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ABSTRACT
We have developed a full-dimensional analytical ab initio potential energy surface (PES) for the Cl− + CH3I reaction using the ROBOSURFER
program system. The energy points have been computed using a robust composite method defined as CCSD-F12b + BCCD(T) – BCCD
with the aug-cc-pVTZ(-PP) basis set and have been fitted by the permutationally invariant polynomial approach. Quasi-classical trajectory
simulations on the new PES reveal that two product channels are open in the collision energy (Ecoll) range of 1–80 kcal/mol, i.e., SN2 leading to
I− + CH3Cl and iodine abstraction (above ∼45 kcal/mol) resulting in ICl− + CH3. Scattering angle, initial attack angle, product translational
energy, and product internal energy distributions show that the SN2 reaction is indirect at low Ecoll and becomes direct-rebound–back-
side (CH3-side) attack-type, as Ecoll increases. Iodine abstraction mainly proceeds with direct stripping mechanism with side-on/back-side
attack preference. Comparison with crossed-beam experiments and previous direct dynamics simulations shows quantitative or qualitative
agreement and also highlights possible theoretical and/or experimental issues motivating further research.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151259

I. INTRODUCTION

The reaction of the chloride ion (Cl−) with methyl-iodide
(CH3I) is one of the prototypes of bimolecular nucleophilic sub-
stitution (SN2), therefore attracting considerable attention both by
theory and experiment.1–9 In 2008, the Cl− + CH3I reaction played
a key role in testing the novel crossed-beam setup of Wester and
co-workers2 and challenged the Hase group2,4 to perform realis-
tic direct dynamics simulations. The joint experimental−theoretical
effort provided unprecedented insights into the atomic-level dynam-
ics of an SN2 reaction revealing a new roundabout pathway and
showing that these reactions are much more complex than the tradi-
tional back-side attack Walden-inversion picture suggests.2 Follow-
ing the electronic structure study of Hase and co-workers,3 which
only considered the pre- and post-reaction ion–dipole complexes
and the Walden-inversion transition state, and building on the
results obtained for other SN2 reactions,10–15 in 20175 we reported
a comprehensive benchmark coupled-cluster-based ab initio char-
acterization of the title reaction revealing several novel stationary
points, such as hydrogen- and halogen-bonded complexes,9–13,16

front-side attack and double-inversion14,15 transition states, as well

as many minima and saddle points along the proton-transfer chan-
nel. Dynamics simulations for the Cl− + CH3I reaction are so far
restricted to the use of the direct dynamics approach,2,4,8 which
computes the electronic energies and gradients on-the-fly making
the trajectory evaluation very time-consuming even if a low level of
electronic structure theory is applied.

In the present study, we plan to report the first analytical full-
dimensional potential energy surface (PES) for the title reaction,
which allows using high-level of ab initio theory and efficiently
computing a large number of trajectories, thereby ensuring high
accuracy from both electronic structure and statistical aspects. The
PES development utilizes the ROBOSURFER program package,17

which automatically selects new configurations along trajectories,
performs ab initio computations, adds energy points to the dataset,
and fits the energies using the permutationally invariant polyno-
mial approach,18,19 thereby iteratively improving the PES. On the
new PES, we perform quasi-classical trajectory (QCT) computations
for the Cl− + CH3I reaction allowing direct comparison to crossed-
beam experiments2,4,7 and previous direct dynamics simulations.2,4

Existing disagreements between experimental and direct dynamics
results may come from the limitations of the electronic structure
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method and basis set as well as from the classical nature of the QCT
method. The new high-level coupled-cluster-based PES may help to
clarify the effect of the electronic structure theory on the dynam-
ics results. Furthermore, experiments provide detailed differential
cross section data, such as scattering angle and product internal
energy distributions, whose precise simulations were very challeng-
ing for direct dynamics because of their low statistical accuracy.
The analytical PES enables the computations of orders of magnitude
more trajectories compared to on-the-fly dynamics, thereby provid-
ing statistically accurate differential cross sections like crossed-beam
experiments. The computational details of the PES development are
described in Sec. II. The results are presented, discussed, and com-
pared with previous experimental and theoretical data in Sec. III.
The paper ends with a summary and conclusions in Sec. IV.

