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⊥Institut für Ionenphysik and Angewandte Physik, Universitaẗ Innsbruck, Technikerstrasse 25/3, A-6020 Innsbruck, Austria

CONSPECTUS: For the traditional model of gas-phase X− + CH3Y SN2
reactions, C3v ion-dipole pre- and postreaction complexes X−---CH3Y and
XCH3---Y

−, separated by a central barrier, are formed. Statistical intramolecular
dynamics are assumed for these complexes, so that their unimolecular rate
constants are given by RRKM theory. Both previous simulations and
experiments have shown that the dynamics of these complexes are not
statistical and of interest is how these nonstatistical dynamics affect the SN2
rate constant. This work also found there was a transition from an indirect,
nonstatistical, complex forming mechanism, to a direct mechanism, as either
the vibrational and/or relative translational energy of the reactants was
increased. The current Account reviews recent collaborative studies involving
molecular beam ion-imaging experiments and direct (on-the-fly) dynamics
simulations of the SN2 reactions for which Cl−, F−, and OH− react with CH3I.
Also considered are reactions of the microsolvated anions OH−(H2O) and OH

−(H2O)2 with CH3I. These studies have provided
a detailed understanding of the atomistic mechanisms for these SN2 reactions.
Overall, the atomistic dynamics for the Cl− + CH3I SN2 reaction follows those found in previous studies. The reaction is indirect,
complex forming at low reactant collision energies, and then there is a transition to direct reaction between 0.2 and 0.4 eV.
The direct reaction may occur by rebound mechanism, in which the ClCH3 product rebounds backward from the I− product or a
stripping mechanism in which Cl− strips CH3 from the I atom and scatters in the forward direction. A similar indirect to direct
mechanistic transition was observed in previous work for the Cl− + CH3Cl and Cl

− + CH3Br SN2 reactions. At the high collision
energy of 1.9 eV, a new indirect mechanism, called the roundabout, was discovered.
For the F− + CH3I reaction, there is not a transition from indirect to direct reaction as Erel is increased. The indirect mechanism,
with prereaction complex formation, is important at all the Erel investigated, contributing up ∼60% of the reaction. The remaining
direct reaction occurs by the rebound and stripping mechanisms.
Though the potential energy curve for the OH− + CH3I reaction is similar to that for F− + CH3I, the two reactions have different
dynamics. They are akin, in that for both there is not a transition from an indirect to direct reaction. However, for F− + CH3I
indirect reaction dominates at all Erel, but it is less important for OH

− + CH3I and becomes negligible as Erel is increased.
Stripping is a minor channel for F− + CH3I, but accounts for more than 60% of the OH− + CH3I reaction at high Erel.
Adding one or two H2O molecules to OH− alters the reaction dynamics from that for unsolvated OH−. Adding one H2O
molecule enhances indirect reaction at low Erel, and changes the reaction mechanism from primarily stripping to rebound at high
Erel. With two H2O molecules the dynamics is indirect and isotropic at all collision energies.

I. INTRODUCTION

Nucleophilic substitution reactions are important in chemistry
and biochemistry, and their early study was principally the
province of physical organic chemistry. Pioneering work
addressing mechanisms of these reactions was performed by
Ingold1 who established that primary alkyl halides underwent a
bimolecular SN2 reaction, for example, X− + CH3Y → XCH3 +
Y−. Both experiments2 and electronic structure calculations3 have

shown these reactions are characterized by a potential energy curve
with pre- and postreaction complexes, separated by a central
barrier,4−7 as illustrated in Figure 1.8 For Cl− + CH3I these
complexes are ion-dipole Cl−---CH3I and ClCH3---I

− complexes
with C3v symmetry, the same symmetry as the central barrier.
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The first detailed atomistic model for the SN2 reaction
mechanism was proposed by Brauman and co-workers.2,5 It
assumes the reaction first forms the X−---CH3Y prereaction
complex, which can either cross the central barrier to form the
postreaction complex XCH3---Y

− or dissociate back to reactants.
Similarly, the postreaction complex can dissociate to the
XCH3 + Y− products or return to the prereaction complex.
The mechanism is written as

+ ⇄ ⇄ → +− − − −X CH Y X ---CH Y XCH ---Y XCH Y3 3 3 3
(1)

