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ABSTRACT: The highly exoergic nucleophilic substitution
reaction F− + CH3I shows reaction dynamics strikingly
different from that of substitution reactions of larger halogen
anions. Over a wide range of collision energies, a large fraction
of indirect scattering via a long-lived hydrogen-bonded
complex is found both in crossed-beam imaging experiments
and in direct chemical dynamics simulations. Our measured
differential scattering cross sections show large-angle scattering
and low product velocities for all collision energies, resulting
from efficient transfer of the collision energy to internal energy
of the CH3F reaction product. Both findings are in strong contrast to the previously studied substitution reaction of Cl− + CH3I [
Science 2008, 319, 183−186] at all but the lowest collision energies, a discrepancy that was not captured in a subsequent study at
only a low collision energy [ J. Phys. Chem. Lett. 2010, 1, 2747−2752]. Our direct chemical dynamics simulations at the DFT/
B97-1 level of theory show that the reaction is dominated by three atomic-level mechanisms, an indirect reaction proceeding via
an F−−HCH2I hydrogen-bonded complex, a direct rebound, and a direct stripping reaction. The indirect mechanism is found to
contribute about one-half of the overall substitution reaction rate at both low and high collision energies. This large fraction of
indirect scattering at high collision energy is particularly surprising, because the barrier for the F−−HCH2I complex to form
products is only 0.10 eV. Overall, experiment and simulation agree very favorably in both the scattering angle and the product
internal energy distributions.

■ INTRODUCTION
Bimolecular nucleophilic substitution (SN2) reactions such as

+ → +− −X CH Y CH X Y3 3 (1)

are among the most simple and most prevalent yet most
multifaceted ion−molecule reactions. Therefore, and due to
their fundamental importance in organic chemistry,1 they have
become extensively studied model systems in physical
chemistry and chemical physics both experimentally2−4 and
computationally.5−7 During the past few years, it has become
possible to directly observe the dynamics of ion−molecule
reactions by kinematically complete imaging of reactive
scattering, which has been applied to charge transfer
reactions8,9 and to nucleophilic substitution reactions.10−12

The richness of gas-phase SN2 reactions is due to a
characteristic potential barrier along the usually colinear
reaction path of reaction 1, which hinders the formation of
reaction products.13 The barrier corresponds to an inversion at

the carbon atom in eq 1 and separates the entrance and exit
channel ion−dipole complex, thus forming a prototypical
double-minimum potential energy landscape.14 Thermal rate
coefficients for SN2 reactions can differ by several orders of
magnitude and are usually far below the capture limit.15−18 This
low reaction efficiency is ascribed to the low efficiency for
crossing the central barrier. In the dynamical description of SN2
reactions of small reactants, the barrier represents a severe
hindrance to product formation even if it is submerged with
respect to the reactant energy asymptote. This is found to be
caused by the inefficiency of intermolecular to intramolecular
energy transfer necessary to surmount the barrier and break the
CH3−Y bond.5 The transition states and thereby the reaction
rate constants are also strongly affected by different
substituents.4
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In the statistical description of SN2 reactions, the small rate
for barrier crossings is explained by the high rotational
(centrifugal) energy and low density of states at the barrier,
which represents a transition state for product formation. The
conditions for the applicability of statistical models for energy
redistribution during SN2 reactions are the subject of a long-
standing debate.19−25 Statistical theories are found to be
successful for larger systems as well as for decreasing
temperature, where reaction rates are found to increase
strongly.26,27 This is traced back to the fact that the most
efficient way of crossing the central barrier is the formation of a
long-lived entrance channel ion−dipole complex in which
energy can be redistributed. As was recently confirmed
experimentally, the lifetime of the reaction intermediate
increases with decreasing temperature.28 This leaves more
time for transfer of energy to the critical modes, which drive the
system over the barrier and lead to the formation of reaction
products. For the same reason, molecular reaction products
emerging from such a complex-mediated reaction pathway
usually feature significant internal excitation.10,24

It has been established by both experiment and theory for
reactions of chlorine anions with the methyl halide molecules
CH3Br and CH3I that for collision energies above a few
hundred meV direct reaction mechanisms dominate the
dynamics, whereas for low collision energies complex-mediated
dynamics occur.10,24 A similar result has been reported for F−

reacting with CH3Cl.
29 In a previous article, we showed results

for the nucleophilic substitution reaction:

+ → + Δ = −− − HF CH I CH F I ( 1.84 eV)3 3 (2)

at a low collision energy of 0.32 eV that were in agreement with
this supposition.11 Specifically, we found that the reaction
occurs by three different reaction mechanisms, the most
probable one being the indirect, complex-mediated mecha-
nism.11 The reaction is the most exothermic of all halogen-
methyl halide SN2-reactions with a central barrier of only 0.1 eV
with respect to the entrance channel complex.30 This is
suggestive of fast and direct dynamics and is supported by the
high reaction probability of this system.31

Interestingly, the structure of the entrance channel complex
of reaction 2 is not colinear with C3v symmetry, as for most
halogen-methyl halide SN2-reactions, but is instead of Cs
symmetry30 with the fluorine anion attached to one of the
three hydrogen atoms. The intrinisic reaction coordinate
potential energy curve for the F− + CH3I → CH3F + I−

reaction has been discussed previously30 and is plotted in
Figure 1. Shown for comparison is the potential energy curve
for the reactive system constrained to a C3v geometry as for a
traditional SN2 potential energy surface,2 which connects the
reactants with the postreaction ion−dipole complex without an
intermediate energy barrier. To study the effect of hydrogen
bonding in ion−molecule complexes, infrared spectroscopy has
been applied to halide anion−water clusters, which can be
viewed as trapped entrance channel intermediates in the
respective bimolecular reaction.32,33 As a function of proton
affinity of the anion, a transition from a relatively weak ion−
molecule interaction to a near covalent bond, where the proton
is shared between the two centers, was established.34

