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ABSTRACT: Mode-specific quasiclassical trajectory compu-
tations are performed for the F~ + CH,;I(v, = 0, 1) Sy2 and
proton-transfer reactions at nine different collision energies in
the range of 1.0—35.3 kcal/mol using a full-dimensional high-
level ab initio analytical potential energy surface with ground-
state and excited CI stretching (v;), CH; rocking (vs), CH;
umbrella (v,), CH; deformation (v5), CH symmetric stretch-
ing (v;), and CH asymmetric stretching (v,) initial vibrational
modes. Millions of trajectories provide statistically definitive
mode-specific cross sections, opacity functions, scattering
angle distributions, and product internal energy distributions.
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The excitation functions reveal slight vibrational Sy2 inversion inhibition/enhancement at low/high collision energies (E.),

whereas large decaying-with-E

col

| vibrational enhancement effects for the Sy2 retention (double inversion) and proton-transfer

channels. The most efficient vibrational enhancement is found by exciting the CI stretching (high E;) for Sy2 inversion and
the CH stretching modes (low E) for double inversion and proton transfer. Mode-specific effects do not show up in the
scattering angle distributions and do blue-shift the hot/cold Sy2/proton-transfer product internal energies.

I. INTRODUCTION

Selectively breaking chemical bonds and controlling reactions
have always been the goal of chemists. One way to achieve this
goal is provided by excitation of a specific vibrational mode of
the reactant molecule, which may facilitate the cleavage of the
“excited bond”, thereby increasing reactivity toward the desired
products. This vibrational effect is quite obvious for reactions of
diatomic molecules, especially if the transition state has a
product-like structure, where the vibrational excitation helps to
reach the stretched bond distance needed to go over the barrier."
Vibrational mode selectivity in polyatomic reactions is less
understood, because polyatomic molecules have multiple
vibrational modes involving concerted motions of several
atoms. Excitation of those modes that couple efficiently with
the reaction coordinate may promote the reaction, whereas
some modes may behave as spectators and have negligible effect
on the reactivity. The mode-specific dynamics of several atom
plus molecule hydrogen-abstraction reactions, such as H, F, Cl,
O, Br + H,0/HDO and CH,/CHDj, have been extensively
studied both experimentally and theoretically.”'* For ion—
molecule reactions, such as the X~ + CH,Y-type (X, Y =F, C|,
Br, I, OH, etc.) bimolecular nucleophilic substitution (Sy2),
mode-specificity is less obvious, because the X~ + CH;Y systems
usually have submerged barriers and support long-lived
complexes in the entrance channel. Nevertheless, early
experimental and theoretical studies on the CI” + CH;CI and
CI™ + CH;Br Sy2 reactions found evidence for nonstatistical
behavior and mode-selective vibrational enhancement of
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reactivity.lg_22 In the 2000s Hennig and Schmatz?*~2° reported

several 4-dimensional time-independent quantum dynamics
studies for the above Sy2 reactions considering the vibrational
effects upon CCl/CBr stretching, symmetric CH stretching, and
CH; umbrella mode excitations. Significant vibrational enhance-
ment was found at low collision energies, even in the case of
the CH stretching excitation questioning its spectator character.
For CI~ + CH,l, Kowalewski and co-workers”” performed
3-dimensional time-dependent wave packet computations,
where the CCl, CI, and the CH; umbrella modes were active.
CI excitation was found to have larger effects on the reactivity
than the umbrella motion. In 2016 Yang and co-workers™® in
collaboration with our group reported the highest-dimensional
quantum dynamics study for a Sy2 reaction, namely F~ + CH;C],
using a 6-dimensional, noncollinear model and a full-dimen-
sional high-level ab initio potential energy surface (PES).”
The reduced-dimensional quantum results were found to be in
good agreement with those obtained from full-dimensional
quasiclassical trajectory (QCT) computations.28 Later, we also
performed mode-specific QCT computations for the F~ +
CHD,CI Sy2 and proton-transfer reactions.”” The above studies
found that CCl stretching excitation promotes the Sy2 reaction
most efficiently, whereas CH excitation enhances the proton-
abstraction channel.