Statistical dynamics, with rapid intramolecular vibrational energy
redistribution, are assumed for both the pre- and postreaction
complexes, so their unimolecular rate constants are given by
RRKM theory.9 Dependent on the height of the central barrier,
the SN2 rate constant has two limiting forms. If the central barrier
is high and crossing the barrier is rate determining, the rate
constant is that of transition state theory (TST) with the TS at
the central barrier, and trapping in the prereaction complex is not
required for the statistical model. On the other hand, if the
central barrier is unimportant, the SN2 rate constant is given by
the rate of forming the prereaction complex. For the general case,
the dissociation and crossing the central barrier unimolecular
reactions of the prereaction complex are competitive and the SN2
rate constant depends on the fraction of the prereaction
complexes which cross the central barrier.7

Chemical dynamics simulations indicate that the above
statistical model for the SN2 reaction dynamics is incom-
plete.7,10−12 This work found that the unimolecular dynamics of
the X−---CH3Y complex is nonstatistical, with weak coupling
between the complex’s low frequency intermolecular modes and
higher frequency intramolecular modes,7,11 and that a direct
reaction without complex formation is promoted by exciting the
C−Y stretching mode of the reactants.7,10 Later experimental
studies focused on the dynamics of the prereaction complex and
confirmed the simulation predictions. Major findings of this
experimental work is that the unimolecular decay of the
X−---CH3Y complex is nonexponential,13 giving rise to a non-
RRKM low-pressure unimolecular rate constant;14,15 the unim-
olecular dynamics of the Cl−---CH3Br complex is mode specific;16

the statistical model does not represent the Cl− + CH3Br SN2 rate
constant versus either temperature,17−19 reactant translational
energy,20,21 or CH3Br vibrational and rotational energies;20 and
the ClCH3 + Br

− product energy partitioning for the Cl− + CH3Br
reaction is nonstatistical.22,23

Experiments have not investigated the simulation finding that
a direct reaction is promoted by reactant C−Y vibrational
excitation. However, experiments in concert with simulations
indicate there is a transition from an indirect, prereaction com-
plex forming mechanism to a direct mechanism without complex
formation as the reactant collision energy Erel is increased for the
Cl− + CH3Cl

24,25 and Cl− + CH3Br
23,26 SN2 reactions.

In recent research, combined molecular beam ion imaging
experiments and chemical dynamics simulations have provided
more complete and detailed “pictures” of the atomistic
mechanisms of X− + CH3Y → XCH3 + Y− SN2 nucleophilic
substitution reactions. The simulations are performed by direct
dynamics in which the potential energy surface (PES)
information required for the calculations is obtained directly
from an electronic structure theory, without the need for an
analytic potential energy function, that is, “on-the-fly” dynamics.
The SN2 reactions studied by these combined experiments
and simulations are Cl− + CH3I,

8,27 F− + CH3I,
28,29 OH− +

CH3I,
30−33 and OH−(H2O)n + CH3I.

32−34 The reactions have
both ion-dipole and hydrogen-bonded pre- and postreaction
complexes, proceed via multiple indirect and direct mechanisms,
and have important nonstatistical attributes in their reaction
dynamics. As discussed previously,7 the simulations are expected
to give accurate results for these reactions. They are exothermic
and zero-point energy effects are not important in assigning
product energies. The direct reaction dynamics and the
nonstatistical dynamics for the short-lived reaction intermediates
are expected to be well-described by the simulations. It is note-
worthy that the rate constants measured for the OH− + CH3I
reaction31 are accurately reproduced by the simulations. The
results of the experimental and simulation studies are described
here.

II. ATOMIC-LEVEL REACTION MECHANISMS
Experiments and simulations have identified multiple atomic-
level direct and indirect mechanisms for X− + CH3Y→ XCH3 +
Y− SN2 nucleophilic substitution reactions, which are summar-
ized in Table 1. The direct mechanism occurs by both rebound

and stripping, and front side attack. There is CH3 inversion for
the former two. For rebound, the XCH3 product rebounds off the
Y atom, scattering in the backward direction. For stripping,35

X− strips CH3 away from the Y atom with the XCH3 product
scattering in the forward direction. Frontside attack occurs
without CH3 inversion, with X

− directly displacing Y−. There are

Figure 1. MP2(fc)/ECP/aug-cc-pVDZ potential energy curve for
the Cl− + CH3I SN2 reaction. Zero-point energies are not included.
Experimental values are in brackets. Adapted with permission from ref 8.
Copyright (2008) AAAS (The American Association for the Advance-
ment of Science).