Here, we investigate reaction 2 for several different collision
energies in the range where the transition from complex-
mediated to direct reaction dynamics is expected. Our
combined experimental−theoretical study employs ion imaging
of crossed-beam reactive scattering10 and chemical dynamics

simulations.35,36 We find experimentally that upon increasing
the collision energy most of the energy available from reactant
translation and reaction exothermicity is transferred into
internal degrees of freedom of the molecular reaction product
CH3F, in strong contrast to our previous findings for the Cl− +
CH3I reaction system.10 This evidence for indirect reaction
mechanisms is supported by a very weak dependence of the
cross section on the scattering angle. Both the energy- and the
angle-resolved data are in very good agreement with the
chemical dynamics simulations. The simulations find several
reaction mechanisms to contribute, with the indirect complex-
mediated mechanism being very important both at low and at
high collision energies. Together with the recently discovered
“roaming”37,38 and “roundabout”10 mechanisms, this shows that
indirect mechanisms in general cannot be neglected at high
collision energies in chemical reaction dynamics.

■ EXPERIMENTAL PROCEDURE
In the following, we present the crossed beam imaging setup, the data
acquisition system, and the subsequent data reduction and analysis,
which have not yet been described in detail. We also evaluate the
attainable accuracy for the product velocities and the product internal
energies measured in the crossed-beam imaging experiments.

Data Acquisition. Similar to our previous experiment on Cl− +
CH3I,

10 scattering experiments have been performed with a pulsed ion
beam of F− and a neutral beam of CH3I that are crossed inside a
velocity map imaging spectrometer. I− reaction products are imaged

Figure 1. The intrinsic reaction coordinate (IRC) potential energy
curve for the F− + CH3I → CH3F + I− reaction30 (top) and the
potential energy curve with the reactive system constrained to a C3v
geometry of the reactive system optimized as the F−C distance is
varied (bottom). Point A has a C−F distance equal to that for the
prereaction complex on the IRC potential energy curve, and point B
has a C−F distance equal to that for the transition state on the IRC
potential energy curve. For the C3v curve, the only minimum/
maximum is the postreaction ion−dipole complex. Calculations are
performed at the DFT/B97-1/ECP/d level of theory,30 and energies
are in kJ/mol.
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onto a position sensitive detector that records their transverse velocity
vectors in the scattering plane by using time-slicing.
Ion and neutral reactant beams are provided by two differentially

pumped source chambers and cross at 120° in the lab frame. Both
sources employ a pulsed supersonic expansion exiting from a piezo-

electric valve built in-house, which is based on an older construction
by Gerlich and co-workers. In the ion source we seed the precursor
NF3 at 10% in argon and ionize the gas mixture close to the nozzle by
a short pulse of free electrons with about 100 eV kinetic energy. F−

reactants are then created very efficiently by dissociative attachment of

Figure 2. (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). The dashed ring with the largest radius in each image represents the kinematical
cutoff for the SN2 reaction with no product excitation. The smaller rings represent spheres of increasing product internal excitation, spaced at 1 eV
intervals. The solid circle and the vertical line in panels D1, E1 and D3, E3 indicate the threshold energy for breakup into CH2 + HF. (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.
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secondary electrons and form a short packet. The velocity distribution
of the prepared F− ion packet is imaged with the velocity map imaging
spectrometer. It yields an energy-tunable reactant beam with a kinetic
energy width of 0.2 eV (fwhm) for mean kinetic energies between 0.2
and about 2 eV and a typical angular spread of 15° (fwhm).
The neutral source provides CH3I seeded at 10% in a pulsed

supersonic expansion of helium. Special care has been taken to avoid
clustering in the expansion, which we diagnose by photodissociation
with a pulsed dye laser.39 Hence, we operated the expansion source at
a stagnation pressure of only 0.8 bar, with the nozzle heated to 363 K.
This keeps the fraction of clustered reactants negligible. The CH3I
velocity distribution is probed by imaging CHnI

+ (n ≤ 3) produced by
electron impact ionization in the interaction region. We measure an
absolute beam velocity of 890 m/s for the helium/methyl iodide
mixture with velocity spreads of around 60 m/s (rms) in the parallel
and 30 m/s (rms) in the perpendicular direction. This corresponds to
a translational temperature of around 60 K. This temperature also
gives a proxy of the CH3I rotational temperature. It is higher than in
other molecular beam experiments with this molecule, because of the
employed low stagnation pressure used to avoid clustering. Because of
the inefficiency of vibrational cooling and the high seeding fraction, the
vibrational temperature of CH3I might be considerably higher than 60
K, where an upper bound is given by the temperature of the nozzle
(363 K).
The relative collision energy is tuned by changing the potential of

the ion source relative to the field-free interaction region, which
adjusts the mean velocity of the F− reactant beam. To ensure stable
conditions, we measure its velocity distribution and arrival time in the
interaction region with the pulsed-field imaging spectrometer before
and after the acquisition of scattering data.
Once the two reactant beams are synchronized in the initially field-

free interaction region of the spectrometer, I− product ions emerge
from reactive collisions. We also found proton transfer (with CH2I