II. COMPUTATIONAL DETAILS
We generate an initial dataset of geometries based on the

stationary points5 of the reactive PES: we randomly displace the
Cartesian coordinates of atoms of these points in the 0.0–0.4 Å
regime, and in the case of the reactants and products, we scatter
the displaced molecules/ions randomly around each other in the
range of 2.0–10.0 Å. We perform single-point computations with the
aug-cc-pVTZ(-PP) basis set,20,21 applying a relativistic effective
core potential for iodine,21 using a composite CCSD(T)-F12b
method,22 where the parenthesis T contribution is calculated from
the BCCD(T) energies,23 thereby avoiding any serious unphysical
breakdown of the perturbative (T) correction at strongly corre-
lated regions (see Ref. 24 for details). All the ab initio computations
are carried out utilizing the MOLPRO program package.25 Struc-
tures with higher relative energy (to the global minimum of this
set) than 100 kcal/mol are excluded from our starting batch. After
this, we fit a primitive PES with the permutationally invariant-
polynomial method.18,19 Further development is performed by the
ROBOSURFER program system17 iteratively. ROBOSURFER adds new
geometries to the set based on QCT results at nine different col-
lision energies: 1, 10, 20, 30, 40, 50, 60, 70, and 80 kcal/mol,
respectively. The highest total polynomial order used in the fitting
function is fifth and the fitting itself is done by using a least-squares
fit with weights of E0/(E + E0), where E is the potential energy
relative to the minimum of the fitting set and E0 = 0.1 hartree.
To improve accuracy in the higher energy regions, we manually
added points for the H− + CH2ClI and the CH2 + I− + HCl
low-probability reaction channels to achieve the desired accuracy for
them. Finally, we have 3313 coefficients based on 9048 points, with
0.61, 1.29, and 1.75 kcal/mol root-mean-square fitting errors in the
0–62.75, 62.75–125.5, and 125.5– kcal/mol intervals, relative to the
global minimum, respectively.

To investigate the dynamics of the Cl− + CH3I reaction, we
analyze QCTs at 11 different collision energies (Ecoll): 1, 3.75, 8.99,
10.38, 17.53, 24.67, 43.81, 50.00, 60.00, 70.00, and 80.00 kcal/mol.
These trajectories are computed on the previously developed analyt-
ical PES. At the beginning of each trajectory, we set the system to
the quasi-classical ground vibrational state by the standard normal-
mode sampling26 [giving the reactant zero-point energy (ZPE)]. The
reactants were randomly oriented in the space, and the starting dis-
tance between them is

√
x2 + b2, where x is 25 bohrs (except at

FIG. 1. The definition of the initial attack angle: the angle between the vector of the
C–I bond and the center of mass velocity vector.

1 kcal/mol Ecoll, where x is 40 bohrs), while we vary the b impact
parameter from 0.0 to bmax with a 0.5 bohrs step size. One reaches
bmax when there are no reactive collisions, in our case the highest
one is 26.5 bohrs (at 1 kcal/mol Ecoll). At every b and Ecoll, we eval-
uate 5000 trajectories, in total, which means more than 1.5 × 106

trajectories. These are propagated with a 0.0726 fs time step until
a geometrical criterion is reached: the largest interatomic distance
becomes greater than the original largest by 1 bohr. We calculate
reaction probabilities, and for substitution reactions, we distinguish
retention and inversion with a vector projection scheme.27 The exci-
tation functions [integral cross sections (ICSs) as a function of Ecoll]
are resolved with soft and hard ZPE restrictions. The former means
that we exclude trajectories where the total vibrational energy of the
products is less than the sum of their ZPEs. In the latter case, we
exclude trajectories when either one of the products has less vibra-
tional energy than its ZPE. For every reaction channel, we also take
account of the scattering and the initial attack angle (for definition,
see Fig. 1) distributions, the products’ relative translational energy
distribution, the internal energy distribution of every product, and
their rotational quantum numbers.