Table 1. Atomistic X− + CH3Y SN2 Reaction Mechanisms

direct Rebound: X− attacks the backside of CH3Y, directly displacing Y
−,

and scattering in the backward direction with CH3 inversion.
Tends to be a small impact parameter event; refs 28 and 30.

Stripping: X− approaches the side of CH3Y, stripping off CH3, and
scattering in the forward direction, with CH3 inversion. Tends to
be a large impact parameter event; refs 28, 30, and 35.

Front side attack: X− attacks the front-side of CH3Y and directly
replaces Y− without CH3 inversion; ref 30.

indirect Ion−dipole complex: X−---CH3Y and XCH3---Y
− pre- and

postreaction complexes; refs 2 and 5.
Hydrogen-bonded complex: X−---HCH2Y prereaction and CH3X---Y

−

(X = OH−) postreaction complexes, refs 28 and 30
Roundabout: X− collides with CH3Y and the CH3 group rotates
around Y one or more times before SN2 substitution occurs; refs 8
and 30.

Barrier recrossing: nonstatistical recrossing of the SN2 [X--CH3--Y]
−

central barrier; refs 7 and 12.

Accounts of Chemical Research Article

dx.doi.org/10.1021/ar5001764 | Acc. Chem. Res. 2014, 47, 2960−29692961



numerous indirect mechanisms involving either formation of an
ion-dipole and/or hydrogen-bonded prereaction complex, the
postreaction complex, the roundabout mechanism, central
barrier recrossings, or combinations of these mechanisms.
Snapshots of the direct rebound and stripping mechanisms are
depicted in Figure 3 of ref 28, and snapshots for the roundabout
mechanism are depicted in Figure 3 of ref 8. Animations,
providing atomistic details of these mechanisms, are given on the
web portal hase-group.ttu.edu.
Mechanisms observed from simulations of the Cl− + CH3I,

F− + CH3I, and OH− + CH3I SN2 reactions versus collision
energy Erel, and their relative importance, are summarized in
Table 2. Also given are the averages f int of the available product

energy released to XCH3 rovibrational internal energy, which are
compared with experiment. In the following, detailed dynamics
for these reactions are described.
A. Cl− + CH3I Reaction Dynamics

This reaction was studied experimentally at Erel of 0.39, 0.76,
1.07, and 1.9 eV.8 Center-of-mass images of the scattered
I− product are shown in Figure 2, along with the distribution of
the energy transfer Q = Ekin,final − Ekin,initial for the reactive events.
These images show the directions the I− products scatter after
they are formed by the Cl− + CH3I collisions. The translational
energy of the scattered I− product increases as its image moves
from the center. There are extensive changes in the scattering
dynamics as Erel is increased. At 0.39 eV, the scattering is
isotropic, indicative of a long-lived collision complex. The energy
transfer distribution agrees very well with that predicted by phase
space theory (PST),9 which assumes a ClCH3---I

− postreaction
complex with statistical unimolecular dynamics. Increasing Erel to
0.76 eV retains an isotropic component in the scattering, but
backward scattering now dominates. At 1.07 eV, there is only
backward scattering, with no isotropic component. Interestingly,
with Erel further increased to 1.9 eV, there is now a small
component in the scattering with low product translational
energies, as expected for complex formation.
Direct dynamics simulations were performed8,27 to interpret

the I− scattering observed in the experiments. Initial conditions

were chosen for the simulation trajectories to match those for the
experiments. Excellent agreement with experiment was found for
the simulations at 0.76, 1.07, and 1.9 eV. As shown in Table 2, the
fraction of the available energy transferred to CH3I rovibration,
f int, is statistically the same for the simulations and experiments.
The simulations provide an atomistic understanding of the

