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In the previous work of Mikosch et al. [Science 319, 183 (2008)], ion imaging experiments were used
to study the Cl− + CH3I → ClCH3 + I− reaction at collision energies Erel of 0.39, 0.76, 1.07, and
1.9 eV. For the work reported here MP2(fc)/ECP/d direct dynamics simulations were performed to
obtain an atomistic understanding of the experiments. There is good agreement with the experimental
product energy and scattering angle distributions for the highest three Erel, and at these energies 80%
or more of the reaction is direct, primarily occurring by a rebound mechanism with backward scat-
tering. At 0.76 eV there is a small indirect component, with isotropic scattering, involving formation
of the pre- and post-reaction complexes. All of the reaction is direct at 1.07 eV. Increasing Erel to
1.9 eV opens up a new indirect pathway, the roundabout mechanism. The product energy is primarily
partitioned into relative translation for the direct reactions, but to CH3Cl internal energy for the in-
direct reactions. The roundabout mechanism transfers substantial energy to CH3Cl rotation. At Erel

= 0.39 eV both the experimental product energy partitioning and scattering are statistical, suggesting
the reaction is primarily indirect with formation of the pre- and post-reaction complexes. However,
neither MP2 nor BhandH/ECP/d simulations agree with experiment and, instead, give reaction dom-
inated by direct processes as found for the higher collision energies. Decreasing the simulation Erel

to 0.20 eV results in product energy partitioning and scattering which agree with the 0.39 eV ex-
periment. The sharp transition from a dominant direct to indirect reaction as Erel is lowered from
0.39 to 0.20 eV is striking. The lack of agreement between the simulations and experiment for Erel

= 0.39 eV may result from a distribution of collision energies in the experiment and/or a shortcom-
ing in both the MP2 and BhandH simulations. Increasing the reactant rotational temperature from
75 to 300 K for the 1.9 eV collisions, results in more rotational energy in the CH3Cl product and
a larger fraction of roundabout trajectories. Even though a ClCH3–I− post-reaction complex is not
formed and the mechanistic dynamics are not statistical, the roundabout mechanism gives product
energy partitioning in approximate agreement with phase space theory. © 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4795495]

I. INTRODUCTION

Studies of X− + CH3Y → XCH3 + Y− SN2 bimolec-
ular nucleophilic substitution reactions have attracted exten-
sive experimental1–14 and computational attention.15–24 These
reactions have a potential energy surface with a central bar-
rier [X–CH3–Y]− separating the potential energy minima
of the X−–CH3Y and XCH3–Y− complexes, as depicted in
Figure 1. This potential model has been confirmed by numer-
ous theoretical and experimental studies.1–4 Statistical the-
ories such as Rice-Ramsperger-Kassel-Marcus (RRKM),25

phase space theory (PST),25 and transition state (TST)26 the-
ory have been widely used to model the kinetics of SN2
reactions. However, the results of many experimental stud-

a)Electronic addresses: bill.hase@ttu.edu and roland.wester@uibk.ac.at

ies of SN2 reactions are not adequately explained by these
theories.5–15 Chemical dynamics simulations16–24 have proven
very useful for interpreting the kinetics and dynamics of
SN2 reactions, and have brought into question fundamen-
tal assumptions of statistical theories regarding mode spe-
cific chemistry, intramolecular vibrational energy redistribu-
tion (IVR), the dynamics of central barrier crossing, and the
efficiency of ion-molecule capture.

Recently, Wester and co-workers reported kinematically
complete reactive scattering experiments of the SN2 reac-
tions X− + CH3I → XCH3 + I− (X = F and Cl) using the
ion-molecule crossed beam imaging spectrometer, with well
defined relative kinetic energy and momentum,27, 28 and the
results for Cl− + CH3I are summarized in Figure 2. They
measured directly the velocity vector of the product anion
which reveals the energy- and angle-differential reaction cross
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FIG. 1. Potential energy curve for the Cl− + CH3I → CH3Cl + I−
SN2 reaction. The upper and lower energies are the MP2(fc)/ECP/d and
BhandH/ECP/d values, respectively. The energies are in kcal/mol and at 0
K, and do not include ZPEs. The energies in brackets are the experimental
values. The experimental Cl−–CH3I complexation energy is the enthalpy at
298 K from Ref. 11. The experimental barrier is the 0 K barrier, with ZPE
included, obtained by fitting the reaction rate constant with an ion-molecule
capture statistical model; from Ref. 7. The experimental 0 K reaction exother-
micity, without ZPE included, is determined using standard molar enthalpies
of formation in Ref. 63 and harmonic frequencies in Ref. 64.

section. The manner in which the total available energy is par-
titioned to internal degrees of freedom of the molecular prod-
uct and to product relative translation may be determined from

the experiments. Chemical dynamics simulations29 provide a
means to establish an atomic-level understanding of these ex-
perimental product energy and angular distributions.

Direct dynamics simulations, for which classical tra-
jectories are directly coupled with electronic structure
theory,21–23, 30 reproduce the product energy partitioning and
velocity scattering angle distributions measured in experi-
ments for the highly exothermic F− + CH3I → FCH3 + I−

reaction.31 At the same time, the simulations reveal that the
substitution reaction occurs by two direct atomic-level mecha-
nisms, i.e., rebound and stripping, and an indirect mechanism,
proceeding via a F−–HCH2I hydrogen-bonded complex.

In the previous work,27 the results of ion imaging exper-
iments and direct dynamics simulations were used to study
the Cl− + CH3I → ClCH3 + I− SN2 reaction at the high col-
lision energy of 1.9 eV. The results of the simulations agree
with the product energy partitioning and velocity scattering
angle distributions measured experimentally. The experimen-
tal distributions suggest the reaction occurs by two different
atomistic mechanisms and this is confirmed by the simula-
tions. The latter show that the dominant mechanism is a di-
rect substitution in which Cl− collides with the backside of
CH3I. The simulations reveal that the second mechanism, re-
sulting in a statistical-like energy partitioning to the products,
is a previously unknown mechanism involving CH3 rotation
and called the roundabout mechanism.27

In the work presented here, direct dynamics
simulations21–23, 30 for the Cl− + CH3I → ClCH3 + I− SN2
reaction are extended to the lower collision energies of
0.39, 0.76, and 1.07 eV, which have also been studied

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 2. (a)–(d) Center-of-mass images of the I− reaction product velocity from the reaction of Cl− with CH3I at four different relative collision energies. The
image intensity is proportional to [(d3σ )/(dvx dvy dvz)]: Isotropic scattering results in homogeneous ion distribution on the dector. (e)–(h) The energy transfer
distributions extracted from the images in (a)–(d) in comparison with phase space theory calculation (red curve). The arrows in (h) indicate the average Q value
obtained from the direct chemical dynamics simulations. Adapted from Ref. 27 with permission.
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experimentally.27 The goal is to obtain an atomic-level
understanding of the reaction mechanisms and dynamics
for the Cl− + CH3I → ClCH3 + I− reaction for the broad
0.39–1.9 eV range of collision energies. The accuracy of the
simulations may be tested by comparing with the ion imaging
measurements of Wester and co-workers.27, 28 It is expected
that this study will provide a deeper understanding of the
atomistic dynamics of gas-phase SN2 reactions as well as for
other complex ion-molecule reactions.