−

products) and dihalde formation (with IF− products) to occur in
collisions of F− with CH3I. The dynamics observed for these channels
will be described in an upcoming publication. The I− product ions are
mapped onto the position sensitive detector by a rapidly switched
extraction field applied 3−5 μs after the first reactions occurred. To
suppress broadening of the images due to the finite size of the
interaction volume, we implement velocity mapping40 with a
multistage extraction field, which allows for a more homogeneous
electric potential in the interaction volume. We then employ time-slice
imaging41−43 by gating the detection and thereby limit it to product
ions with velocity vectors approximately parallel to the detector
surface, that is, in the scattering plane. On the basis of the detector
gate of below 20 ns and the arrival time dispersion of the product ions
of about 100 ns per 300 m/s in the vertical velocity component, we
estimate that the out-of-plane velocity is restricted to below ±30 m/s.
After time-slicing, we observe typically 1−5 scattering events per
bunch crossing in this experiment, benefiting from the synchronous
detection of all scattering angles. The data presented here contain
(0.2−2) × 106) scattering events for each collision energy, acquired
during time periods of typically 12 h at a repetition rate of the bunch
crossing of 10 Hz.
Data Analysis. The product ion impact position r ⃗ = (x,y) on the

detector is converted into a laboratory velocity via

′⃗ = ⃗ − ⃗
v

r r
Mtlab

0

flight (3)

The zero-velocity origin point r0⃗ is determined via electron impact
ionization of xenon, which can be leaked into the chamber and
thermalizes with its walls at room temperature. The ion flight time
from the interaction region to the detector tflight is defined by the sliced
detection, and the magnification of the imaging lens is derived as M =
1.03 from ion trajectory simulations.44

Reactive scattering with randomly oriented reactants is cylindrically
symmetric around the relative velocity axis of the reactants, which
yields up−down symmetry in the obtained images with respect to vr⃗el.
Experimentally, an asymmetry is introduced for higher ion velocities,

which is caused by the loss of fast product ions from the collection
volume of the spectrometer before the extraction field is pulsed on.
This loss is described by an angle-independent, monotonically
decreasing function of the magnitude of the lab velocity. The global
probability loss function P(|vl⃗ab|) is constructed for all data sets from
the laboratory velocity image measured at 2.34 eV, by comparing
image entries that are symmetrically positioned with respect to the
relative velocity axis.

The linear transformation vl⃗ab′ − v ⃗cm yields the product velocity for
scattering events in the center-of-mass frame (v ⃗cm is the velocity of the
center-of-mass in the laboratory frame). A rotation is then applied to
align the relative velocity vector vr⃗el along the x-axis. The such
transformed and rotated scattering events in the center-of-mass frame
vc⃗m′ are filled with their respective weight P(|vl⃗ab′ |)−1 into a two-
dimensional histogram that represents the differential scattering cross
section:

σ = σ
Ωv v v v v

d
d d d

1 d
d dx y z

3

2
(4)

This representation of the differential cross section is most instructive
because an isotropic and homogeneous distribution of scattering
products shows up as a uniform disposal in these histograms.

From the velocities in the center-of-mass frame, the scattering angle
θ (defined as the angle between the initial CH3I and the final I−

velocity vectors, see the Newton diagram in Figure 2) and the internal
energy Eint of the products are calculated for each scattering event. Eint
is obtained as the total available energy minus the kinetic energy of the
products Eint

CH3F = (Erel − ΔH) − Erel
products. It equals the internal

excitation energy of the CH3F product, because the ionic product I−

has no stable excited states. Internal excitation of the CH3I reactant
can be and has been neglected on the relevant energy scale of the
experiment. The kinetic energy of the reactants Erel is given by the
average value obtained from imaging the reactant ion and neutral
beams. The kinetic energy of the products is calculated from the
measured velocity of the I− product, based on conservation of
momentum. Because it is proportional to the square of the I− velocity,
the Eint

CH3F-distributions average over all scattering angles.
The obtained values are filled with their respective weight P(|vl⃗ab′ |)−1

× |vl⃗ab′ − v ⃗cm| sin(θ) into one-dimensional histograms to produce the
scattering angle and internal energy distributions. The introduction of
the Jacobian |vl⃗ab′ − v ⃗cm| sin(θ) is a consequence of time-slice imaging
and accounts for the velocity-dependent probability of the scattering
events to fall within the detection window. The resolution of the
obtained product velocity images and internal energy distributions is
dominated by the velocity and angular spreads of the two reactant
beams as noted above. Using Gaussian error propagation, the accuracy
of the I− product velocity is estimated to be between 40 and 60 m/s
for the range of internal energies and scattering angles under the
present conditions. The precise value is different for each scattering
event, because it depends not only on the velocity spreads of the two
reactant beams, but also on the scattering angle and product velocity
magnitude. On this scale, simulations show that imperfect velocity
mapping and spatial focusing can be safely neglected. Gaussian error
propagation also yields an accuracy σint for the internal energy Eint for
each event. To obtain an average accuracy for the whole measured
energy distribution, we compute the weighted average σ̅int over all
events.

The convolution of the true internal energy distribution of the
reaction products, which is expected to range from near zero to a
maximum internal energy, with the experimental resolution for the
imaged velocities leads to a broader measured internal energy
distribution that now ranges from zero to a larger maximum internal
energy. This also introduces a positive shift of the average product
internal energy. Our measurements suggest that in the present case the
true internal energy distributions can be roughly approximated by the
positive half of a Gaussian distribution. The convolution with the
(assumed Gaussian) experimental accuracy then leads to a shift of the
average internal energy of +(2/π)1/2σ̅int. This value is used to correct
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the measured average internal energies for this convolution effect to
obtain values that can be compared with simulations.
Atomistic Simulations. Direct dynamics classical trajectory

simulations36 were performed for reaction 2 to compare with the
experimental results at the representative low and high collision
energies of 0.32 and 1.53 eV. The simulations were performed at the
DFT/B97-1/ECP/d level of electronic structure theory.30 This
method utilizes the aug-cc-pVDZ basis set45,46 for the C, H, and F
atoms, an effective core potential (ECP) for the core electrons of
iodine,47 and a 3s, 3p basis for its valence electrons. The latter was
augmented by a d-polarization function with a 0.262 exponent and s, p,
and d diffuse functions with exponents of 0.034, 0.039, and 0.0873,
respectively.48 A range of functionals were compared for use in the
DFT direct dynamics simulations, and B97-149 was found to give the
best agreement with the high-level CCSD(T)50 energies.30

Both the DFT and the CSSD(T) calculations indicate that the
potential energy surface (PES) for F− + CH3I is different from the
traditional SN2 PES.