scattering. For the 1.9 eV collisions, 82% of the reaction is direct,
with 73% rebound and 9% stripping. The remaining 18% of the
reaction is indirect and occurs by a pathway not previously
identified, called the roundabout mechanism (see Figure 3). For
this mechanism, Cl− first strikes the side of CH3, causing it to
rotate about the massive I atom. Then, after one CH3 rotation,
Cl− attacks the C atom backside and directly displaces I−.
Variants of this mechanism, of much less importance, include
trapping of I− in the postreaction complex and/or multiple
rotations of the CH3 group about the I atom. At 1.07 eV, all of the
reaction occurs by direct rebound. At the 0.76 eV collision
energy, 87% of the reaction occurs by direct rebound. The
remainder is indirect.
In contrast to the isotropic and indirect experimental

scattering dynamics at 0.39 eV, the simulations indicate the
reaction is dominated by direct processes as found for the higher
Erel. The fraction of the available energy partitioned to f int is
0.51 ± 0.04 in the simulations, but ∼0.84 in the experiments.
Decreasing the simulation Erel to 0.20 eV results in product
energy partitioning and scattering which agree with the 0.39 eV
experiment; that is, the simulation f int becomes 0.86 ± 0.03. The
simulations’ lack of agreement with the 0.39 eV experiment may
result from a distribution of collision energies in the experiment
and/or a shortcoming in the direct dynamics simulations. The
sharp transition from a 99% direct to 83% indirect reaction as Erel
is lowered from 0.39 to 0.20 eV in the simulations is striking.
It is of interest that earlier studies for the Cl− + CH3Cl

24,25 and
Cl− +CH3Br

23,26 SN2 reactions indicate that their reaction
mechanisms change from predominantly indirect to direct at Erel
of approximately 0.48 and 0.30 eV, respectively.
The change in the atomistic mechanisms with increase in

Erel and the indirect roundabout mechanism at high Erel are
intriguing aspects of the Cl− + CH3I SN2 dynamics. The
roundabout mechanism partitions a large fraction of the product
energy to CH3Cl rovibration, in approximate agreement with
PST. However, the energy transfer dynamics are not statistical
and instead involve near adiabatic CH3I → CH3Cl rotational
and C−I → C−Cl stretch vibrational energy transfer. Angular
momentum is conserved as the CH3-group rotates around the I
atom and this rotational energy is transferred to CH3Cl rotation.

B. F− + CH3I Reaction Dynamics

The F− + CH3I reaction dynamics are decidedly different from
those for Cl− + CH3I.

28,29 A major difference is that there is not a
sharp transition from an indirect to direct reaction as Erel is
increased. This is illustrated in Figure 4 where the measured
relative velocity images of I− are presented for F− + CH3I →
FCH3 + I− reactive scattering.29 Also given are distributions of
the available product energy released to FCH3 rovibrational
internal energy. The scattering is approximately isotropic at 0.32
and 0.69 eV, and then backward scattering becomes pronounced
at the higher Erel. However, at each Erel, scattering events are
important for which all the available product energy is transferred
to FCH3 rovibrational energy, f int. The average value of f int
slightly decreases from 0.70 ± 0.09 to 0.62 ± 0.07 as Erel is
increased from 0.32 to 2.34 eV. Such large fractions are indicative

Table 2. Atomistic Mechanisms and Product Energy
Partitioning for SN2 Reactionsa

Erel (eV) rebound stripping indirect f int
b

Cl− + CH3I
8,27

0.20 0.17 0.83 0.86 ± 0.03
0.39 0.88 0.11 0.01 0.51 ± 0.04 (∼0.84)
0.76 1.00 0.46 ± 0.08 (∼0.40)
1.07 0.87 0.13 0.24 ± 0.01 (∼0.25)
1.90 0.73 0.09 0.18 0.38 ± 0.05 (∼0.40)

F− + CH3I
28,29

0.32 0.15 0.25 0.60 0.69 ± 0.02 (∼0.70)
1.53 0.29 0.12 0.59 0.63 ± 0.04 (∼0.59)