III. RESULTS AND DISCUSSION
A. The PES

The schematic energy diagram of the Cl− + CH3I reaction is
shown in Fig. 2. For the different reaction channels, we indicate
the benchmark5 classical relative energies of the different transi-
tion states and minima with the energies obtained on our PES.
The only exothermic reaction is the SN2, with the reaction heat of
−14.47 kcal/mol. This channel is barrierless since all of the transition
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FIG. 2. The schematic energy diagram of the Cl− + CH3I reaction, comparing the classical relative energies obtained on the present analytical PES with all-electron
CCSDT(Q)/complete-basis-set-quality benchmark results (Ref. 5). The energies are given in kcal/mol.

states and minima are under the energy level of the reactants. This
reaction can also happen via retention (front-side attack and double-
inversion mechanisms), but this way barriers emerge, as the for-
mation of the initial transition states are endothermic. The proton-
abstraction is highly endothermic, 58.18 kcal/mol, while the related
minima and transition states are under the energy level of the prod-
ucts. It can also be seen that the SN2 reaction’s barriers are lower,
even with the double-inversion path, than the formation of HCl.
Another possible reaction is the very endothermic hydride substi-
tution (91.92 kcal/mol). Proton-abstraction or hydride-substitution
reactions do not take place with the conditions of our simulations,
we mainly observe the SN2 reaction (back-side attack) and at higher
energies iodine abstraction leading to CH3 + ICl−, which has a
reaction heat of 33.24 kcal/mol. Other paths lead to the forma-
tion of CH2 + I−⋅ ⋅ ⋅HCl (74.58 kcal/mol) and CH2 + I− + HCl
(92.35 kcal/mol). CH3 and ICl− products are both in doublet
states and together they can form a singlet or a triplet system,
depending on their spin orientations; thus, these products can be
obtained on a singlet PES. The I−⋅ ⋅ ⋅HCl complex is in the singlet

state; however, the ground state of CH2 is triplet (by excitation,
we can get singlet CH2) leading to a triplet ground-state prod-
uct channel. Our PES is a singlet PES; therefore, only singlet CH2
formation is possible during the present simulations. These elec-
tronic structure issues may partially explain the relatively high
(2.82 and 4.76 kcal/mol) deviances from the benchmark energies
for the CH2 + I−⋅ ⋅ ⋅HCl and the CH3 + ICl− products. For the
iodine substitution, the relative energies obtained on the PES are
in excellent agreement with the benchmark results, the difference is
0.41 kcal/mol at the products, while for the transition states and min-
ima, the average absolute difference is only 0.16 kcal/mol. The front-
side attack and double-inversion transition states only differ with
0.19 and 0.73 kcal/mol from the benchmark energies, respectively.
In the higher energy region, the proton-abstraction transition states
and minima have an average error of 0.83 kcal/mol, while the prod-
ucts have a 0.54 kcal/mol difference. Even in the 80–100 kcal/mol
region, we have a good accuracy of 1.08 kcal/mol for the HSubTS and
0.73 kcal/mol for the hydride-substitutionhydride-substitution
products.
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FIG. 3. Integral cross sections of the
Cl− + CH3I reaction for the SN2 and
iodine-abstraction channels without and
with zero-point energy restrictions as a
function of collision energy. The details
of the restrictions can be found in Sec. II.

B. Integral cross sections and reaction probabilities
The integral cross sections of the Cl− + CH3I reaction for SN2

and iodine-abstraction channels can be seen in Fig. 3. Until about
20 kcal/mol collision energy, we can observe a decrease in the ICS.
This can be explained by the fact that this reaction path is barrierless
(as can be noticed in Fig. 2), and the attractive ion–dipole inter-
actions make the reaction happen also at large impact parameters.
However, if we increase the collision energy, we reduce the available
time for these interactions to proceed with the reaction (forming
the reactive orientation); thus, the ICS decreases. However, over
20 kcal/mol collision energy, we observe a slight increase in the ICS,
which could be explained by the opening of another reaction path-
way leading to the same products, but only a few SN2 trajectories
showed a retention mechanism, so that is not the case. Almost every
trajectory fulfills the ZPE restrictions as expected since the reaction is
exothermic and we gain vibrationally excited products. The few ZPE
violating trajectories occur at higher collision energies as the reac-
tion becomes more direct, leading to less internal excitation in the
products. As for the iodine abstraction, the ICS starts to increase as
we have more collision energy than the reaction heat (33.24 kcal/mol
on this PES) of this reaction. The lowest Ecoll where we see a small
iodine-abstraction reactivity is 43.81 kcal/mol and there is a large
increase as we move forward to higher collision energies as expected
due to the endothermic nature. Most of the trajectories violate the

ZPE restrictions, suggesting that we have less product internal exci-
tation than in the case of the SN2 reaction. We should note that our
PES is not as accurate for the iodine-abstraction reaction channel as
for the SN2; thus, our results might have higher uncertainty for the
former.