51 The former does not have C3v stationary points
for the F−−CH3I complex and [F−CH3−I]− central barrier. There is a
prereaction complex, but it has a hydrogen-bonded F−−HCH2I Cs
structure. This potential minimum is connected to the traditional C3v
postreaction FCH3−I− ion−dipole complex via a Cs [F−HCH2−I]−
transition state.30 The 0 K DFT/B97-1/ECP/d relative energies,
without zero-point energies, for F− + CH3I, F

−−HCH2I, [F−HCH2−
I]−, FCH3−I−, and FCH3 + I− are 0.0, −84.5, −74.5, −226.4, and
−195.4 kJ/mol.
For a direct comparison with the experiments at the collision

energies of 0.32 and 1.53 eV, the simulations were performed for CH3I
with a vibrational temperature of 360 K and a rotational temperature
of 75 K. Quasiclassical sampling52 was used to determine initial
conditions for the trajectories, as described previously for the Cl− +
CH3I simulation10 and the preliminary report of the F− + CH3I
simulation.11 The simulations were performed using the VENUS
general chemical dynamics computer program53,54 interfaced to the
NWChem electronic structure computer program.55,56 Reactive
trajectories were identified by animating the trajectories and
determining their atomic-level motions. A total of 1250 and 1600
trajectories were calculated for the 0.32 and 1.53 eV collision energies,
respectively.
Instead of sampling the impact parameter b randomly, the

trajectories were calculated at fixed b of 1, 2, 3, 4, 5, 7, 8, 8.5, and
8.75 Å for Erel = 0.32 eV and 1, 2, 3, 4, 5, 5.5, 5.75, and 6 Å for Erel =
1.53 eV. There were no reactions out of 200 trajectories at b = 8.75 Å
for the lower Erel and at b = 6 Å for the higher Erel. It is of interest that
these values for bmax are similar to those of 9.0 and 6.0 Å found by
assuming that the F− + CH3I orbital angular momentum is adding to
the two large moment of inertia rotational degrees of freedom, which
gives rise to a centrifugal potential at the [F−HCH2−I]− transition
state.

■ RESULTS
Ion Imaging Experiments. By integrating over several

times 105 scattering events of reaction 2 per collision energy,
we obtain the velocity images of the I− reaction product, as
described above. These data are depicted in Figure 2 for
collision energies between 0.32 and 2.34 eV. The color code
indicates the number of events per histogram bin. The product
ion distributions are presented in the center-of-mass frame,
where the relative velocity vector is aligned along the x-axis of
the histogram (see the Newton diagram in Figure 2). The
dashed concentric rings in Figure 2A1−E1 mark spheres of
same product excitation. They are spaced at 1.0 eV intervals.
The outermost ring marks the kinematical cutoff, that is, the
largest possible product velocity based on energy conservation.
For the lowest studied relative collision energies of Erel = 0.32

eV and Erel = 0.69 eV, much smaller I− product velocities than
corresponding to the kinematical cutoff dominate the differ-
ential cross section, as seen from the images in Figure 2A1 and

B1. For the three higher relative collision energies between 1.53
and 2.34 eV, we find a broad distribution of product velocities
reaching from standstill all of the way to the kinematical cutoff
(Figure 2C1−E1). The distribution is smooth and decreases in
amplitude for increasing product velocities. The reactions are
observed to occur into all scattering angles. For relative energies
of 0.69 eV and above, backward scattering into a wide range of
angles becomes increasingly dominant. This is derived from the
normalized scattering angle histograms depicted in Figure
2A2−E2 (black distributions).
The total amount of energy is not sufficient to allow for

dissociation of the molecular product CH3F in the I− product
channel of reaction 2 for all except the highest collision energy
in this study. Hence, the energy missing in the translational
motion of the reaction products is distributed to the CH3F
rotational and vibrational degrees of freedom. For relative
collision energies Erel > 1.8 eV, the product channel F− + CH3I
→ I− + CH2 + HF is energetically accessible. Its kinematic
cutoff is indicated by the solid circle in Figure 2E1, which shows
the differential cross section for 2.34 eV relative collision
energy. As seen from that image, we observe a significant
amount of scattering events within this cutoff. Because no
qualitative change is noticed in the differential cross section as
compared to the lower collision energy of Erel = 1.81 eV, we
interpret this as the appearance of transient CH3F products,
which subsequently decay into CH2 + HF.
To quantify the redistribution of energy into product

translation and internal excitation, we derive the distributions
of the internal energy of the CH3F products. The normalized
distributions, which contain all scattering events for one relative
collision energy, are shown in Figure 2A3−E3 (black
distributions). Vanishing internal product excitation Eint

CH3F =
0 occurs at the kinematical cutoff in Figure 2A1−E1, where the
kinetic energy stored in relative product translation is maximal.
On the other hand, maximal internal product excitation Eint