Received: August 25, 2018
Revised:  September 19, 2018
Published: September 19, 2018

DOI: 10.1021/acs.jpca.8b08286
J. Phys. Chem. A 2018, 122, 8143—8151


pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.8b08286
http://dx.doi.org/10.1021/acs.jpca.8b08286

The Journal of Physical Chemistry A

CH,l(v,= 0, 1) + F-

9.2
8.8

CH asym-stretch }
CH sym-stretch i
CH; deformation
CH; umbrella i
CH; rocking

ground state

— S, 2 Inversion
S,2 Retention {
- Abstraction

Front-Side Attack
Double Inversion

137
|CHI +HF

Figure 1. Schematic vibrationally adiabatic potential energy surface of the F~ + CH;l reaction showing the energies (kcal/mol) of the initial vibrational
states and the stationary points relative to F~ + CH;I(v = 0) corresponding to the analytical PES of ref 3S.

As described above, several theoretical studies predicted
various mode-specific dynamics for Sy2 reactions,'” but direct
experimental study of the vibrational effects on the scattering
process has been lacking until very recently. In 2018 Wester and
co-workers®> measured negligible vibrational effect upon
symmetric CH stretching excitation in the F~ + CH,I Sy2 reac-
tion, thereby providing the first experimental evidence for the
spectator character of this mode. To confirm the measurement
of the absence of an effect, the proton-transfer product (CH,I")
was also detected in parallel to I, and unlike for the Sy2 reac-
tion, large vibrational enhancement was observed for the proton-
transfer process. These experimental findings were supported by
our QCT computations and the sudden vector projection (SVP)
model.”” In the above work, only the effect of the symmetric CH
stretching is considered at two collision energies.”” In the
present study we extend our previous work’” by performing
mode-specific QCT computations for the F~ + CH;I Sy2 and
proton-transfer reactions at several collision energies consider-
ing the excitation of all the six initial vibrational modes. Thus,
our study may support the ongoing mode-specific experiments
on the excitation of the mode(s) other than the symmetric CH
stretching and reveal the collision energy dependence of the
vibrational effects. A further motivation is related to a recent
direct dynamics study of Hase and co-workers,™ finding that
vibrational excitations may not promote the novel double-
inversion mechanism””** of the F~ + CH,] reaction. Performing
the proposed computations is challenging, because double inver-
sion has a low reaction probability and many trajectories at several
initial vibrational states, impact parameters, and collision energies
need to be considered to obtain reasonable statistical accuracy.
The efficient QCT computations are made possible by the use of
our recently developed full-dimensional high-level ab initio
analytical PES,” which describes the Sy2 inversion, front-side
attack and double-inversion retention pathways as well as the
proton-transfer channel. In section II we give the computational
details and the results are presented and discussed in section IIL
The paper ends with summary and conclusions in section IV.
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Il. COMPUTATIONAL DETAILS

Mode-specific QCT computations are performed for the F~ +
CH;I(v, =0, 1) [k = 1—6] reactions using a full-dimensional ab
initio PES taken from ref 3. The vibrational ground state (v=0)
as well as the Cl stretching (v5(a;) = 1), CH; rocking (ve(e) = 1),
CH; umbrella (v,(a;) = 1), CH; deformation (vs(e) = 1),
CH symmetric stretching (v;(a;) = 1), and CH asymmetric
stretching (v4(e) = 1) states, exc1ted by one quantum, are
prepared using normal mode sampling.*® (Note that the excited
reactant usually maintains its mode-specific character prior to
interaction as seen for CHD,Cl in ref 30.) Trajectories are run at
collision energies (E.) of 1.0, 2.0, 4.0, 7.4, 10.0, 15.9, 16.4, 27.0,
and 35.3 kcal/mol using 0.0726 fs time steps until the longest
interatomic separation becomes 1 bohr larger than the initial
one. Some of the collision energies are selected to match
previous experimental values.””*” The initial orientation of the
reactants is randomly sampled and their distance is set to (x* +
b*)'/2, where b is the impact parameter and x is 40 bohr at E
1.0 kcal/mol, 30 bohr at E_; = 2.0 and 4.0 kcal/mol, and 20 bohr
at the larger E_. The impact parameter is scanned from 0 to b,
with step size of 0.5 bohr and the maximum impact parameters
(bmay) vary between 11 and 30 bohr depending strongly on E .y
and slightly on the initial vibrational state. A total of 5000
trajectories are computed at each b, which results in millions of
trajectories considering that we have 7 initial vibrational states
and 9 different collision energies. The mode-specific integral and
differential cross sections are obtained by a b-weighted
numerical integration of the reaction probabilities over impact
parameters. Differential cross sections are obtained without
zero-point energy (ZPE) constraint, whereas for the integral
cross sections of the proton-transfer reaction soft and hard ZPE
constraints are also applied. Note that ZPE violation is found
negligible for the S\2 channel, as expected for a highly exother-
mic reaction. Soft constraint means discarding trajectories if the
sum of the product vibrational energies is less than the sum of
the corresponding ZPEs. Hard constraint discards trajectories if
either product violates ZPE.