II. COMPUTATIONAL PROCEDURE

In the previous work,27 direct chemical dynamics simu-
lations, at the MP2(fc)/ECP/d level of theory, were used to
study the dynamics of the Cl− + CH3I reaction. Very good
agreement with the results of ion imaging experiments was
obtained for the 1.9 eV collision energy.27 Detailed elec-
tronic structure calculations, involving comparisons of differ-
ent theories,32 show this MP2 (Ref. 33) method gives good
stationary point properties for the Cl− + CH3I → ClCH3 + I−

potential energy surface (PES). This is illustrated in Figure 1,
where comparison is made with experiment. For the ECP/d
basis set, the double (d) zeta basis set aug-cc-pVDZ34 was
used for the C, H, and Cl-atoms. For iodine, the Wadt and Hay
effective core potential (ECP) was used for the core electrons
and an uncontracted 3s3p basis set for the valence electrons.35

This iodine basis set was augmented by a d-polarization func-
tion with a 0.262 exponent, and s, p, and d diffuse functions
with exponents of 0.034, 0.039, and 0.0873, respectively.36

The MP2(fc)/ECP/d method is a practical approach for the
direct dynamics simulations32 and, to retain consistency with
the previous simulation,27 this method is also used here.

To compare with the experiments, the simulations were
performed at the collision energies (Erel) of 0.39, 0.76, 1.07,
and 1.9 eV and CH3I vibrational and rotational temperatures
of Tv = 360 and Tr = 75 K, respectively.27, 28 The temper-
ature dependence of the chemical dynamics at Erel of 1.9 eV
was investigated by using a 300 K room temperature for CH3I
vibration and rotation in contrast to the above Tv and Tr. As
discussed in Secs. III B and III C, the MP2(fc)/ECP/d simu-
lation results at Erel = 0.39 eV do not agree with experiment.
The experimental Erel values are average values for an indef-
inite narrow distribution of collision energies. At the lowest
Erel of 0.39 eV the width of this distribution is an appreciable
fraction of 0.39 eV. To investigate how the reaction dynam-
ics may vary for energies within this distribution, simulations
were also performed at the lower Erel of 0.20 eV.

To compare with and confirm the MP2 direct dynam-
ics for the low collision energies of 0.39 and 0.20 eV, sim-
ulations for these energies were also performed with the
DFT/BhandH/ECP/d level of theory.37 Extensive work has
been done to test the performance of density functional the-
ory (DFT)38–46 and MP2 (Ref. 36) SN2 reactions and the
studies have shown the propensity of DFT to underestimate
SN2 barriers unless the amount of Hartree-Fock exchange is
increased.39–46 A number of different DFT functionals were
compared for the Cl− + CH3I SN2 reaction and the results
suggest that BhandH/ECP/d is the preferred DFT method for
direct dynamics simulations, since it gives the best agree-

ment with CCSD(T)47 energies for the reactions’s PES.32 The
BhandH/ECP/d and MP2(fc)/ECP/d stationary point energies
are compared in Figure 1.

The simulations were performed using a software pack-
age consisting of the VENUS general chemical dynamics
computer program48, 49 interfaced to the NWChem electronic
structure computer program.50, 51 Standard algorithms were
used to select initial conditions for the trajectories.29 Quasi-
classical sampling,29 which includes zero-point energy, was
used to select initial coordinates and momenta for the trajec-
tories. The CH3I vibrational and rotational degrees of free-
dom were sampled from their respective Tv and Tr Boltzmann
distributions. CH3I had a random orientation with respect to
Cl− and the Cl− + CH3I center-of-mass separation was set at
15 Å, with an initial relative velocity for Erel of 0.20–1.9 eV
and the specified collision impact parameter b. Each trajec-
tory was integrated for a maximum of ∼12 ps. Integrating
one MP2(fc)/ECP/d trajectory for 12 ps required ∼7 days on
a 3.0 GHz dual-slot quad-core node with 16 GB RAM. The
DFT trajectories are ∼3 times faster than those for MP2 the-
ory and integrating one trajectory with BhandH/ECP/d for
∼12 ps required ∼2.5 days on the same cluster.

III. MP2 TRAJECTORY RESULTS AND DISCUSSIONS

A. Reaction probability and microscopic reaction
mechanisms

The reaction dynamics were studied versus impact pa-
rameter b by calculating numerous trajectories at fixed values
of b, for Tv = 360 and Tr = 75 K. The resulting reaction prob-
ability Pr(b) versus b is plotted in Figure 3 for the different
Erel. Even though the reaction has no overall barrier, the sim-
ulations show a quite low reaction probability at all collision
energies, which decreases as the collision energy is decreased
and/or the impact parameter is increased. For Erel of 0.2 and
0.39 eV the respective Pr(b) are approximately 0.01 and 0.02
for b = 0. For the F− + CH3I → CH3F + I− SN2 reaction, ac-
curate values for the limiting impact parameter bmax are found
by assuming the F− + CH3I orbital angular momentum adds
to the two largest moment of inertia rotational degrees of free-
dom giving rise to a centrifugal potential at the central barrier
transition state.52 Applying this model to the Cl− + CH3I SN2
reaction studied here results in estimated values for bmax of
6.8, 6.0, 5.5, 5.4, and 5.2 Å for Erel of 0.2, 0.39, 0.76, 1.07,

0 1 2 3 4 5
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0.08
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P
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 1.07
 0.76
 0.39
 0.2

FIG. 3. MP2(fc)/ECP/d reaction probability Pr(b) versus impact parameter
b for Erel of 0.2–1.9 eV and Tv /Tr = 360 K/75 K.
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and 1.9 eV, respectively. All are greater than 5 Å. However,
the low reaction probabilities at large b makes it computa-
tionally intractable to sample the complete range of b. To il-
lustrate, no reaction was observed out of 200 trajectories at
b = 4 Å for the 1.9 eV simulation. For the remaining Erel of
0.2, 0.39, 0.76, and 1.07 eV the respective b and number of
trajectories for which no reaction was observed are 2 Å-800,
5 Å-400, 3 Å-200, and 3 Å-200. Though the reaction prob-
ability for each Erel cannot be investigated for the expected
complete range of b, important details of the reaction dynam-
ics are still obtained.