CH3F =
Erel − ΔH occurs if the reaction products are formed at
standstill in the center-of-mass frame. This corresponds to
events in the center of the images in Figure 2A1−E1 and
accounts for the sharp cutoff in the histograms in Figure 2A3−
E3. The measured Eint

CH3F-distributions are bound by these two
limits except for broadening due to the finite energy resolution.
The Eint

CH3F-distributions reveal that for the two lowest
collision energies of 0.32 and 0.69 eV, most scattering events
feature very high internal excitation of the CH3F product close
to the maximal possible value. For the three higher collision
energies 1.53, 1.81, and 2.34 eV, we observe a broad
distribution of internal excitations. On average, however, also
in these cases energy is preferentially distributed to internal
rather than translational degrees of freedom. It should be noted
that the one-dimensional Eint

CH3F distributions do not peak at
maximal energy transfer, while the two-dimensional images in
the left column of Figure 2 peak at zero velocity. This is a
consequence of the Jacobian in the integral over the angular
coordinates (see Data Analysis section).
Table 1 lists the average values of the experimental Eint-

distributions in Figure 2A3−E3. These values are corrected for
the finite energy resolution in the experiment, as described in
the Data Analysis section. The results are also shown in Table
1. The corrected energies are about 10% higher (right column
in Table 1). The measured average internal product excitation
E̅int increases with collision energy from 1.52 eV at Erel = 0.32 to
2.58 eV at Erel = 2.34 eV. For the two lowest collision energies
of 0.32 and 0.69 eV, on average about 70% of the total available
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energy is transformed into internal product excitation. For the
higher collision energies between 1.53 and 2.34 eV, where
increasingly higher absolute internal energies of the CH3F
reaction product are observed, the fraction decreases slightly to
about 60% of the total available energy.

Direct Chemical Dynamics Simulations. Reaction
Probabilities and Cross Sections. The classical trajectory
simulations reveal for both the 0.32 and the 1.53 eV collision
energies three dominant atomic-level reaction mechanisms:
direct stripping, direct rebound, and an indirect pathway in
which formation of the F−−HCH2I complex is important. F−

strikes the backside of CH3I and directly displaces I− for the
rebound mechanism. For stripping F− approaches CH3I from
the side and directly strips away the CH3 group. The
probabilities of these three mechanisms versus impact
parameter, Pr(b), are plotted in the top row of Figure 3 for
0.32 and 1.53 eV collision energy. The rebound mechanism
(black) occurs at small impact parameters, while the stripping
mechanism (red) becomes important for large impact
parameters. The indirect mechanism (green) occurs for all
impact parameters up to bmax. The direct rebound mechanism
has been observed in previous simulations of the Cl− + CH3Y
(Y = Cl, Br, I) SN2 reactions.10,57−59 The stripping mechanism
was seen for Cl− + CH3Cl at high collision energies.59

Although the vast majority of the indirect reaction occurred
by solely forming the F−HCH2I hydrogen-bonded complex,
there were also other pathways. They involve formation of the

Table 1. Measured Average Internal Energies E̅int for the
CH3F Product as a Function of Relative Collision Energya

Erel [eV] E̅int [eV] σ̅int E̅int
corr [eV]

0.32 1.36 [0.63] 0.20 1.52 [0.70(9)]
0.69 1.62 [0.64] 0.22 1.80 [0.71(9)]
1.53 1.77 [0.53] 0.28 1.99 [0.59(8)]
1.81 1.99 [0.54] 0.33 2.25 [0.62(9)]
2.34 2.36 [0.57] 0.27 2.58 [0.62(7)]

aThe third column shows the estimated average accuracy of the
internal energy, and the fourth column shows the average internal
energies corrected for experimental broadening (see text for details).
The values in square brackets show the fraction of internal energy with
respect to the total available energy with the values in round brackets
denoting the estimated accuracies on the last digit. The values in bold
may be compared to the simulation results in Table 2.

Figure 3. Trajectory simulation results for the F− + CH3I→ FCH3 + I− reaction at 0.32 and 1.53 eV collision energies. The two top panels show the
reaction probability versus impact parameter for the three identified atomic-level reaction mechanisms and for the total reaction: direct rebound
(black), direct stripping (red), indirect (green), and total (blue). The product internal energy and scattering angle distributions are given in the
center and bottom panels for the direct rebound (black), the direct stripping (red), and the indirect (green) atomic-level mechanisms, as well as for
the total scattering (blue).
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FCH3−I− postreaction complex, recrossing of the [F−HCH2−
I]− barrier, the roundabout mechanism,10 and a half-round-
about mechanism in which F− strikes the I-atom of CH3I and
then reacts with the backside of CH3I after CH3 completes a
one-half rotation about the I-atom. Some of the indirect
pathways were composites of these mechanisms. Identifying the
F−−HCH2I complex as A, the FCH3−I− complex as B,
roundabout as RA, half-roundabout as h-RA, and barrier
recrossing as br, the following are the fractions of reaction by
the different indirect pathways at Erel = 0.32 eV: A, 0.537; B,
0.006; A+B, 0.017; A+B+br, 0.017; h-RA, 0.006; h-RA+A,
0.004; h-RA+B, 0.001; and h-RA+A+B, 0.001. The total
indirect fraction is 0.589, of which only forming F−−HCH2I
comprises 91%. For the higher 1.53 eV collision energy, the
fractions of the different types of indirect events are: A, 0.591;
A+B, 0.006; RA, 0.003; h-RA, 0.027; RA+A, 0.006; and RA+B,
0.003. Here, the total indirect fraction is 0.636, for which only
forming F−−HCH2I comprises 92%, similar to the 0.32 eV
simulations.
The reaction cross section σr was obtained by integrating the