coll =
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Figure 2. Mode-specific cross sections and (v, = 1)/(v = 0) cross section ratios as a function of collision energy for the Sy2 inversion, S\2 retention, and

abstraction channels of the F~ + CH,I(v. = 0, 1) reactions.

lll. RESULTS AND DISCUSSION

The F~ + CHjl reaction can proceed with different mechanisms
as shown in Figure 1. The Sy2 products (I” + CH3F, AH, =
—46.1 kcal/mol on the PES) can be formed with Walden inver-
sion via several submerged complexes and transition states.
Furthermore, Sy2 reaction can occur with retention of config-
uration via the front-side attack and the double-inversion path-
ways. The former has a high adiabatic barrier of 18.3 kcal/mol,
whereas double inversion can proceed, without following an
intrinsic reaction coordinate,” via a transition state only
5.9 kcal/mol above the reactants. Besides the highly exothermic
Sn2 channel, proton transfer forming HF + CH,I™ can occur via
several stationary points below the product asymptote (AH, =
13.7 kcal/ mol).35‘38 Note that the double-inversion barrier
height is below the energy level of the HF + CH,I™ products;
thus, double inversion may occur at collision energies below the
proton-transfer threshold.

Mode-specific integral cross sections and vibrational enhance-
ment factors as a function of E ) are shown in Figure 2. The Sy2
inversion cross sections are extremely large at low collision
energies and decrease as E_ increases, as expected in the case of
a highly exothermic barrierless reaction. At low E_; up to about
10 kcal/mol reactant vibrational excitation hinders the reaction
by about 10% for the CH stretching excitation and by 3—5% for
the other modes. At larger collision energies, for example, in the
15—35 kcal/mol range, symmetric CH stretching excitation
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increases the reactivity, relative to the ground-state reaction, by
5—6%, whereas asymmetric CH excitation shows a few %
inhibition effect (Figure 2). CH; rocking motion has negligible
effect on the reactivity (<1—2%), umbrella excitation increases
the cross sections by about 5%, and CH; deformation has about
8% enhancement effect. The largest enhancement of about 20%
(increasing from 14 to 22% in the E_y range of 15.9—35.3 keal/mol)
is found upon CI stretching excitation. The fact that CI stretch-
ing excitation is the most efficient to promote the S\2 channel is
expected, because the CI bond breaks in this process. This
finding is also in accord with the large SVP value of the CI mode
corresponding to the Walden-inversion transition state.”” The
SVP model®” and chemical intuition suggest that the second
most efficient mode should be the CH; umbrella, whose excita-
tion may facilitate inversion of the methyl group. Umbrella excita-
tion indeed promotes the reaction at large E_, but unexpectedly
CHj; deformation has somewhat larger enhancement effect in
disagreement with the SVP prediction. Note that the SVP model
is only valid for the direct reaction, where vibration energy
redistribution is negligible in the entrance channel. For the title
reaction indirect mechanisms are signiﬁcant,“o’?’s’41 which may
compromise some of the SVP predictions.

One can compare the present results to those obtained for the
seemingly similar F~ + CH;Cl Sy2 reaction, although for the
F~ + CH;Cl reaction mode-specific cross sections were reported
only in the E range of 1—10 kcal/mol (Figure S3 of ref 28).
Interestingly, in most cases, except for some of the modes in the
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1—4 kcal/mol E_ range, vibrational enhancement was found in
F~ + CH,Cl, whereas inhibition is seen for the F~ + CHjl reac-
tion. For example, about 10—40% enhancement was found upon
CCI stretching excitation in the 1—10 kcal/mol E_y range,28
whereas CI excitation has a 2—3% hindering effect in the same
E..1 range. The reason for this difference may be due to the fact
that the F~ + CH,Cl reaction is more direct, i.e., direct mech-
anisms dominate in F~ + CH,Cl, whereas F~ + CH,I mainly
proceeds via indirect, complex-forming pathways,”’ thereby
F~ + CH;ClI shows more pronounced vibrational enhancement
effects.