The simulations revealed that the substitution reaction
occurs by two direct atomic-level mechanisms, i.e., rebound
and stripping, and several types of indirect mechanisms.
These mechanisms were identified by the atomistic motions
of the trajectories. The rebound reaction occurs by Cl− attack
of the backside of CH3I and direct displacement of I−. The
stripping reaction occurs when Cl− approaches CH3I on its
side and directly strips away the CH3-group. As discussed in
more detail below, the direct rebound mechanism is a small
impact parameter process and results in backward scattering.
In contrast, stripping occurs for large impact parameters and
gives forward scattering. These two direct mechanisms have
been observed in previous simulations of the F− + CH3I
(Ref. 31) and Cl− + CH3Y (Y = Cl, Br, I) SN2
reactions.24, 27, 53 The atomistic motions for the rebound and
stripping mechanisms are depicted in Figure 3 of Ref. 31.

The indirect reaction occurs by multiple mechanisms in-
cluding the roundabout,27 formation of the Cl−–CH3I and/or
ClCH3–I− pre- and post-reaction complexes, central barrier
recrossing, and coupling of these reaction events. The round-
about mechanism proceeds via one or more CH3 rotations
and an atomistic depiction was given previously.27 For this
mechanism Cl− first strikes the CH3 group on its side, caus-
ing it to rotate one or more times around the massive I atom.
Then, after one or more CH3 revolutions, Cl− attacks the C
atom backside and directly displaces I−. Forming the Cl−–
CH3I or ClCH3–I− complex means the trajectory becomes
temporarily trapped in the pre- or post-reaction potential en-
ergy wells (see Figure 1). A trajectory which forms the pre-
reaction complex is depicted in Figure 4. Complex forma-
tion has been observed previously in simulations of the Cl−

+ CH3Cl (Ref. 17) and Cl− + CH3Br (Ref. 24) reactions.
Barrier recrossing was observed previously in the central bar-
rier dynamics for Cl− + CH3Cl.22, 54 Animations of trajecto-
ries for the above different mechanisms are presented on the
website monte.chem.ttu.edu/group/animations/ch3i.html.

Fractions of the different reaction mechanisms are given
in Figure 5 for the five collision energies from 0.2 to 1.9 eV.
There are 52, 10, 29, 23, and 5 reactive trajectories with b > 0
for Erel of 1.9, 1.07, 0.76, 0.39, and 0.20 eV, respectively, and
they are properly weighted by the impact parameters to obtain
the fractions in Figure 5. With b = 0 included the total number
of reactive trajectories for these respective Erel are 63, 15, 35,
30, and 11. As shown in Figure 5, for Erel of 1.9, 1.07, 0.76,
and 0.39 eV the atomic-level dynamics are similar, with the
direct rebound mechanism dominating with a fraction rang-
ing from 0.73 to unity. The dominant indirect mechanism at
Erel of 1.9 eV is the roundabout mechanism with a fraction of

FIG. 4. Atomistic dynamics of a typical trajectory for the indirect reac-
tion mechanism that proceeds via formation of the Cl−–CH3I pre-reaction
complex.

0.17, which is much higher than for any of the other collision
energies. The roundabout mechanism occurs with either one
or multiple CH3 rotations, and with a lifetime between the ini-
tial Cl−–CH3 collision and the departure of I− ranging from
∼400 fs to 1 ps. More details about the dynamics of cross-
ing the central barrier and energy transfer for the roundabout
mechanism are discussed in Sec. V.

For collisions with Erel of 1.07 eV only the direct rebound
mechanism was found. At 0.76 eV indirect mechanisms con-
tribute 13% of the chemical reaction. Surprisingly, for the
lower collision energy of 0.39 eV the indirect component is
even smaller, i.e., 1%, with stripping contributing 11% of the
reaction.

There is a dramatic change in the reaction dynamics,
from what was found at Erel of 1.9, 1.07, 0.76, and 0.39 eV,
when Erel is decreased to 0.20 eV. The direct fraction of the re-
action (all rebound) is lowered substantially to only 17%. The
vast majority of the reaction, i.e., 83%, now occurs by indirect
mechanisms, each involving Cl−–CH3I pre-reaction complex
formation. There are three indirect mechanisms; i.e., forma-
tion of the Cl−–CH3I pre-reaction complex alone, coupling of
this complex formation with the roundabout mechanism, and
forming both the Cl−–CH3I and ClCH3–I− complexes with
inclusion of barrier recrossing. These three indirect mecha-
nisms have intermediate lifetimes which range from 2 to 7 ps.

It is noteworthy that the following b = 0 results are con-
sistent with the reaction dynamics as described above. There
are 4 direct rebound and 7 roundabout trajectories at Erel

= 1.9 eV. For the above b > 0 dynamics direct rebound con-
tributes 17% to the reaction and comparison with these b = 0
results indicates that the roundabout mechanism is enhanced
by small impact parameters. At Erel = 1.07 eV there are 4
direct rebound and 1 roundabout trajectory, consistent with
the dominance of the direct rebound mechanism and a sharp
transition in the reaction dynamics in going from Erel of 1.9
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FIG. 5. Probability of the individual reaction mechanisms for Erel of 0.2–1.9 eV and Tv /Tr = 360 K/75 K calculated at the MP2(fc)/ECP/d level of theory.
DR, direct rebound; DS, direct stripping; Ra (1) and Ra (n), roundabout with one and multiple CH3 rotations, respectively; A, Cl−–CH3I; B, ClCH3–I−; br,
barrier-recrossing. Ra, A, B, and br are indirect mechanisms. The trajectory results are properly weighted by b and Pr(b) the reaction probability versus b.