OH− + CH3I
30,33

0.05 0.33 0.28 0.39 0.80 ± 0.01
0.50 0.23 0.35 0.42 0.75 ± 0.02 (∼0.66)
1.00 0.18 0.63 0.19 0.76 ± 0.02 (∼0.71)
2.00c 0.30 0.64 0.03 0.68 ± 0.02 (∼0.71)

aThe results are from direct dynamics simulations. Experimental
results are in parentheses. bf int is the fraction of the available energy
partitioned to product rovibration. cAt 2.00 eV, front side attack
contributes 0.03 of the reaction mechanisms.
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of an appreciable indirect, isotropic component in the reaction
dynamics.
The minimum in each scattering angle distribution in Figure 4

may be used to identify a maximum isotropic component, which
is assumed to have the same probability at each scattering angle,
for example, 0.33 for Erel of 0.32 eV. The resulting estimated
fraction of the isotropic scattering is 0.66, 0.72, 0.44, 0.39, and
0.30 for Erel of 0.32, 0.69, 1.53, 1.81, and 2.34 eV, respectively.
The isotropic component decreases with increasing Erel, but
remains appreciable at the highest Erel, consistent with the
large f int.
Electronic structure calculations36 and direct dynamics simula-

tions28,29 were performed to complement the experiments.

A significant finding, shown in Figure 5, is that the PES for the
F− + CH3I SN2 reaction is substantially different from that for
Cl− + CH3I. There is a hydrogen-bonded prereaction complex
F−---HCH2I and transition state [F--HCH2--I]

−. At the DFT/
B97-1 level of theory, these are the only prereaction stationary
points, the same result obtained with other DFT functionals. In
contrast, MP2 theory gives these stationary points as well as the
traditional C3v prereaction complex and central barrier. Initial
CCSD(T) energy scans36 indicated the B97-1 PES was correct
and it was used for the direct dynamics simulations, but recent
more complete CCSD(T) calculations37 find the same stationary
points as for the MP2 PES. However, both the B97-1 and MP2
PESs are rather flat in the prereaction region, with low barriers

Figure 2. (A−D) Center-of-mass images of the I− product velocity from the reaction of Cl− with CH3I at four different Erel. The image intensity is
proportional to [(d3σ)/(dvx dvy dvz)]: Isotropic scattering results in a homogeneous ion distribution on the detector. (E−H) The energy transfer
distributions extracted from the images in (A−D) in comparison with a PST calculation (red curve). The arrows in (H) indicate the average Q values
obtained from the direct dynamics simulations. Adapted with permission from ref 8. Copyright 2008 by the American Association for the Advancement
of Science.

Figure 3. View of a typical trajectory for the indirect roundabout reaction mechanism at 1.9 eV. Adapted with permission from ref 8. Copyright 2008 by
the American Association for the Advancement of Science.
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from the prereaction complex to the FCH3---I
− postreaction

complex.
B97-1/ECP/d direct dynamics were used to simulate the

atomistic dynamics for the F− + CH3I SN2 reaction.28,29 The
calculations were performed at the low and high Erel of 0.32
and 1.53 eV to compare with the experiments. Fractions of the
different atomistic mechanisms are summarized in Table 2.
Though the barrier is quite low for the F−---HCH2I prereaction
complex to pass the TS and form products,∼60% of the reaction
is indirect. The remaining reaction occurs by direct rebound and
stripping. The large fraction of the indirect reaction is in
qualitative agreement with the isotropic scattering observed in
the experiments. At 0.32 and 1.53 eV, respectively, 98% and 95%
of the indirect reaction involves formation of the prereaction
complex.

As shown in Table 2, there is quantitative agreement between
the experimental and simulation average fractions of the energy
partitioned to CH3F internal energy for both the 0.32 and
1.53 eV collisions. As shown in Figure 4, such agreement is also
found between the product energy distributions at 0.32 eV. For
the 1.53 eV collisions, experiment finds a significantly larger
probability for low internal energies than the simulations.
For the 0.32 eV collisions, the velocity scattering angle dis-

tribution from the simulations (Figure 4) is in overall agreement
with experiment, but the simulation scattering is most probable
for forward scattering with θ = 0°, while the experimental
scattering is most probable for backward scattering with θ = 180°.
The rather isotropic scattering in the simulations is a com-
posite of stripping (forward), rebound (backward), and indirect
(isotropic). The difference between experiment and simulation is