total Pr(b) over the impact parameter according to ∫ Pr(b)2πb
db, and the resulting values of σr are 108.7 ± 9.7 and 8.6 ± 2.2
Å2 at Erel values of 0.32 and 1.53 eV, respectively. There is more
than an order of magnitude decrease in the reactive cross
section upon increasing Erel from 0.32 to 1.53 eV. The cross
sections for the individual direct rebound, direct stripping, and
indirect pathways are, respectively, 16.0 ± 2.3, 27.5 ± 4.3, and
65.2 ± 6.5 Å2 at Erel = 0.32 eV and 2.5 ± 0.7, 1.0 ± 0.3, and 5.1
± 1.7 Å2 at Erel = 1.53 eV. The cross sections reported here for
Erel = 0.32 eV are slightly different from those reported
previously,11 as a result of a more accurate integration of Pr(b)
over the impact parameter. The largest difference is for the
indirect pathway cross section, which is 7% larger.
Product Energy Partitioning. The simulation results for the

product energy partitioning are shown in the center row of
Figure 3 and are summarized in Table 2. The total distributions

are also overlaid in Figure 2A3 and C3 (blue distributions). We
find that the overall fraction partitioned to internal excitation of
CH3F is 0.67 ± 0.71 and 0.58 ± 0.66 for 0.32 and 1.53 eV
collision energy, respectively. For Erel = 0.32 eV, this
partitioning is primarily into vibration with a fraction of 0.62
± 0.02. The fraction of rotational excitation is 0.07 ± 0.01.
Partitioning of energy to rotation becomes more important for

Erel = 1.53 eV, with fractions of 0.49 ± 0.06 and 0.13 ± 0.03 for
vibration and rotation, respectively.
The simulations show that the direct rebound, direct

stripping, and indirect atomic-level mechanisms have different
product energy partitioning, as shown in Table 2. At Erel = 0.32
eV, the energy partitioning values for direct rebound and direct
stripping are similar, with a small fraction partitioned to CH3F
rotation and similar partitioning to CH3F vibration and relative
translation. For the indirect mechanism, the transfer to CH3F
rotation remains low, but the transfer to CH3F vibration and
relative translation are increased and decreased, respectively.
There are substantial differences between the energy

partitioning at Erel = 1.53 and 0.32 eV. At the higher Erel,
energy partitioning to rotation increases for the direct rebound
and direct stripping mechanisms, but remains the same for the
indirect mechanism. Interestingly, at Erel = 1.53 eV, the
partitioning of energy to CH3F vibration and relative
translation is different for the direct rebound and direct
stripping mechanisms. Transfer to relative translation is more
important for the direct rebound mechanism, while transfer to
CH3F vibration is more important for the direct stripping
mechanism. For the indirect mechanism, a smaller fraction of
energy is transferred to CH3F vibration at Erel of 1.53 eV as
compared to 0.32 eV.

Velocity Scattering Angle Distribution. The simulated
velocity scattering angle distributions versus cos(θ) are given
in the bottom row of Figure 3 for both Erel of 0.32 and 1.53 eV.
Distributions are given for the total scattering and for the
scattering of the three atomic-level mechanisms. The total
distributions are also overlaid in Figure 2A2 and C2 (blue
distributions).
For both collision energies, the scattering for the direct

rebound mechanism is backward with cos(θ) between 0.0 and
−1.0. The scattering for the direct stripping mechanism is in
the forward direction with cos(θ) in the range of 0.0−1.0,
except for one trajectory with cos(θ) = −0.1. As described
previously,11 for this trajectory there is a strong attractive
interaction as F− approaches the side of CH3I, changing the
relative velocity vector and resulting in backward scattering
with θ = 98°. Thus, a small fraction of the stripping may be
slightly scattered in the backward direction.
The indirect scattering covers the complete range of cos(θ).

For Erel = 0.32 eV, the scattering is isotropic, and most probable
values are at the 1.0 and −1.0 limiting values of cos(θ). The
indirect scattering is not isotropic at Erel of 1.53 eV, with
forward scattering being more probable, while the total
scattering is isotropic at both collision energies.

■ DISCUSSION
Comparison between Experiment and Simulation.

The detailed results of the presented scattering experiments
and trajectory simulations allow for an unprecedented
comparison of the product energy and angular distributions.
When comparing Tables 1 and 2, we find that the average
fraction of energy that is partitioned to internal energy amounts
to 70 ± 9% (59 ± 8%) in the experiment and 69 ± 2% (63 ±
4%) in the simulations for 0.32 (1.53 eV) collision energy. This
shows a very good quantitative agreement between experiment
and theory within their respective accuracies. Note that the
correction due to the finite energy resolution of the experiment
does not induce a large shift in the average internal energies.
The simulations show that between 80% and 90% of the

internal energy released to the CH3F product is transferred to

Table 2. Simulation of the Average Fractions of F− + CH3I
→ CH3F + I− Product Energy Partitioninga

f rot′ f vib′ f rel′ f int′
Erel = 0.32 eV

direct rebound 0.07(1) 0.47(3) 0.46(3) 0.54(3)
direct stripping 0.05(1) 0.50(4) 0.45(4) 0.55(4)
indirect 0.08(1) 0.71(2) 0.21(2) 0.79(2)
total 0.07(1) 0.62(2) 0.31(2) 0.69(2)