Mode-specific Sy2 retention cross sections via the front-side
attack and double-inversion pathways are also shown in Figure 2.
Note that whereas for F~ + CH;Cl we found that one can
distinguish between front-side attack and double inversion on
the basis of the integration time,”” we find this approach not
definitive for the F~ + CH;l reaction; therefore, we give the total
retention cross sections. Nevertheless, trajectory animations
show that at low E_; double inversion dominates the retention
process, as expected based on its significantly lower barrier
(5.9 vs 18.3 kcal/mol). Retention cross sections are about
2 orders of magnitude lower than the inversion ones and show
significant mode-specificity, especially at low collision energies.
For the F~ + CH,I(v = 0) reaction the cross sections are around
0.1-0.3 bohr,” and they increase by a factor of 1—2 upon CI
stretching, 2—5 upon CHj; bending, and 5—20 upon CH
stretching excitations. These enhancement factors have strong
E..1 dependence; the vibrational effects are the largest at low E
and diminish at around 27 kcal/mol. The finding that
symmetric/asymmetric CH stretching excitations substantially
enhance double inversion, for example, by factors of 17/19, 12/13,
10/9, 5/6, and 6/6 at E_; of 1.0, 2.0, 4.0, 7.4, and 10.0 kcal/mol,
respectively, can be explained by the fact that CH excitations
help to access the FH:--CH,I -type double-inversion transition
state. In other words, the first step of double inversion is a
proton-abstraction-induced inversion which is facilitated by
exciting the CH stretching mode(s). As mentioned in the
Introduction, Hase and co-workers® performed direct dynam-
ics simulations considering the effects of the CH; deformation
and the CH stretching modes. 200 trajectories were run for each
initial states (combination bands excited by 1 quantum or
2 quanta in each mode) at b = 0 and E_;; = 10 and 20 kcal/mol.
A total of 1—3 double inversion trajectories were found, which
corresponds to reaction probabilities of 0.5—1.5%. The authors
correctly concluded that these reaction probabilities are small;
however, possible vibrational enhancement could not be
determined, because trajectories were not run for ground-state
CH;I. Therefore, we cannot fully agree with their statement that
the “Sy2 double inversion is not highly promoted”” upon
vibrational excitation and we have done further investigations
with the following results: On one hand, at E_;; = 10 kcal/mol,
our computations give S0 and 74/91 retention trajectories from
5000 for the CH; deformation and symmetric/asymmetric CH
stretching excited reactants, respectively, corresponding to
reaction probabilities of 1.0 and 1.5/1.8%, in agreement with
the direct dynamics results. On the other hand, we obtained only
18 retention trajectories (0.4%) for the ground-state reaction,
showing significant vibrational enhancement effects. Further-
more, considering our mode-specific cross sections at E_ =
10 kcal/mol, vibrational enhancements by factors of 3, 6, and
6 upon one quantum excitation of the CH; deformation, symmetric
CH stretching, and asymmetric CH stretching modes are obtained,
respectively. We do not have results at E_j; = 20 kcal/mol,
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nevertheless, at E_; = 16.4 kcal/mol the above factors are 1.5,
2.6,and 2.3 and at E_;; = 27 kcal/mol the factors are 1.2, 1.3, and
1.1. As seen, at large E_ the vibrational enhancement dimin-
ishes, as mentioned above, however, at low E_, for example at
10 kcal/mol, substantial enhancement is found, especially upon
CH stretching excitation.

Proton abstraction (proton transfer from CH,l to F~) cross
sections of the F~ + CH;I(v = 0) reaction increase with collision
energy. At low E_y, the endothermic proton abstraction is
basically closed and at larger E_y; around 30 kcal/mol abstrac-
tion cross sections have similar magnitude as Sy2 ones. Initial
vibrational excitations enhance the proton-abstraction channel
and the enhancement effects decrease with increasing E .
Similar to the Sy2 retention pathways, the enhancement factors
increase as CI stretching, CH; bending, and CH stretching.
At low E_, the CH stretching excitation opens the abstraction
channel, and the vibrational enhancement factors are around 78,
17,10, 4, and 2 at E_; = 4.0, 7.4, 10.0, 16.4, and 35.3 kcal/mol,
respectively. At larger E_; symmetric CH stretching excitation
promotes the proton transfer more efficiently than the
asymmetric CH stretching mode (Figure 2), despite the fact
that the former has slightly less energy. These large symmetric
CH stretching enhancement effects on the reactivity of the
proton-transfer channel are in agreement with the recent
crossed-beam experiment of Wester and co-workers.*”