Figure 4. (A1−E1)Measured velocity images of the I− product from reactive scattering of F− and CH3I at different collision energies (see the schematic
Newton diagram in the center-of-mass frame at the top). (A2−E2) and (A3−E3) Histograms of the scattering angle and the internal excitation (black)
for the same relative collision energies as in (A1−E1). The Eint-histograms show a sharp upper bound, caused by products with vanishing velocity, and a
more diffuse lower bound, due to the finite energy resolution. Simulation results for 0.32 and 1.53 eV are shown in blue. Adapted with permission from
ref 29. Copyright 2013 American Chemical Society.
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more pronounced at 1.53 eV, where the simulation scattering is
nearly isotropic, while experimentally backward scattering is
most probable. This difference is also observed in the product
energy distributions, where low product internal energies
produced by backward scattering are absent in the simulations.
As discussed above, the B97-1/ECP/d PES used for the

simulations has only the hydrogen-bonded entrance channel,36

while the higher level CCSD(T) PES has both this and the
traditional C3v entrance channels.

37 It might be expected that this
difference would manifest itself at low collision energies.
However, at 0.32 eV, the dynamics given by the B97-1 PES are
in overall good agreement with experiment. It is at the higher
collision energy of 1.53 eV where the difference in the B97-1/
ECP/d and experimental dynamics become more significant.
Apparently, there are high energy regions of the B97-1/ECP/d
PES which are inaccurate.

C. OH− + CH3I

The experimental scattering images for the OH− + CH3I SN2
reaction33 in Figure 6 are strikingly different from those for F− +
CH3I in Figure 4. The dominant feature in these images is
scattering in the forward hemisphere, characteristic of stripping.
Backward scattering for the rebound mechanism is a minor
channel, as is scattering to products with low translational energy.
The latter is a component of the indirect mechanism. The images
were analyzed to determine the fractional ratio forward/
backward/(low energy),33 which is 0.66:0.28:0.06,
0.61:0.33:0.06, 0.60:0.35:0.05, and 0.63:0.30:0.07 for collision
energies of 0.5, 1.0, 1.5, and 2.0 eV, respectively. In contrast to
these fractions, the F− + CH3I SN2 scattering dynamics is
primarily backward with an appreciable low energy component.
The B97-1/ECP/d method was used to characterize the OH−

+ CH3I PES (Figure 7) and to perform the direct dynamics.30,31

As found for the F− + CH3I reaction, this method gives only the
hydrogen-bonded entrance channel reaction pathway. However,
in contrast to F− + CH3I, this is also the finding with MP2/ECP
and the double- and triple-ζ basis sets. Apparently, OH− + CH3I
does not have the C3v entrance channel reaction pathway. The
entrance channel energetics are very similar for the F− + CH3I
and OH− + CH3I reactions. For both (X = F, OH), the energy of
the X−---HCH2I prereaction complex is −20 kcal/mol with

respect to the reactants and that of the [X--HCH2--I]
− TS

is −18 kcal/mol.
As shown in Table 2, for Erel of 1.0 and 2.0 eV, the atomistic

mechanism probabilities determined from the simulations are in
near quantitative agreement with those above for the experi-
ments. At 0.5 eV, the simulation probability for stripping is
smaller and that for indirect is larger than deduced from the
experiments. What is remarkable is that, though OH− + CH3I
and F− + CH3I have similar SN2 potential energy curves, their
reaction dynamics are much different.

D. OH−(H2O)n=1,2 + CH3I

As first step to bridge the gap between gas phase and solution,
microsolvated systems were studied.32,33 With the stepwise
addition of solvent molecules to the bare reactant, anion
microsolvation offers a bottom up approach to learn more about
the transition of chemical reactions from the gas to liquid phase.
The production of selectively solvated species like OH−(H2O)n
can be easily achieved, and the chemistry of these systems may
be studied as a function of solvation number. For a more
detailed study of solvation, it will be important to consider
solvation of both reactants, that is, CH3I as well as OH−. The
current study is a first step and considers the reactant which
interacts more strongly with H2O. The studies focus on water,
since it is the most important liquid phase for chemical reac-
tions on earth.
The reaction OH−(H2O)n=1,2 + CH3I was studied at Erel of 0.5,