Erel = 1.53 eV
direct rebound 0.19(3) 0.27(4) 0.54(3) 0.46(3)
direct stripping 0.27(3) 0.45(4) 0.28(2) 0.72(2)
indirect 0.07(3) 0.62(4) 0.31(2) 0.69(2)
total 0.12(3) 0.51(6) 0.37(4) 0.63(4)

aThe f ’s are fractions of energy partitioning for rotational, vibrational,
relative translational, and internal energy. The total is the combined
energy partitioning for these mechanisms; the values in bold face may
be compared to the experimental results in Table 1.
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its vibrational degrees of freedom. For the three highest
collision energies studied in the experiment, the average
internal product excitation exceeds the energy gained from
the reaction exothermicity E̅int > −ΔH. This shows that during
the reaction, energy is efficiently transferred from reactant
translation to internal vibrational excitation of the product.
For 0.32 eV relative collision energy, not only the average

internal energies but also the probability distribution of the
internal energy agree well between experiment and simulation
(see Figure 2A3). The experimental distribution extends to
smaller values of the internal energy, which corresponds to
larger velocities in translation. This is a consequence of the
broadening of the measured velocity distribution due to the
finite energy width of the reactant beams (see Experimental
Procedure). Note that the simulated distribution has not been
convoluted with the experimental resolution. For the 1.53 eV
collision energy, the experiment finds significantly more
probability for low internal energies than the simulation (see
Figure 2C3). This cannot be explained by the energy
resolution. It corresponds to measured events that are
backward-scattered with large product velocities in the two-
dimensional velocity distribution and that are also observed in
the distribution of the scattering angle.
The experimental and simulated distributions of the

scattering angle (see Figure 2A2 and C2) show roughly a
similar shape. In both cases, scattering occurs in all directions
with an almost isotropic distribution for the simulations and a
backward-dominated distribution in the measurements. The
simulations show that the rather isotropic scattering is not only
caused by the indirect mechanism, but by a sum of stripping,
rebound, and indirect scattering. In more detail, one finds that
for Erel = 0.32 eV, the scattering is most probable for cos(θ)
close to 1.0 in the simulations, but for values near −1.0 in the
experiments. The stronger backward-scattering in the experi-
ments also extends over a larger scattering angle interval. The
difference between the measured and simulated scattering angle
distributions is more pronounced at Erel = 1.53 eV. There the
scattering is again quite isotropic for the simulations caused by
the sum of the forward-scattered stripping, the backward-
scattered rebound reactions, and the large contribution of
indirect scattering. In the experiment, one finds strong
backward-scattering and some forward-scattering, which can
be attributed to a combination of the indirect mechanism and
the direct rebound mechanism with roughly similar probability.
The observed differences in the angular distributions and in the
internal energy distribution for 1.53 eV could therefore be
explained by a difference in the branching ratios for the
forward-scattered direct stripping mechanism and the back-
ward-scattered direct rebound mechanism in the experiment as
compared to the simulation. Further chemical dynamics
simulations and crossed-beam scattering experiments at higher
resolution may clarify this in the future. In particular, we will
investigate the unimolecular dynamics of the F−−HCH2I
hydrogen-bonded intermediate in more detail and consider
additional quantum chemical theories for the F− + CH3I direct
dynamics.
Comparison with Other SN2 Reactions. It is interesting

to compare the reaction of F− with CH3I studied here with the
related SN2 reactions of Cl

− + CH3I (central barrier: +0.31 eV),
F− + CH3Cl (central barrier: +0.1 eV60), and Cl− + CH3Br
(central barrier: +0.40 eV61). The first has been recently
studied with crossed-beam slice imaging and compared to
direct dynamics simulations.10 The second has been the subject

of detailed trajectory simulations62 and a guided ion beam
study,29 and the third has been extensively studied by ion beam
mass spectrometry20,24 and multiple trajectory simulations.59,63

For low collision energies Erel < 0.5 eV, these other systems
show formation of an entrance channel complex, which is much
longer lived than its rotational period. This results in isotropic
scattering and a high internal and low translational excitation of
the molecular product, in agreement with the findings of this
study. For Cl− + CH3I, the experimentally determined
partitioning into translational and internal energy even agrees
with the prediction from a phase space theory (PST)
calculation.10 For higher collision energies (0.70 eV), the
calculation of F− + CH3Cl yields shorter complex lifetimes and
backward scattering of the anionic product. The increased
relative kinetic energy of the reactants also results in larger
product translational energy. This corresponds to the
experimental findings for Cl− + CH3I for 0.8−1.9 eV relative
energy, which show a dominating direct reaction mechanism
with little coupling to the internal quantum states of the
molecular product.10

For the reaction F− + CH3Cl → CH3F + Cl−, which is also a
highly exothermic SN2 reaction with a small central barrier, a
large cross section was found in guided ion beam experiments
at low relative collision energies.29 Using quantum chemistry
calculations of stationary points, the authors recognized that
hydrogen-bonded complexes will deepen the entrance well and
suggested that this may help to stabilize prereactive SN2
intermediates at the lowest collision energies. For collision
energies above 0.4 eV, they reported a rapid decrease of the
reaction cross section consistent with the transition from a
complex-mediated process to a direct backside SN2 mechanism,
which imposes stricter stereodynamic constraints. This is in line
with earlier studies using kinetic energy release Fourier
transform ion cyclotron resonance spectroscopy22 and ab initio
direct dynamics calculations64 that reported high translational
and low internal excitation of the reaction products Cl− and
CH3F. These findings are, however, in contrast to the
observations in our crossed-beam experiments.
The dependence of the F− + CH3I → CH3F + I− product