to 1.07 eV. At Erel = 0.76 eV there are 5 direct rebound and
1 roundabout trajectory, coupled with barrier recrossing and
formation of both the pre- and post-reaction complexes. The
dynamics changes in going from Erel of 0.39 to 0.20 eV as
found for the above b > 0. At Erel = 0.39 eV, with b = 0,

there are 5 direct rebound, 1 roundabout, and 1 trajectory
with both pre- and post-reaction complex formation and bar-
rier recrossing. In contrast, at Erel = 0.20 eV there are no
direct rebound trajectories and, instead, 3 trajectories which
form the pre-reaction complex, 1 roundabout trajectory, and 2



114309-6 Zhang et al. J. Chem. Phys. 138, 114309 (2013)

TABLE I. Average fractions of product energy partitioning for Cl− + CH3I → ClCH3 + I− reactive scattering
at the MP2(fc)/ECP/d level of theory.a,b

frot
′ fvib

′ ftrans
′ fint

′

1.9 eV
Direct rebound 0.04 ± 0.02 0.25 ± 0.03 0.71 ± 0.03 0.29 ± 0.03
Direct stripping 0.03 0.30 0.67 0.33
Indirect 0.21 ± 0.04 0.59 ± 0.05 0.20 ± 0.04 0.80 ± 0.04
Total 0.07 ± 0.03 0.31 ± 0.04 0.62 ± 0.05 0.38 ± 0.05
Expt.c . . . . . . . . . 40%
PSTd . . . . . . . . . 88%

1.07 eV
Direct rebound 0.004 ± 0.001 0.23 ± 0.01 0.76 ± 0.01 0.24 ± 0.01
Expt. . . . . . . . . . 25%

0.76 eV
Direct rebound 0.02 ± 0.01 0.37 ± 0.06 0.61 ± 0.07 0.39 ± 0.07
Indirect 0.09 ± 0.07 0.83 ± 0.02 0.08 ± 0.05 0.92 ± 0.05
Total 0.03 ± 0.01 0.43 ± 0.07 0.54 ± 0.08 0.46 ± 0.08
Expt. . . . . . . . . . 40%

0.39 eV
Direct rebound 0.03 ± 0.01 0.48 ± 0.04 0.49 ± 0.04 0.51 ± 0.04
Direct stripping 0.005 0.48 0.51 0.49
Indirect 0.17 0.72 0.11 0.89
Total 0.03 ± 0.01 0.48 ± 0.03 0.49 ± 0.04 0.51 ± 0.04
Expt. . . . . . . . . . 84%

0.2 eV
Direct rebound 0.03 0.77 0.20 0.80
Indirect 0.02 ± 0.01 0.86 ± 0.04 0.12 ± 0.04 0.88 ± 0.04
Total 0.02 ± 0.01 0.84 ± 0.03 0.14 ± 0.03 0.86 ± 0.03
Expt. . . . . . . . . . . . .

aThe vibrational and rotational temperatures of CH3I are 360 and 75 K, respectively.27 The f’s are fractions of energy partitioning
for rotational, vibrational, relative translational, and internal energy.
bTrajectories were averaged over all impact parameters (b) and properly weighted by b and the reaction probability versus b.
cExperimental value in Ref. 27.
dThe loose transition state model of PST; Ref. 55.

trajectories with the roundabout coupled to pre-reaction com-
plex formation.

The very low reaction probability (Figure 3) and the long
lifetime of the collision intermediate make it difficult to ob-
tain more reactive trajectories with MP2 for Erel = 0.20 eV.
However, as presented in Sec. IV, significantly more reactive
trajectories were obtained with DFT/BhandH theory for this
energy and BhandH gives similar atomic-level mechanisms as
found with MP2.

B. Product energies

To assist in verifying the above atomic-level reaction
mechanisms, the partitioning of available product energy to
CH3Cl vibration and rotation and CH3Cl + I− relative trans-
lation, found from the simulations, may be compared with the
partitioning determined from the ion imaging experiments, re-
ported in Figure 2. The simulation and experimental product
energy partitionings are compared in Table I. From the sim-
ulations the overall fraction partitioned to internal excitation
of CH3Cl (i.e., vibration and rotation) is 0.38 ± 0.05, 0.24
± 0.01, 0.46 ± 0.08, 0.51 ± 0.04, and 0.86 ± 0.03 for Erel

of 1.9, 1.07, 0.76, 0.39, and 0.20 eV, respectively. At Erel of
1.07 eV a minimum is found in the fraction partitioned to

CH3Cl internal excitation, a finding in very good agreement
with experiment.27, 28 Table I indicates that the simulations
agree well with the experiments for partitioning to CH3Cl
internal excitation except at Erel of 0.39 eV, for which the
simulation’s fraction is 0.51 ± 0.04 and substantially smaller
than the experimental fraction of 0.84. However, when Erel

is slightly decreased to 0.20 eV the simulation gives a much
higher partitioning of 0.86 ± 0.03 to CH3Cl internal energy,
which agrees with experiment at Erel of 0.39 eV. This result
illustrates the extraordinary sensitivity of the product energy
partitioning to the collision energy for low collision energies
and suggests there may be a significant distribution of colli-
sion energies for the experiment at the low Erel of 0.39 eV.
The strikingly different product energy partitioning at Erel of
0.39 and 0.20 eV is in accord with the much different reac-
tion mechanisms at these two collision energies. The reaction
dynamics at low Erel are discussed in more detail below in
Sec. IV.

As shown in Table I, the different atomic-level mecha-
nisms observed in the simulations give different product en-
ergy partitionings. For Erel of 0.39–1.9 eV the indirect mecha-
nisms partition substantially more energy into CH3Cl internal
excitation than do the direct mechanisms. However, for Erel

of 0.20 eV the energy partitioning for the direct and indirect
mechanisms are similar. Also of interest is that the energy
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partitioning for the direct rebound and stripping reactions is
the same within statistical uncertainties. PST, which assumes
that a long-lived complex dissociates directly to products, is a
statistical model for calculating product energy partitioning.55

Though the ClCH3–I− post-reaction complex is not formed,
at Erel = 1.9 eV the roundabout mechanism leads to a CH3Cl
internal energy distribution similar to the PST prediction of
88%.27 Only for the roundabout mechanism at Erel = 1.9 eV
is a significant fraction of the product energy partitioned to
rotation. The dynamics leading to the energy partitioning for
the roundabout mechanism is discussed below in Sec. V.