1.0, 1.5, and 2.0 eV, and the experimental scattering images are
shown in Figure 6.33 The dynamics observed OH−(H2O) differ
quite dramatically from the unsolvated system. For the
unsolvated reaction the indirect mechanism is of minor
importance, with preferential scattering into the forward hemi-
sphere. In contrast, for monosolvated OH−, the indirect
mechanism becomes important and the measured velocity angular
distribution is almost isotropic at low energies. However, the
dynamics switches to backward scattering for the rebound
mechanism at collision energies above 1 eV. At all energies a
large fraction of the available energy is partitioned to internal
energy of the products.
Electronic structure calculations33 were used to identify the

structure for the OH−(H2O) + CH3I reaction’s entrance channel
complex. In contrast to the hydrogen-bonded HO−---HCH2I

Figure 5. Potential energy curves and stationary points for the MP2/ECP/t and B97−1/ECP/d PESs. The experimental reaction exothermicity is in
parentheses. The energy in kJ/mol is relative to the F− + CH3I reactants and does not include ZPEs. Adapted with permission from ref 36. Copyright
2010 American Chemical Society..
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complex for the unsolvated reaction,30 for the solvated reaction,
the complex is similar to the traditional C3v structure with
OH− almost collinear with the C−I axis. The geometry of the

complex favors a direct backside encounter, promoting the
rebound mechanism. That the SN2 mechanism is not suppressed,
and the rebound mechanism becomes dominant above 1.0 eV, is

Figure 7. DFT/B97-1/ECP/d energy profile for the OH− + CH3I→ CH3OH + I− and OH− + CH3I→ CH2I
− + H2O reactions, and other possible

reaction channels. The energies are in kcal/mol and are relative to the OH− + CH3I reactants. Zero point energies are not included. Experimental 0 K
heats of reaction are in parentheses. The products in red were not observed in either the simulations or experiments.

Figure 6.Twelve panels show the velocity distributions of the I− products in the scattering plane for the reactions OH−(H2O)n + CH3I, n = 0, 1, 2, at Erel
of 0.5−2.0 eV. The measured distributions represent the differential scattering cross sections. Different dynamical features may be distinguished, which
include mechanisms with forward scattering, backward scattering, and the formation of low-energy products. Adapted with permission from ref 33.
Copyright 2012 by the Nature Publishing Group.
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indicative of a steering role of this entrance channel complex for
backside attack.
Figure 6 shows that adding a second water molecule to the

reactant ion suppresses all angle-dependent features in the
scattering. The OH−(H2O)2 + CH3I reaction leads to isotropi-
cally distributed products with small absolute velocities for all
collision energies and shows no evidence for direct SN2 reaction.
Electronic structure calculations33 find an entrance channel
complex that fixes the central OH− anion further away from the
CH3I than for OH−(H2O) or bare OH−. The solvent water
molecules have to be pushed aside or rearranged in a collision
complex before the OH− can attack CH3I. It is possible that in
such reactive events a major part of the collision energy is
transferred into internal energy, which may explain the measured
high internal excitation in the product molecules.
Solvating the reactant species opens up new SN2 pathways

leading to solvated products.32,33 For the OH−(H2O) + CH3I
reaction, the I−(H2O) product is observed. Although the
pathway for this product is 0.4 eV more exothermic than that
for the I− pathway, the former is strongly suppressed. Analyzing
the velocity distributions for this solvated SN2 channel reveals
purely complex mediated reaction dynamics at all energies, in
strong contrast to the direct rebound mechanism that dominates
the formation of unsolvated I−. Strong interactions in the
reaction’s exit channel may explain this finding.34

III. COMPARISONS OF THE REACTION DYNAMICS
A remarkable feature of the SN2 reactions studied here are their
range of atomistic mechanisms, which differ for each of the
reactions (Table 2). At low collision energy, Erel, the Cl

− + CH3I
reaction occurs by the traditional model in eq 1, in which a
prereaction ion-dipole complex, Cl−---CH3I, is formed.8,27