For the endothermic proton-abstraction channel one may
expect significant product ZPE violation; thus, we have
considered different ZPE constrained analysis techniques. The
mode-specific excitation functions for the abstraction channel
obtained without ZPE constraint are compared with soft and
hard constrained results in Figure 3. ZPE constraint reduces the
cross sections and shifts the threshold energies toward larger
collision energies. Without ZPE constraint, small nonzero F~ +
CH,I(v = 0) abstraction cross sections are obtained at E
values below the endothermicity of 13.7 kcal/mol. These
unphysical cross sections, due to the classical nature of the QCT
calculations, vanish and the threshold shifts to about 15 kcal/
mol even with the soft constraint. Reactant vibrational excitation
increases the cross sections and allows opening the abstraction
pathways at lower collision energies. However, unlike in the
nonconstrained case, even for the CH stretching-excited
reaction threshold energy of about 7 kcal/mol still exists. The
relative efficiency of the different vibrational modes in the
enhancement of the proton-abstraction reaction is similar with
and without ZPE constraint.

Mode-specific opacity functions (reaction probabilities as a
function of b) as well as scattering angle and product internal
energy distributions are given in Figures 4 and 5 for the Sy2 and
proton-transfer channels, respectively. These results are pre-
sented at four representative collision energies of 1.0, 7.4, 16.4,
and 27.0 kcal/mol, while a more complete picture showing all
the results at nine different E_y in the 1.0—35.3 kcal/mol range
is presented in the Supporting Information (Figures S1—S3).
As Figure 4 shows Sy2 reaction probabilities are large and
decrease with increasing E . At E_; = 1.0 kcal/mol, the opacity
function is broad, showing a nearly constant reaction probability
around 80—90% up to b = 15 bohr, where the opacity function
starts to decay and finally drops to zero between b = 25 and
30 bohr. At larger E_y, the b, value becomes smaller and smaller
and the opacity function decreases almost linearly between b = 0
and b,,,,. The shape of the opacity functions is determined by
long-range ion-dipole interactions, which facilitate reaction at
large impact parameters, especially at low collision energies.
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trajectories if E,;,(HF) < ZPE(HF) or E;,(CH,I") < ZPE(CH,I")
ZPE constraints.

Significant mode-specificity is not seen in the S\2 reaction
probability functions. The picture is different in the case of the
proton-transfer channel. As Figure 5 shows vibrational
excitations substantially increase the abstraction probabilities,
especially in the case of CH stretching excitations. At E_j =
1.0 kcal/mol virtually no reactivity is seen for the ground-state
reaction, whereas the reaction probability becomes 1—2% upon
CH stretching excitation. At E_; = 7.4, 16.4, and 27.0 kcal/mol,
the b = 0 abstraction probabilities are 0.4, 3.6, and 7.0%,
respectively, for the F~ + CH;I(v = 0) reaction, whereas the
corresponding values are 5.3/5.5,12.3/11.3, and 12.1/11.0% for
the symmetric/asymmetric CH stretching-excited reactions.
The b,,,, values of the S\2 and proton-transfer reactions are very
similar, indicating that the long-range prereaction interactions
determine the maximum impact parameters.

Scattering angle distributions of both the Sy2 and proton-
transfer reactions show almost no mode-specificity, in accord
with the similar shape of the opacity functions corresponding to
different reactant vibrational states (Figures 4 and S). The Sy2
reaction features very isotropic angular distributions, with
forward preference at low E . As E_ increases this forward
preference diminishes and slight backward dominance appears
at E; = 35.3 kcal/mol (Figure S2) indicating the increased
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probability of the direct reaction. The abstraction scattering
distributions are nearly backward-forward symmetric at low
collision energies, and become forward scattered as E_y
increases, for example, at E.; = 27.0 kcal/mol (Figure 5), in
good agreement with the CH stretching-excited experimental
data.”” The dominance of forward scattering indicates that
stripping mechanism plays an important role in the proton-
transfer process at large E_.

Product internal energy distributions are hot for the Sy2
channel peaking at the highest available internal energies,
especially at low E_, showing that the title reaction is predom-
inantly indirect (Figure 4). As E. increases the distributions
become broader and broader and the maximum internal energy
shifts with the amount of E_y. Here mode specificity can be
observed, because the distributions shift toward larger energies
and the shifting is virtually the same as the initial vibrational
excitation energy. Thus, the CH;F internal energy distributions
indicate that the reactant vibrational energy mainly transfers to
the product molecule. Unlike the Sy2 product internal energy
distributions, the CH,I™ distributions are Gaussian-like and
cold, with many product molecules violating ZPE; see the
negative part of the internal energy distributions in Figure S.
At E_ = 1.0 kcal/mol, all the product molecules, except a
small fraction from the CH stretching-excited reactions,
have less internal energy than the ZPE of CH,I". As E_
increases the distributions shift toward higher internal energies
and, thus, ZPE violation becomes less significant. At E_; =
27.0 kcal/mol, most of the product molecules have at least ZPE
even in the case of the ground-state reaction. These findings are
in accord with the ZPE-constrained abstraction cross sections
shown in Figure 3.