The product energy partitioning found for X− + CH3Y
→ XCH3 + Y− SN2 reactions from previous chemical dy-
namics simulations has been recently reviewed20 and it is of
interest to compare this earlier work with the current study.
For the F− + CH3I SN2 reaction at 0.32 eV,31 indirect mecha-
nisms were found to partition more energy into product CH3F
vibration than the direct mechanisms, which is in accord with
the current results for Cl− + CH3I. The overall trend for the
Cl− + CH3I reaction is for the energy partitioned to ClCH3

+ I− relative translation to increase with increase in Erel and
this is the result found previously for the F− + CH3Cl and
Cl− + CH3Br reactions.18, 24

C. Velocity scattering angle distributions

The velocity scattering angle θ between the initial and
final relative velocity vectors was determined for the simula-
tions, and the average value of the velocity scattering angle
and its range of values are given in Table II at each 0.20–1.90
eV collision energy. More details of the velocity scattering
angle distributions are summarized in Table S1 in the sup-
plementary material.56 If the scattering angle is <90◦, there
is forward scattering, and the CH3Cl product scatters in the
same direction as the initial relative velocity. For a scattering
angle >90◦, the scattering is backward with the direction of
the relative velocity vector reversed.

At all collision energies the direct rebound reaction,
which is important at smaller impact parameters b, displays
strong backward scattering. For direct reaction there is a ten-
dency toward forward scattering as b is increased, which is
indicative of a stripping mechanism. These dynamics are sim-
ilar to those found from a trajectory study of the Cl− + CH3Cl
SN2 reaction at high reagent translational energy,53 for which

TABLE II. Average and range of values for the velocity scattering angle at
the MP2(fc)/ECP/d level of theory.a,b

Erel (eV) Direct rebound Direct stripping Indirect Total

1.9 134 (116–160) 85 90 (17–158) 121 (17–160)
1.07 152 (128–167) . . . . . . 152 (128–167)
0.76 142 (126–159) . . . 68 (4–125) 133 (4–159)
0.39 128 (111–162) 88 25 122 (25–162)
0.2 159 . . . 102 (55–145) 113 (55–159)

aScattering angles in degree between the initial (i) and final (f), relative velocity (v). The
range of values is given in parentheses. The vibrational and rotational temperatures of
CH3I are 360 and 75 K, respectively.27

bTrajectories were averaged over all impact parameters (b) and properly weighted by b
and the reaction probability versus b.

the trajectory events were direct. The trajectories for the indi-
rect reactions have both forward and backward scattering.

The velocity scattering angle distributions determined
from the ion imaging experiments are given in Figure 2, for
the different Erel, and the simulations are consistent with these
findings. At 1.9 eV the experimental scattering is primarily in
the backward direction with high relative translational ener-
gies, as observed in the simulations for the rebound mecha-
nism. There is also a significant component in the backward
direction with a much smaller translational energy, which
arises from the rebound mechanism. There is a quite small
scattering component in the forward direction, which the tra-
jectories indicate arises from both direct stripping and round-
about events. There is not an isotropic component in the scat-
tering at 1.9 eV. For both the simulations and experiments at
1.07 eV, all of the reaction is direct and the scattering is in
the backward direction. At 0.76 eV the experimental scatter-
ing has a prominent backward component with a high rela-
tive translational energy and an isotropic component with a
lower translational energy. The simulation gives similar scat-
tering, with direct rebound events leading to backward scat-
tering, and formation of the pre- and post-reaction complexes
leading to the isotropic scattering. For the experiments at Erel

of 0.39 eV the scattering is completely isotropic and the prod-
uct relative translational energy distribution agrees with that
of PST theory (Figure 2).27 The simulations at this Erel are
not in accord with the experiments, but the simulations at Erel

= 0.20 eV give results similar to experiment. The total scatter-
ing is quite isotropic with an average value near 90◦. As dis-
cussed above, the product energy partitioning for this lower
Erel also matches experiment at Erel = 0.39 eV.

D. Effect of vibrational and rotational temperatures

To compare with the above calculations for the experi-
mental temperatures Tv = 360 K and Tr = 75 K, an additional
calculation was performed with the MP2(fc)/ECP/d theory for
room temperature, i.e., both Tv and Tr equal 300 K, and for
Erel = 1.9 eV. The reaction probability Pr(b) for the two sets of
calculations are compared in Figure 6. Changing Tv/Tr from
360/75 K to 300/300 K has a only a small effect on the re-
action probability and the effect is to slightly decrease Pr(b).
Figure 7 shows the fractions of the atomic-level mechanisms
for Tv/Tr = 300/300 K and Erel of 1.9 eV. By comparison with
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FIG. 6. Comparison of Tv /Tr = 360/75 K and Tv /Tr = 300/300 K reaction
probability Pr(b) for Erel of 1.9 eV as given by MP2(fc)/ECP/d theory.
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eV and Tv /Tr = 300/300 K as given by MP2(fc)/ECP/d theory. The repre-
sentations for the individual mechanisms are the same as those in Figure 5.
The trajectory results are properly weighted by b and the reaction probability
versus b.

that for Tv/Tr = 360/75 K and the same Erel in Figure 5, the
principal reaction mechanism is direct rebound for both sets
of temperatures and the indirect reaction occurs mainly by a
roundabout mechanism. The fraction of the roundabout mech-
anism with one or multiple CH3 rotations increases from 17%
to 27% as Tv/Tr is changed from 360/75 K to 300/300 K.

The product energy partitioning for Erel of 1.9 eV and
Tv/Tr = 300/300 K is given in Table III, which may be
compared with those in Table I for Erel of 1.9 eV and
Tv/Tr = 360/75 K. The major difference, between the two sets
of calculations, is in the energy partitioned to rotation and rel-
ative translation. Overall, the rotational energy is higher and
the relative translational energy lower for total reaction and
the individual reaction mechanisms at Tv/Tr = 300/300 K.
Temperature has only a small effect on the CH3Cl vibrational
energy. The overall fraction partitioned to internal excitation
of CH3Cl is 0.48 at Tv/Tr = 300/300 K and ∼25% higher than
the value at Tv/Tr = 360/75 K, which results from the higher
rotational energy at Tv/Tr = 300/300 K. The scattering angle
properties for Erel of 1.9 eV and Tv/Tr = 300/300 K are given
in Table S2 in the supplementary material56 and are statisti-
cally the same as those for Tv/Tr = 360/75 K.