However, at Erel of ∼0.2−0.4 eV the reaction becomes direct,
without complex formation, occurring by the rebound
mechanism with backward scattering. At a high Erel of 1.9 eV
the roundabout mechanism contributes to the reaction.
For the F− + CH3I reaction there is not a transition from

indirect to direct reaction as Erel is increased.29 The indirect
mechanism, with prereaction complex formation, is important at
all the Erel investigated, contributing up ∼60% of the reaction.
The remaining direct reaction occurs by the rebound and
stripping mechanisms.
Though the SN2 potential energy curve for the OH

− + CH3I
reaction is similar to that for F− + CH3I, the two reactions have
different dynamics.30,33 They are akin, in that for both there is
not a transition from an indirect to direct reaction. However, for
F− + CH3I indirect reaction dominates at all Erel, but it is less
important for OH− + CH3I and becomes negligible as Erel is
increased. Stripping is a minor channel for F− + CH3I, but
accounts for more than 60% of the OH− + CH3I reaction at high
Erel. Origins of the different SN2 dynamics for the OH− + CH3I
and F− + CH3I reactions are uncertain, but they are clearly
related to differences in the PESs for the two reactions. Examples
of these differences are the coupling between the SN2 and
proton-transfer pathways and importance of the [CH3--I--OH]

−

intermediate for the OH− + CH3I reactions,
30,31 dynamics that

are not important for the F− + CH3I reaction.
Adding either one or two H2O molecules to OH− alters the

reaction dynamics from that for unsolvated OH−.32,33 Adding
one H2O molecule enhances indirect reaction at low Erel, and
changes the reaction mechanism from primarily stripping to
rebound at high Erel. With two H2O molecules, the dynamics is
indirect and isotropic at all collision energies.

PST assumes a long-lived XCH3−Y− postreaction complex,
with statistical dynamics giving rise to statistical product
energies.9 Though PST product energy distributions are
observed for some reaction conditions, the simulation dynamics
are inconsistent with the PST model. For the Cl− + CH3I
simulations at 0.20 eV,27 product energies agree with PST, but
only 50% of the reactive trajectories form the postreaction
complex. For F− + CH3I at 0.32 eV, product energies are very
similar to PST, but a postreaction complex is formed in only 7%
of the reactive events.28,29 Apparently, statistical-like product
energy partitioning does not require postreaction complex
formation and instead, in moving from the central TS to prod-
ucts, potential energy may be released in a statistical manner. The
relationship between statistical product energy partitioning and
nonstatistical unimolecular dissociation dynamics has been
considered previously.38

IV. FUTURE DIRECTIONS
In future work, it will be important to obtain understanding of
the origins of the above changes in the SN2 dynamics for the
X− + CH3Y reactions. The roundabout mechanism has features
similar to the roaming mechanism,39−41 and it would be of
interest to carefully compare the dynamics for the roaming
reaction with the roundabout’s nonstatistical dynamics. Also of
interest is attaining a clearer picture of how microsolvation alters
the reaction dynamics and its connection to the solution-phase
kinetics. The α-effect in SN2 reaction dynamics could also be
studied.42 The H2O---CH2I

− complex participates in the OH− +
CH3I SN2 reaction (Figure 7), and the importance of this proton-
transfer for the SN2 pathway could be investigated by studying
the reaction of OD− and the branching between the CH3OD and
CH2DOH SN2 products. For the simulations, it will be important
to consider additional electronic structure methods for the direct
dynamics and interpolation procedures for enhancing the
simulations.43 Analytic PESs may also be used.44

There are other pathways for X− +CH3Y reactions besides SN2
nucleophilic substitution. For F− + CH3I, the proton-transfer
products HF + CH2I

− become energetically accessible at Erel of
0.6 eV.29 As shown in Figure 7, for OH− + CH3I, there are eight
possible product channels, of which only five are observed in the
experiments and simulations.30−33 For this reaction, the SN2 and
proton-transfer pathways have nearly equal importance.30,31

Unraveling the dynamics for the different OH− +CH3I pathways,
and their couplings, is certainly of interest. For a larger alkyl
group, there is also the E2 pathway forming H2O + C2H4 + I

− for
HO− + C2H5I.

4 Simulations and experiments of this reaction
would be of considerable interest, as well as for larger systems
such as secondary and tertiary alkyl halides. Though it is difficult
to predict the atomistic dynamics for these reactions and their
relations to the dynamics described here, the current work will be
very beneficial for interpreting the results of these future studies.
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