CN− with the three ∠HCC angles at 70.9◦, 67.8◦, 71.4◦

(Fig. 4(a)), respectively; then at the transition state (Fig. 4(e)),
the three ∠HCF angles become 92.3◦, 104.6◦, 79.4◦, which
indicates that the 3H atoms are almost perpendicular to the
F–C bond; finally, at the product complex, they are inverted
to face the leaving group F−. These above two aspects show
a synchronized C–F bond-breaking and C–CN bond-forming
mechanism (C–CN) accompanied with a Walden-inversion of
the CH3 group; therefore, this reaction mechanism shows the
back-side attach SN2 reaction mechanism for the CH3F+CN−

reaction in aqueous solution.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 4. (color online) Structures of (a)–(j) the ten snapshots along the
NEB reaction pathway for the reaction CH3F+CN−→ CH3CN+F−

in aqueous solution. Panel (a) is the structure of the reactant state, panel
(e) is the transition state, and panel (j) is the product state for the reac-
tion. The indicated distances are in Å.

3.5. Charge distribution evolution

The electronic density of the solute was represented
by the electrostatic potential (ESP) charges and the charge
for each atom was fitted utilizing the Dunlap charge fitting
method.[36] Figure 5 shows the evolution of the charge dis-
tribution along the NEB path. At point 1 (reactant complex),
the CH3F is neutral with F atom having the negative charge
of −0.36 and CH3 having the positive charge of +0.33, and
the CN− has the whole negative charge of −1.0. At point 5
(transition state), the negative charge has been partially trans-
ferred to the F atom at −0.52 and the CH3 has position charge
around +0.34. At point 6, the leaving group F has more
negative charge −0.95 with the attacking group CN’s charge
reduced to −0.41. At point 10, the negative charge has been
totally transferred to the leaving group F−, whereas the CN
has negative charge −0.20, which keeps the product CH3CN
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Fig. 5. (color online) Charge distributions of the CH3,
CN, and F along the NEB reaction pathway for the reaction
CH3F+CN−→ CH3CN+F−.

neutral with charge +0.20. This process also shows a con-
certed charge transfer process from the attacking group to the
leaving group.

3.6. Potential of mean force

The PMF obtained using the DFT/MM method and the
solvent energy contribution (the last term in Eq. (2)) are
shown in Fig. 6. We use the reactant complex (point 1)
as the reference energy point. The transition state barrier
height is 19.7 kcal/mol, agreeing with the experimental[24]

one at 23.0 kcal/mol. The solvent energy contribution is
−1.8 kcal/mol to the transition state, −30.6 kcal/mol to the
product state. It indicates that the solvent energy lowers the
barrier height. This situation is in agreement with previous
studies that, in gas phase, the transition state height is found
at 26.6 kcal/mol[22] and 33.9 kcal/mol,[23] while it is lower at
23±1 kcal/mol[24] in aqueous solution.

The solvent effects have two sources: the solvation en-
ergy and the polarization effect. In Fig. 7, comparing the gas-
phase energies and the solute-internal energies, we can obtain
the polarization effect to the PMF. The polarization effect re-
sults from the solute structure perturbed by the presence of
the solvent. Using the ten geometries excluding the solute and
solvent interactions, we can obtain the gas-phase potential en-
ergy; also by excluding the solution contribution, we can ob-
tain the internal energy of the reaction system. By comparing
these two lines, it is found that the polarization effect con-
tributes 2.6 kcal/mol, 6.1 kcal/mol, and 7.2 kcal/mol to the re-
actant, transition state, and product state, respectively. The net
polarization effect contributes 3.5 kcal/mol and 4.6 kcal/mol
to the reaction free energy. As a sum combining these two
effects, the solvent effects contribute 1.7 kcal/mol to the acti-
vation barrier and −26.0 kcal/mol to the product state.
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Fig. 6. (color online) Comparison of the potential of mean force calcu-
lated at DFT/MM levels of theory and the solvation contribution using
the reactant state (point 1) as a reference.

We notice that, for the title reaction, the reaction barrier
heights in the gas phase and in the aqueous solution are close;
however, for other SN2 reactions we studied before, the reac-
tion barriers in aqueous solution are much higher than those
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in gas phase. For example, for the CH3Cl+CN− reaction,
the reaction barrier in gas phase is 11.5 kcal/mol,[37] while
it is 20.3 kcal/mol in aqueous solution.[20] For the title reac-
tion, the current study shows that the total solvent effects con-
tribute only 1.7 kcal/mol to the barrier height; however, for
the CH3Cl+CN−, the total solvent effects contribute a much
bigger value 11.4 kcal/mol to the reaction barrier. Second,
since F has a larger electronegativity than Cl does, the tran-
sition state conformation of [F. . . CH3. . . CN]− is much more
compact than that of [Cl. . . CH3. . . CN]−:[20] the C–C and C–
F distances are 2.16 Å and 1.65 Å for the former, while they
are 2.44 Å and 2.24 Å for the latter. Thus, the solvent destabi-
lizes the transition state of the former much less than the latter.
These lead to the solvent effect having a smaller contribution
to the title reaction than that to the CH3Cl + CN− reaction.
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Fig. 7. (color online) Comparison between gas-phase and solute inter-
nal energies along the NEB reaction pathway under the CCSD(T)/MM
representation using the gas-phase energy of the reactant state as a ref-
erence.

3.7. From gas phase to solution phase

Based on the early literature results of the free en-
ergies of solvation of CH3F (−0.22 kcal/mol),[38] CN−

(−72.0 kcal/mol),[39] CH3CN and F− (−103.0 kcal/mol),[39]

and the reaction energy in gas phase of −5.0 kcal/mol,[22]

We can deduce the reaction free energy in aqueous solution
at −39.7 kcal/mol (see Fig. 8), which agrees with our result
of−43.5 kcal/mol. In Fig. 8, we draw the schematic plot of the

----

26.6

-5.0

23.0
19.7

-39.7

-106.9

-43.5

-72.2 kcal/mol

solvation phase

gas phase

DE 

Fig. 8. (color online) Comparison between the potential en-
ergy profiles calculated along the NEB reaction pathway in gas
phase (red) and in aqueous solution (blue) for the title reaction
CH3F+CN−→ CH3CN+F−. The black numbers denote the experi-
mental values and the green numbers denote the calculated values using
gas-phase data.

stationary points (transition state at 26.6 kcal/mol[22]) of the
reaction in gas phase and the calculated reaction free energy
obtained based on the gas-phase data against our calculated
PMF with the DFT/MM theory.

4. Conclusion
The solvent effects and potential of mean force of the

CH3F+CN− reaction in water are studied using the combined
QM/MM approach. This is the first theoretical study of this
reaction in aqueous solution. The interactions between the
solute and solvent substantially affect the geometries of the
stationary points. The PMF calculated with the DFT/MM the-
ory has an activation barrier height at 19.7 kcal/mol, agree-
ing with the experimental one at 23.0 kcal/mol. This calcula-
tion shows that the solvent energy and the polarization effect
combined contribute 1.7 kcal/mol to the activation barrier and
−26.0 kcal/mol to the product state. The calculated reaction
free energy−43.5 kcal/mol also agrees with the one estimated
using gas-phase data.
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