TABLE III. Average fractions of product energy partitioning for Erel of 1.9
eV and Tv /Tr = 300/300 K at MP2(fc)/ECP/d level of theory.a

frot
′ fvib

′ ftrans
′ fint

′

Direct rebound 0.11 ± 0.05 0.22 ± 0.02 0.67 ± 0.06 0.33 ± 0.06
Direct stripping 0.06 0.21 0.73 0.27
Indirect 0.27 ± 0.05 0.56 ± 0.08 0.17 ± 0.05 0.83 ± 0.05
Total 0.15 ± 0.04 0.33 ± 0.05 0.52 ± 0.08 0.48 ± 0.08
Expt.b . . . . . . . . . 40%

aThe f’s are fractions of energy partitioning for rotational, vibrational, relative transla-
tional, and internal energy. Trajectories were averaged over all impact parameters (b)
and properly weighted by b and the reaction probability versus b.
bFor experiment the collision energy is 1.9 eV, and the vibrational and rotational tem-
peratures of CH3I are 360 and 75 K, respectively.27

In summarizing the differences between the simulations
for Tv/Tr of 300/300 K as compared to those for 360/75 K,
the former gives rise to more rotational energy in the CH3Cl
product and a larger fraction of roundabout trajectories. Ap-
parently this arises from the larger reactant rotational energy
for the Tv/Tr = 300/300 K simulation.

IV. COMPARISON BETWEEN MP2 AND DFT
TRAJECTORIES

To further investigate the above dynamics obtained with
MP2 theory at the low collision energies of 0.39 and 0.20 eV,
a direct dynamics simulation was also performed using the
BhandH/ECP/d DFT method. In previous work,32 many dif-
ferent DFT functionals were evaluated to characterize prop-
erties of stationary points on the Cl− + CH3I → ClCH3

+ I− PES and the BhandH/ECP/d method was found to give
the best agreement with the benchmark CCSD(T)/CBS ener-
gies, with the largest difference of 0.7 kcal/mol for both the
Cl−–CH3I pre-reaction minimum and [Cl–CH3–I]− TS.

The reaction probability Pr(b) as a function of b for both
MP2 and BhandH is plotted in Figure 8 for the calculations at
Erel of 0.39 and 0.20 eV. For both Erel values BhandH gives the
higher Pr(b), which is consistent with the lower BhandH cen-
tral barrier of −6.4 kcal/mol as compared to the MP2 value
of −4.0 kcal/mol (see Figure 1).32 The BhandH fractions of
different reaction mechanisms, for Erel of 0.39 and 0.20 eV,
are shown in Figure 9. There are 51 and 28 reactive trajec-
tories with b > 0 for Erel of 0.39 and 0.20 eV, respectively,
and they are properly weighted by the impact parameters to
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FIG. 8. Comparison of reaction probability versus impact parameter, Pr(b),
for MP2 and BhandH calculations with the ECP/d basis set. Calculations are
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FIG. 9. Same as Figure 4 but for the BhandH/ECP/d calculations at Erel of
0.20 and 0.39 eV with Tv /Tr = 360 K/75 K.

obtain the fractions in Figure 9. With b = 0 included the to-
tal number of reactive trajectories for these respective Erel are
68 and 39. Comparing these results with those for MP2 in
Figure 5 shows that, overall, the BhandH and MP2 atomic-
level mechanisms are very similar. For Erel of 0.20 eV the
direct fraction is 0.17 ± 0.03 and 0.30 ± 0.03 for the MP2
and BhandH calculations, respectively. For Erel = 0.39 eV
the results are significantly different from what is found at
Erel = 0.20 eV, and the respective direct fraction is 0.99
± 0.10 and 0.88 ± 0.09 for MP2 and BhandH. At Erel = 0.39
eV the indirect mechanisms are more important contributors
to reaction for the BhandH calculations than for the calcula-
tions using MP2. For both the MP2 and BhandH calculations,
A and A + B events are important for the indirect mechanisms
at Erel = 0.20 eV. However, at this energy, roundabout events
are important with MP2 but not with BhandH. The interme-
diate lifetimes for the BhandH calculations range from 1 to 7
ps for the indirect mechanisms and are similar to those for the
MP2 calculations (see Sec. III A).

The b = 0 BhandH results show much different dynam-
ics between Erel of 0.39 and 0.20 eV, as discussed above and
shown in Figure 9. At 0.39 eV all the seventeen b = 0 tra-
jectories are direct rebound. At 0.20 eV 4 of the trajectories

TABLE IV. Average fractions of product energy partitioning at
BhandH/ECP/d level of theory.a,b

frot
′ fvib

′ ftrans
′ fint

′

0.39 eV
Direct rebound 0.04 ± 0.01 0.38 ± 0.04 0.58 ± 0.04 0.42 ± 0.04
Direct stripping 0.02 0.33 0.65 0.35
Indirect 0.05 ± 0.01 0.89 ± 0.01 0.06 ± 0.01 0.94 ± 0.01
Total 0.04 ± 0.01 0.44 ± 0.06 0.52 ± 0.07 0.48 ± 0.07
Expt.c . . . . . . . . . 84%

0.20 eV
Direct rebound 0.02 ± 0.01 0.58 ± 0.09 0.40 ± 0.08 0.60 ± 0.08
Indirect 0.07 ± 0.02 0.81 ± 0.05 0.12 ± 0.04 0.88 ± 0.04
Total 0.06 ± 0.02 0.74 ± 0.07 0.20 ± 0.07 0.80 ± 0.07
Expt. . . . . . . . . . . . .

aThe vibrational and rotational temperatures of CH3I are 360 and 75 K, respectively.27

The f’s are fractions of energy partitioning for rotational, vibrational, relative transla-
tional, and internal energy.
bTrajectories were averaged over all impact parameters (b) and properly weighted by b
and the reaction probability versus b.
cExperimental value in Ref. 27.

are direct rebound and 7 are indirect. The latter involve pre-
reaction complex formation, formation of both the pre- and
post-reaction complexes, and coupling of the roundabout with
the pre-reaction complex.