IV. SUMMARY AND CONCLUSIONS

There has recently been a renewed interest in studying mode
specificity in Sy2 reactions,”’ " thereby extending our current
knowledge on mode-specific chemical reactivity mainly
accumulated by investigating atom plus molecule reactions.
Experimentally, Wester and co-workers have been recently
doing pioneering work by imaging Sy2 and proton-transfer
reactions with infrared-excited reactants using the crossed-beam
technique.32 Theoretically, our new high-level ab initio
analytical PESs*”*>*>* open the door for efficient quasiclassical
as well as quantum simulations™ of Sy2 reactions, which
motivates others to study these systems with direct dynam-
ics’** or with quantum mechanical/molecular mechanics
method.***

In the present work, we report a detailed QCT study of the
mode-specific dynamics of the F~ + CH;I reaction considering
excitations of all the fundamental initial vibrational modes at
nine different collision energies, thereby extending our joint
experimental—theoretical work®* that investigated the symmet-
ric CH stretching effects at two collision energies. We find that at
low E_; below 10 kcal/mol, all the vibrational mode excitations
hinder the Sy2 reaction, whereas at larger E_, most of the
vibrational excitations, except the asymmetric CH stretching
mode, slightly enhance the Sy2 reaction usually with a few %
cross section increase. The most efficient mode is the CI
stretching, causing 10—20% enhancement depending on E_.
The Sy2 retention channel is substantially enhanced upon CH
stretching excitations, especially at low E_, where enhancement
factors over 10 can be obtained. The bending modes, most
efficiently the CHj; deformation, can also promote Sy2
retention, most likely double inversion, by factors of 2—S5 in
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Figure 4. Mode-specific opacity functions, normalized scattering angle distributions, and normalized product internal energy, relative to the ZPE of
CHSF, distributions for the F~ + CH;I(v, = 0, 1) — I” + CH;F Sy2 reactions at collision energies of 1.0, 7.4, 16.4, and 27.0 kcal/mol. Note that the
scattering angle distributions, especially at E_; = 1.0 kcal/mol, virtually overlap.

the E_ range of 1—10 kcal/mol. Therefore, in disagreement proton-abstraction processes, respectively, shifting toward
with previous work,” we find that vibrational excitation is a higher internal energies with increasing reactant vibrational
promising way to facilitate the novel double-inversion path- excitation and collision energy.
wayzg’31 in Sy2 reactions. Similar to the Sy2 retention channel, As our results demonstrate, mode-specific effects can occur in
proton transfer also shows significant mode specificity. CH stretch- barrier-less exothermic Sy2 reactions. Furthermore, initial
ing excitations substantially enhance the reactivity with extremely vibrational excitation may help to promote proton transfer or
large enhancement factors at low E_y (threshold effect) and by proton-abstraction-induced processes, like double inversion, in
factors of about 10 and 2 at E.; = 10 and 35 kcal/mol, ion—molecule reactions. As internal energy redistribution may
respectively. The Sy2 and proton-transfer scattering angle be significant in this indirect reaction studied in this work,
distributions show virtually no mode specificity, in accord with quantum dynamical calculations, at least in reduced dimensions
the similar shape of the mode-specific opacity functions. Product and perhaps using our analytical PES, would be desired in the
internal energy distributions are hot and cold for the Sy2 and near future. Furthermore, the present theoretical results may
8148 DOI: 10.1021/acs.jpca.8b08286
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Figure 5. Mode-specific opacity functions, normalized scattering angle distributions, and normalized CH,I™ product internal energy, relative to the ZPE of
CH,I, distributions for the F~ + CH;I(v, =0, 1) — HF + CH,I ™ proton-transfer reactions at collision energies of 1.0, 7.4, 16.4, and 27.0 kcal/mol. Note that
the scattering angle distributions at E_y; = 1.0 kcal/mol are only shown for the CH stretching modes, because the statistical uncertainty is too large for the
other modes.

help ongoing mode-specific experiments and motivate future different collision energies in the range 1.0—35.3 kcal/mol
studies to investigate reactant vibrational effects in ion— (PDF)

molecule reactions.
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