energy partitioning on the collision energy also differs
significantly with findings for Cl− + CH3Br SN2 substitu-
tion.20,24,59,63 For low collision energies and low excitation
energies of the Cl−−CH3Br prereaction complex, the available
energy is preferentially partitioned to CH3Cl vibration with a
fraction higher than the prediction of PST. However, as the
collision energy is increased, the partitioning to CH3Cl
vibration dramatically decreases; for example, from the
simulations59 the fraction partitioned to CH3Cl vibration is
0.80 and 0.26 for the respective collision energies of 0.04 and
2.17 eV. In sharp contrast, for the F− + CH3I experiments
presented here, the partitioning to CH3F internal energy only
slightly decreases from 0.70 to 0.62 as the collision energy is
increased from 0.32 to 2.34 eV.
For the lowest collision energy in the present study, the

nearly isotropic scattering and high internal excitation of the
molecular reaction product seem to be in qualitative agreement
with the experimental observation for Cl− + CH3I. However,
the trajectory simulations show that in fact three different
atomic-level mechanisms are involved in the dynamics. For the
higher collision energies, the observed dynamics for reaction 2
deviate strongly from the Cl− + CH3I and F− + CH3Cl
reactions, with respect to both the scattering angle distribution
and the product translational energy. Instead of finding a
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dominating backward-scattered direct rebound mechanism, the
indirect mechanism is similarly important for reaction 2 as the
rebound mechanism, and also the direct stripping mechanism
plays a role.
Our finding of the importance of an H-bond assisted

mechanism in the F− + CH3I SN2 reaction might be
reminiscent of a current discussion in the field of reactive
scattering of neutrals. In a recent crossed beam study, it was
quite surprisingly found that vibrational excitation of the CH
stretch in the F + CHD3 reaction suppressed the HF + CD3
product channel.65 This is in stark contrast to the expectation
from conventional transition state theory, which would predict
an enhancement of H abstraction. The entrance channel van
der Waals well, corresponding to an H-bonded intermediate,
plays a significant role in the dynamics at the low collision
energy in the study. Using classical trajectory calculations, it
could be shown that a stereodynamic effect associated with the
H-bonded intermediate steers the trajectories away from the
excited CH bond, thereby suppressing hydrogen abstraction.66

In the present case, the configuration of the H-bonded
complex is quite different from the transition state. However,
the Born−Oppenheimer potential energy hyper-surface is
found to be very flat in this region.30 Chemical intuition
suggests that the transition from the H-bonded complex to the
transition state involves the extremely floppy A′ F− bend
vibration, which is the least energetic vibrational mode of the
complex at only 80 cm−1 (see Table 3 in ref 30). The classical
SN2 mechanism, that is, the direct rebound, occurs for impact
parameters up to 5.0 Å (4 Å) for the low (high) collision
energy (see upper panels in Figure 3). On the other hand, the
H-bond assisted indirect mechanism occurs over a broader
range of impact parameters up to 8.5 and 5 Å for the two
collision energies (see Figure 3). This suggests that the
transient H-bond in fact assists in funneling the F− anion into
the CH3 umbrella, that is, toward the transition state where
inversion occurs (see typical trajectory in Figure 4 of ref 11).
This notion is supported by the large cross section of 108.7 ±
9.7 Å2, which has in fact reached the respective capture limit of
105.0 Å2.67

Given the large exothermicity of the F− + CH3I reaction and
the shallow F−−HCH2I potential minimum of only 0.1 eV, it is
quite surprising that a large fraction of the reaction occurs
indirectly at the high collision energy of 1.53 eV and above.
This is suggestive of nonstatistical dynamics for the F−−HCH2I
prereaction complex, as found in previous studies for the Cl−−
CH3Cl

68 and Cl−−CH3Br
63 prereaction complexes. Because of

the disparity between the low frequency intermolecular modes
and the higher frequency intramolecular modes of these
complexes, there exists a bottleneck5 for attaining the SN2
transition state. The F−−HCH2I complex has a deep 1 eV
minimum with respect to the F− + CH3I reactants, but a
shallow 0.1 eV minimum with respect to the [F−HCH2−I]−
transition state. However, if energy transfer from the
intermolecular modes of the F−−HCH2I complex to the C−I
stretch is inefficient, the lifetime of the F−−HCH2I complex
may be much longer than the prediction of statistical theory.
The indirect fraction of the F− + CH3I reaction is about 60% at
both the 0.32 and the 1.53 eV collision energies, which is
consistent with such nonstatistical dynamics. In future work, it
will be of interest to calculate the anharmonic RRKM rate
constant for F−−HCH2I → CH3F + I− dissociation versus
energy and to investigate the coupling between the F−−HCH2I
intermolecular modes and the C−I stretch.

■ CONCLUSION
The differential scattering cross section for the highly exoergic
nucleophilic substitution reaction of fluorine anions with
methyl iodide forming iodine anions has been measured as a
function of the collision energy using crossed-beam velocity
map ion imaging. High level direct dynamics classical trajectory
simulations have been performed and compared to experiment.
We find that reactive scattering occurs for about one-half of the
products by indirect dynamics even at high relative collision
energies. The classical direct, colinear reaction mechanism that
visualizes SN2-reactions in organic chemistry text books forms
most of the remaining products, while a third mechanism that
occurs by direct stripping also plays a role. The evidence for
this stems from the observed agreement of the internal energy
and scattering angle distributions in experiment and simulation.
The unexpected finding of the strong contribution of indirect

reaction dynamics at higher collision energies is in contrast to
previous studies of related halogen anion-methyl halide SN2-
reactions and shows that the relative importance of different
atomic-level mechanisms may depend strongly on the details of
the interaction potential. The simulations further show that the
roundabout mechanism10 contributes to the total scattering
with a probability of a few percent. Indirect reaction dynamics
are thus found to be much more important for nucleophilic
substitution reactions than previously anticipated.
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