The product energy partitionings for the BhandH simula-
tions are listed in Table IV and may be compared with those
in Table I for the MP2 simulations. The overall fraction parti-
tioned to CH3Cl internal excitation is in quite good agreement
for the MP2 and BhandH calculations. The respective MP2
and BhandH fractions are 0.51 ± 0.04 and 0.48 ± 0.07 at 0.39
eV and 0.86 ± 0.03 and 0.80 ± 0.07 at 0.20 eV. At the level of
the individual atomic-level mechanisms, there are both simi-
larities and differences in the MP2 and BhandH product en-
ergy partitioning. At 0.39 eV the direct rebound and direct
stripping mechanisms have similar product energy partition-
ings for both BhandH and MP2, and at 0.20 eV the only direct
mechanism is rebound for both MP2 and BhandH. However,
comparing the results in Tables I and IV shows that BhandH
partitions a larger fraction to product translation for the direct
reactions. On the other hand, The product energy partitioning
for the indirect mechanisms are similar for MP2 and BhandH
at Erel = 0.20 eV. The BhandH and MP2 internal energy frac-
tions at 0.39 eV are substantially smaller than the 84% found
in the experiments. But the fraction at 0.20 eV from the sim-
ulations is in good agreement with experiment at 0.39 eV. In
summary, BhandH partitions more energy to product trans-
lation for the direct mechanisms, but the total product en-
ergy partitionings are quite similar for the MP2 and BhandH
simulations.

BhandH and MP2 give similar scattering angle distribu-
tions at both the 0.39 and 0.20 eV collision energies. Details
of these distributions are given in Table II and Table S1 in the
supplementary material56 for MP2, and in Table S3 in the sup-
plementary material56 for BhandH. The experimental veloc-
ity scattering angle distribution at Erel = 0.39 eV is isotropic
(Figure 2), consistent with indirect reaction and a long-lived
intermediate. The simulation velocity scattering angle distri-
butions for Erel = 0.39 eV do not agree with experiment, but
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FIG. 10. Velocity scattering angle distributions for Erel of 0.20 and 0.39 eV,
formed by combining the MP2 and BhandH results at each of these energies.

the simulations at Erel = 0.20 eV do. Though there is a 17%–
30% direct component in the simulations at 0.20 eV, both
the MP2 and BhandH velocity scattering angle distributions
are broad and quite isotropic, with average values near 90◦.
Figure 10 compares the velocity scattering angle distributions
for Erel of 0.20 and 0.39 eV, with those for MP2 and BhandH
combined. The difference in the scattering at these two ener-
gies is striking. The scattering is primarily backward at 0.39
eV, but isotropic at 0.20 eV.

V. ROUNDABOUT MECHANISM

Statistical models for product energy partitioning assume
that a long-lived ClCH3–I− post-reaction complex is formed
with complete randomization of its vibrational energy.25 Dif-
ferent statistical models have been proposed, depending on
the assumed dynamics as the products separate.57–59 The
loose transition state (TS) model of PST was used here, for
which the TS is placed in the product asymptotic limit.25, 55 As
summarized in Table I, PST predicts a much higher 88% par-
titioning to the CH3Cl internal energy than experiment at Erel

of 1.9 eV. In contrast, the PST prediction is in approximate
agreement with that of 0.80 ± 0.04 for the indirect roundabout
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FIG. 11. (a) C-X (X = I and Cl) distances versus time for a representative
roundabout trajectory involving a single CH3 rotation. (b) The C-X (X = I
and Cl) bond stretch potential energies as a function of time for the round-
about trajectory in (a).

trajectories. This agreement occurs even though the ClCH3–
I− post-reaction complex is not formed in the roundabout
mechanism as assumed by PST.

A detailed analysis was made to investigate why the dy-
namics of the roundabout mechanism, gives product energy
partitioning similar to that of PST. Plotted in Figure 11(a) are
the C-X (X = I and Cl) distances versus time for a represen-
tative trajectory of the roundabout reaction at Erel of 1.9 eV,
that proceeds via one CH3 rotation. At ∼300 fs there is an
initial collision between Cl− and the CH3 group, which ex-
cites the C-I stretch vibration and causes CH3 to rotate about
the massive I atom. The latter is identified by the increase and
subsequent decrease of C-Cl distance. After one CH3 rotation
SN2 substitution occurs, forming a C-Cl bond with substantial
vibrational excitation.

The energy transfer dynamics from reactants to prod-
ucts was studied by determining the C-I and C-Cl bond
stretch energies and the CH3I and CH3Cl rotational ener-
gies versus time for all the roundabout trajectories at Erel

of 1.9 eV. The C-I potential energy curve was taken as
that for the Cl−–CH3-I pre-reaction complex and the C-
Cl potential energy curve as that for the Cl-CH3–I− post-
reaction complex. These potential curves were calculated at
the MP2(fc)/ECP/d theory, used for the simulations, and then
fit by the Morse function V(r) = De[1-e−β (r-re)]2 as shown
in Figure S1 in the supplementary material.56 These curves
are nearly identical to those for the CH3-I and Cl-CH3 re-
actant and product, respectively, and were used to deter-
mine the potential energies in the C-I and C-Cl bonds versus
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FIG. 12. Distributions of the C-X (X = I and Cl) bond stretch potential ener-
gies for all the roundabout trajectories at Erel = 1.9 eV. The C-I bond stretch
energy is the energy after the initial reactant collision and the C-Cl bond
stretch energy is that for the CH3Cl product.

time. The energies in these bonds versus time, for the repre-
sentative roundabout trajectory in Figure 11(a), are plotted in
Figure 11(b). The C-I bond stretch energy distribution after
the initial collision of reactants and the product C-Cl bond
stretch energy distribution for all the roundabout trajectories
at Erel = 1.9 eV are depicted in Figure 12. The average ener-
gies of these distributions are used for the following analyses.

During the initial collision of the reactants at ∼300 fs
there is 55.4 kcal/mol of energy available for transfer, i.e., the
43.8 kcal/mol (1.9 eV) collision energy plus the 11.6 kcal/mol
potential energy release in accessing the Cl−–CH3I potential
energy minimum (Figure 1). Of this energy ∼16.5 kcal/mol
is transferred to the C-I bond, an amount higher than the po-
tential energy barrier of 7.6 kcal/mol in going from the Cl−–
CH3I complex to the [Cl–CH3–I]− TS (Figure 1). In addition,
30.0 kcal/mol is transferred to CH3I rotation, with CH3 ro-
tating about the massive I-atom. After one CH3-rotation Cl−

again collides with CH3 and now, with the C-I bond excited,
SN2 substitution occurs. As shown in Figure 11, the excited
C-I bond of the reactants leads to lengthened C-I and C-Cl
bonds at the TS, resulting in a short C-Cl distance at the first
inner point of the C-Cl bond stretch and a large product C-
Cl stretch energy of ∼26.0 kcal/mol. The large CH3 angular
velocity about the I atom in the entrance channel, results in
a high rotational angular momentum and rotational energy of
12.0 kcal/mol for CH3Cl in the exit channel. The high vibra-
tional and rotational energies of the excited CH3I reactant are
transferred to the CH3Cl product.