Regarding the reaction probabilities (Fig. 4), we can find anal-
ogous conclusions to the ones found in the case of the ICSs. For
the SN2 reactions, we have the largest reaction probability and
maximum impact parameter (bmax) at the lowest collision energy
(1 kcal/mol). The reason behind that is again the ion–dipole inter-
action because if the reactants reach each other with small velocity,
there is time for proper attraction and alignment even from large dis-
tances. The reaction probability remains the same until we increase
the impact parameter to about 12 bohrs (rebound mechanism), from
that b, we have a monotonous decrease, and from 17 bohrs, a plateau
until 22 bohrs (stripping mechanism), then again a monotonous
decrease. With higher Ecoll, the reaction probabilities drop as well
as bmax, as the attraction does not have enough time to make the
reaction happen. However, a slight increase can be seen in the prob-
abilities if we move on to higher collision energies than 20 kcal/mol
in agreement with the shape of the ICS curve. For the iodine-
abstraction pathway, the reaction probability increases along with
the collision energy because of the endothermic nature, while bmax is
practically independent of Ecoll.

FIG. 4. Reaction probabilities of the Cl− + CH3I reaction for the SN2 and iodine-abstraction channels as a function of impact parameter at different collision energies. Solid
line means that only the SN2 products are formed, while the dashed line represents the appearance of the iodine-abstraction products.

J. Chem. Phys. 158, 194306 (2023); doi: 10.1063/5.0151259 158, 194306-4

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/5.0151259/17613683/194306_1_5.0151259.pdf

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 5. Normalized scattering angle dis-
tributions of the Cl− + CH3I reaction for
the SN2 and iodine-abstraction channels
at different collision energies. Solid line
means that only the SN2 products are
formed, while the dashed line represents
the appearance of the iodine-abstraction
products. Due to the low reaction prob-
abilities (thus large statistical errors), we
do not include the data obtained at 43.81
and 50.00 kcal/mol collision energies for
iodine abstraction.

Based on visual inspection of selected SN2 trajectory anima-
tions, we find that the reaction at low Ecoll rarely proceeds via
the roundabout mechanism2 as the CH3I has plenty of time to be
aligned, whereas this mechanism becomes more and more signifi-
cant as Ecoll increases, especially at small b values (≤4.5 bohrs), where
about 15–30% of the SN2 reactions happen through the roundabout
mechanism at Ecoll of 17.5–50.0 kcal/mol. At Ecoll = 70 kcal/mol,
close to half of the SN2 trajectories proceed with roundabout if
b ≤ 4.5 bohrs. Nevertheless, a detailed, Ecoll- and b-dependent
mechanism analysis of thousands of reactive SN2 trajectories would

require the development of a numerical protocol to identify the
roundabout pathways, which is out of the scope of the present study.

C. Scattering and initial attack angle distributions
The normalized scattering angle distributions [cos(Θ)] can

be seen in Fig. 5. For the SN2 pathway, the angular distributions
are backward–forward symmetric at low collision energies, while
the backward scattering becomes more prevailing with increas-
ing Ecoll, but not completely monotonous. The dominance of the

FIG. 6. Normalized initial attack angle distributions (definition can be seen in the inset graph or in Fig. 1) of the Cl− + CH3I reaction for the SN2 and iodine-abstraction
channels at different collision energies. Solid line means that only the SN2 products are formed, while the dashed line represents the appearance of the iodine-abstraction
products. Due to the low reaction probabilities (thus large statistical errors), we do not include the data obtained at 43.81 and 50.00 kcal/mol collision energies for iodine
abstraction.

FIG. 7. Normalized product relative
translational energy distributions of the
Cl− + CH3I reaction for the SN2 and
iodine-abstraction channels at different
collision energies. Solid line means that
only the SN2 products are formed, while
the dashed line represents the appear-
ance of the iodine-abstraction products.
Due to the low reaction probabilities
(thus large statistical errors), we do
not include the data obtained at 43.81
and 50.00 kcal/mol collision energies for
iodine abstraction.
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backward scattering is a feature of the direct rebound mechanism.
Large impact parameters suggest forward scattering, while small b
means backward scattering. At the smallest collision energies, we
have a large maximal impact parameter; thus, the forward scattering
is also significant, but as we increase the energy, the bmax becomes
smaller and the forward scattering becomes less and less favored.
Regarding the iodine abstraction, we do not plot the curves belong-
ing to the 43.81 and 50.00 kcal/mol collision energies because the low
reaction probability leads to large statistical error. With increasing
Ecoll, we see increased forward scattering, which suggests stripping
mechanism.

In Fig. 6, the normalized initial attack angle distributions
[cos(α)] can be seen. At small collision energies for the SN2 reac-
tion, the curves are isotropic, indicating that the reaction is indirect.
Due to the small center of mass velocities, the initial attack angle
is not important for the success of the reaction as there is plenty
of time for the ion–dipole interactions to align the reactants into
reactive orientation. As Ecoll increases (the velocities as well), this
time decreases; thus, the back-side attack will be dominant. In the
case of the iodine abstraction, there is a side-on attack preference,
in accordance with forward scattering (direct stripping mechanism).
It is worth emphasizing that front-side (I-side) attacks do not lead
to iodine abstraction, which is an interesting finding of the present
simulations.

D. Product relative translational energy and internal
energy distributions

The product relative translational energy distributions can be
seen in Fig. 7. The curves belonging to the SN2 reaction show a
broadening tendency with increasing collision energies and the loca-
tion of the maxima shifts roughly by the difference in the Ecoll,
showing that the translational energy transfer is significant. For the
iodine abstraction, the curves are much colder; however, the trans-
lational energy transfer is also significant. As expected, most of the
collisional energy is consumed by the endothermic reaction heat.

Normalized product internal energy (Eint.) distributions of the
SN2 reaction can be found in Fig. 8. At low collision energies,
the location of the maxima is near the maximal internal energy

FIG. 8. Normalized product internal energy distributions of the Cl− + CH3I reaction
for the SN2 channel at different collision energies. Solid line means that only the
SN2 products are formed, while the dashed line represents the appearance of
the iodine-abstraction products. Eint. is relative to the ZPE of the CH3Cl product
(23.87 kcal/mol on our PES).

suggesting an indirect reaction. With increasing Ecoll, the location
of the maximum shifts toward lower Eint., indicating that the reac-
tion becomes more direct. The small number of ZPE violations for
the SN2 reaction is in agreement with the fact that the Eint. distri-
butions, where Eint. is relative to the ZPE of the CH3Cl product
(23.87 kcal/mol on our PES), show virtually zero populations if
Eint. < 0.

E. Comparison with experimental and other
theoretical data

The most comprehensive joint experimental−theoretical study
on the title reaction was reported in 2013.4 The Wester group
performed state-of-the-art crossed-beam measurements, whereas
theoretical simulations were done by the Hase group with MP2 and
DFT/BHandH direct dynamics simulations at different vibrational
and rotational temperatures. The reaction probabilities predicted by
the MP2-based direct dynamics simulations are burdened with high
uncertainty, and agree neither in the probability nor in bmax val-
ues derived from our simulations, especially at the lowest collision
energies. The fact that MP2 underestimates the CCSD(T) SN2 reac-
tivity, which is here seen at the lowest Ecoll, was also found in the
case of the F− + CH3I reaction.28 The DFT simulations show simi-
lar or larger probabilities as our results; however, the maximal b is
still not in agreement. The direct dynamics results for the scatter-
ing angle distribution were reported at 0.20 and 0.39 eV collision
energies.4 The high statistical uncertainty of the direct dynamics
results hinders quantitative comparison with the present statisti-
cally well-converged differential cross sections. Nevertheless, both
the previous4 and present theoretical results show backward scat-
tering preference at Ecoll = 0.39 eV and isotropic scattering at
Ecoll = 0.2 kcal/mol.