The total available energy is preferentially partitioned
to internal modes (i.e., vibration and rotation) of the CH3Cl
product for the roundabout trajectories. For all the roundabout
trajectories at Erel = 1.9 eV the CH3Cl internal modes receive
∼80% of the available energy, close to the PST prediction of
88%. Approximately 60% of the energy transfer for the tra-
jectories is to CH3Cl vibration and ∼20% to CH3Cl rotation.
Of this transfer to vibration, ∼78% is to the C-Cl bond.

VI. SUMMARY

These combined experimental and direct dynamics simu-
lation results provide a detailed understanding of the atomic-
level dynamics for the gas-phase Cl− + CH3I → ClCH3

+ I− SN2 nucleophilic substitution reaction. Simulations at
the MP2(fc)/ECP/d level of theory are in very good agreement
with the experimental product energy partitioning and veloc-
ity scattering angles for the collision energies Erel of 0.76,
1.07, and 1.9 eV. For these energies the reaction is dominated
by direct rebound reaction with backward scattering. There is
a small direct stripping component with forward scattering.
The indirect component of the reaction consists of the round-
about mechanism, formation of the pre- and post-reaction ion-
dipole complexes, and barrier recrossing events. The round-
about events do not scatter isotropically, but the latter three
do. Complex formation is important at 0.76 eV, but unimpor-
tant at the higher Erel. No indirect reaction is seen in the tra-
jectories at 1.07 eV, but it becomes important again at 1.9 eV
via another pathway the roundabout mechanism. Thus, com-
plex formation is a low collision energy indirect mechanism,
while the roundabout mechanism becomes an important indi-
rect pathway at high collision energy.

For Erel of 0.76, 1.07, and 1.9 eV the product energy
partitioning is primarily to relative translation for the direct
reactions, but to CH3Cl internal energy for the indirect reac-
tions. The roundabout mechanism transfers substantial energy
to CH3Cl rotation and measuring this experimentally would
be a diagnostic for the roundabout mechanism. For the other
indirect mechanisms the energy partitioning is primarily to
CH3Cl vibration.

For the experiments at the lowest collision energy of
0.39 eV the product energy partitioning is statistical, agree-
ing with PST, and the scattering is isotropic. Both are in-
dicative of an indirect reaction, with an intermediate, and the
PST model further assumes that a long-lived ClCH3–I− post-
reaction complex is formed with statistical redistribution of its
energy and a RRKM lifetime.25 The MP2 simulations at this
Erel do not reproduce experiment and instead give dynamics
similar to those at the higher collision energies. To ascertain if
this disagreement with experiment results from inaccuracies
in the MP2 PES, simulations were also performed with the
DFT/BhandH/ECP/d PES. A previous study has shown that
the latter level of theory gives PES energies in excellent agree-
ment with those obtained using CCSD(T) theory.32 BhandH
was found to also give dynamics in disagreement with ex-
periment, similar to the MP2 dynamics. However, by slightly
decreasing Erel to 0.20 eV, both MP2 and BhandH give prod-
uct energy partitioning and velocity scattering distributions in
agreement with the experiment at Erel = 0.39 eV. At both Erel

of 0.39 and 0.20 eV the MP2 and BhandH simulations give
similar reaction dynamics, and there is a sharp transition in
the dominant reaction mechanism from direct to indirect as
Erel is lowered from 0.39 to 0.20 eV. It is noteworthy that, as
for the Cl− + CH3I reaction, there is a sharp transition be-
tween indirect and direct mechanisms for the Cl− + CH3Br
reaction at an Erel of ∼0.3–0.6 eV.24, 60

The similarity in the reaction dynamics for the MP2 and
BhandH simulations suggests that if there is a shortcoming
in the simulations it resides in the quasiclassical trajectory
calculation. It is possible that some of the zero-point energy
within CH3I is transferred to its C-I bond, as Cl− and CH3I
approach, promoting a direct reaction.17, 18 Another possibil-
ity is that the reactants cross the central barrier without zero
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point energy in the degrees of freedom orthogonal to the reac-
tion coordinate.61 These are interesting questions to address
in future studies. It would be particularly interesting to “map
out” the changes in the reaction mechanisms as the collision
energy is varied between 0.39 and 0.20 eV. Experimentally,
this will be facilitated using cold trapped ions as reactants for
reactive scattering experiments,62 which will allow for a bet-
ter resolution of the relative collision energy.

A simulation was performed at Erel = 1.9 eV with a vibra-
tional and rotational temperature of 300 K, to compare with
the experiments and simulations at Tv/Tr = 360 K/75 K. It was
found that both the partitioning of energy to CH3Cl rotation
and the fraction of the roundabout mechanism increase when
Tv/Tr is changed from 360 K/75 K to 300 K/300 K. Presum-
ably this is because of the increase in the reactant rotational
energy for the Tv/Tr = 300 K/300 K simulation.

In the roundabout mechanism a large fraction of the re-
actants’ collision energy is transferred to C-I stretch vibration
and rotation of CH3 about the massive I atom. After one or
multiple rotations of the CH3-group, the SN2 reaction occurs
forming CH3Cl with significant rotational energy and an ex-
cited C-Cl bond. Thus, CH3Cl has a high internal excitation,
resulting in a product relative translational energy in approxi-
mate agreement with PST.

In concluding, two interesting changes in the Cl− + CH3I
SN2 reaction dynamics were identified as the collision en-
ergy is varied. At low collision energy, there is a transition
from a dominant indirect reaction with pre- and post-reaction
complex formation to a dominant direct reaction occurring
via the rebound mechanism. As the collision energy is further
increased, the indirect reaction is completely suppressed and
there is only direct reaction. With further increase in the colli-
sion energy indirect reaction again occurs, but via the round-
about mechanism. Increasing the reactant CH3I rotational en-
ergy increases the fraction of the reaction occurring via the
roundabout mechanism. In the future it would be of interest
to further investigate the effect of CH3I rotation on the reac-
tion dynamics, as well as CH3I vibration, particularly the C-I
stretch.
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