Table I contains the comparison of the internal energy frac-
tions between previous experimental and theoretical results4 and our
findings. Experiment and both simulations show, in qualitative or
semi-quantitative agreement, that at low collision energies, the avail-
able energy mainly transfers into the product’s internal motions,
whereas at higher Ecoll the internal excitation is less than the rela-
tive translational energy. The largest deviation between theory and
experiment is seen at Ecoll = 0.39 eV, where the measured internal
energy fraction is 84%, whereas the previous/present simulations
give 51/55%. Hase and co-workers4 concluded that the experiment
may have overestimated the collision energy of 0.39 eV because the-
ory gave 86% at 0.2 eV, close to the value of 84% measured at 0.39 eV.
Our result (79% at 0.2 eV) also confirms this belief.

TABLE I. Comparison of the experimental and theoretical internal energy fractions
(in %, relative to the total available energy) at different collision energies.

Ecoll (eV) Experimenta Previous simulationsb Present work

1.9 40 38 ± 5 31
1.07 25 ⋅ ⋅ ⋅ 30
0.76 40 46 ± 8 35
0.39 84 51 ± 4 55
0.2 ⋅ ⋅ ⋅ 86 ± 3 79
aCrossed-beam experimental results taken from Ref. 4.
bDirect dynamics results taken from Ref. 4.
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FIG. 9. Comparison of experimental2,4,7 and computed normalized scattering angle distributions of the Cl− + CH3I SN2 reaction at three different collision energies.

FIG. 10. Comparison of experimental2,4,7 and computed normalized product internal energy distributions of the Cl− + CH3I SN2 reaction at three different collision energies.

We can directly compare the experimental2,4,7 and theoretical
differential cross sections in the case of the scattering angle and the
internal energy. In Fig. 9, the experimental and computed scattering
angle distributions can be seen at three different collision energies.
At the two higher energies (∼1.1 and 1.9 eV), we have an excellent,
almost quantitative agreement, while at the lowest one (∼0.5 eV), we
can observe more backward scattering in the QCT simulations. The
experimental and computed product internal energy distributions
can be seen in Fig. 10. The simulations qualitatively reproduce the
experimental features, but the QCT distributions are much colder,
suggesting a more direct reaction than the experiments.

IV. SUMMARY AND CONCLUSIONS
Following our previous work on halide + methyl-halide

reactions,29–31 we have successfully developed a reactive PES for the
Cl− + CH3I system. The PES has been automatically constructed
using the ROBOSURFER program system,17 and the energy points
have been fitted with the permutationally invariant-polynomial
method18,19 utilizing a high-level, composite, explicitly correlated
coupled-cluster method with Brueckner (T) contributions, using the
aug-cc-pVTZ(-PP) basis set. Our singlet state PES describes differ-
ent kinds of reactions, whereas QCT computations have shown that
two of them are significant in the investigated collision energy range
(1–80 kcal/mol): the SN2 and the iodine abstraction. The integral
cross sections show that the substitution reaction is present at all

of the investigated Ecoll-s, whereas the abstraction channel opens at
around 45 kcal/mol. Normalized scattering angle and initial attack
angle distributions show that for the SN2 reaction initially there
is both backward and forward scattering, but with increasing col-
lision energies, the backward scattering becomes more dominant
whereas for the abstraction, we can see a clear preference for for-
ward scattering. The initial attack angle distributions show that the
formation of iodine–ion happens without initial orientation prefer-
ence at low Ecoll, whereas the back-side (CH3-side) attack becomes
more and more dominant as Ecoll increases, whereas the abstrac-
tion has a side-on/back-side attack preference. The product relative
translational energies show that the translational energy transfer is
significant in both cases. For the SN2 channel, the product internal
energy distributions show negligible ZPE violation and the shapes
of the distributions indicate a shift from indirect to direct dynamics
with increasing Ecoll. The present statistically converged differential
cross sections have allowed direct comparison with crossed-beam
experiments.2,4,7 For some cases (scattering angle distributions at
high Ecoll) excellent quantitative agreement has been found, whereas
in other cases (scattering angle distributions at low Ecoll and product
internal energy distributions) theory has only qualitatively repro-
duced experiment. The present simulations are more robust than
previous direct dynamics computations;4 nevertheless, both the-
oretical approaches provide qualitatively similar conclusions. The
remaining differences between theory and experiment may motivate
further computations and measurements.
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SUPPLEMENTARY MATERIAL

See the supplementary material for codes for PES evaluation
(Ref. 18).
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