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ABSTRACT: We report a chemically accurate global ab initio full-dimensional
potential energy surface (PES) for the CI(*P,/,) + CH, reaction improving the high-
energy region of our previous PES [Czakd, G.; Bowman, J. M. Science 2011, 334, 343—
346]. Besides the abstraction (HCI + CH,) and the Walden-inversion substitution (H
+ CH;Cl) channels, the new PES accurately describes novel substitution pathways via
retention of configuration. Quasiclassical trajectory simulation on this PES reveals that
the substitution channel opens around 40 kcal/mol collision energy via Walden
inversion and the retention cross sections raise from ~50 kcal/mol. At collision energy
of 80 kcal/mol, the retention pathways provide nearly 40% of the substitution cross % &
section, and retention substitution may become the dominant mechanism of the Cl +
CH, reaction at superhigh collision energies. The substitution probability can be as
high as ~70% at zero impact parameter (b) and decreases rapidly with increasing b,
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whereas the abstraction opacity function is broad having 5—10% probability over a

larger b-range. The high-energy angular distributions show scattering into forward and backward directions for the abstraction
(direct stripping) and face-attack Walden-inversion substitution (direct rebound) channels, respectively. Retention can proceed
via edge- and vertex-attack pathways producing dominant sideways scattering because the breaking C—H or CI—H bond is

usually at a side position of the forming CI—C bond.

1. INTRODUCTION

The reaction of chlorine atom with methane (CH,, CHDj, etc.)
has become one of the benchmark systems to study the
dynamics of polyatomic chemical reactions.'™'® Recently many
experimental and theoretical studies investigated the Cl + CH,
— HCl + CHj; reaction and its isotopic variants, thereby
uncovering vibrational and rotational mode specificity, ">
testing the Polanyi rules,””'* and mapping the angle-dependent
barrier.” Besides the above-mentioned hydrogen-abstraction
channel, at high collision energies the substitution channel
leading to H + CH;Cl opens.”"” The substitution reactions of
methane with atoms are the prototypes of the well-known
bimolecular nucleophilic substitution (Sy2) reactions proceed-
ing with Walden-inversion mechanism. Even if halogen atoms
are not nucleophiles, the mechanisms of the atom plus methane
and Sy2 reactions are similar (i.e., the atom/nucleophile attacks
the carbon atom and the hydrogen atom/leaving group departs
from the opposite side of the collinear transition state while an
umbrella motion inverts the configuration around the carbon
center). While the dynamics and mechanisms of Sy2 reactions
have been widely studied,"® " there have also been a few
investigations for the atom + methane substitution pro-
cesses.”>>!” Following the early experimental studies,” ~*
potential energy surface (PES) developments,”* ™" and
trajectory simulations,”** in 2017 Zhang and co-workers®’
reported seven-dimensional quantum dynamics computations
for the hydrogen-exchange channel of the H + CH, and its

-4 ACS Publications  © 2017 American Chemical Society

9415

isotope-analogue reactions. In the case of the O(°P) + CH,
reaction, the H + CH;O channel was investigated by direct
dynamics simulations and crossed-beam experiments.”*** For
Cl + CH, in 2011, we developed a global analytical PES which
describes both the abstraction and substitution channels.’
Besides the many dynamical studies on this PES for the HCI +
CH, channel,>*®7'>1* in 2012 we reported cross sections,
reaction probabilities, and mode-specific product vibrational
distributions for the H + CH;Cl channel as well.*'”

One may expect that the Cl + CH, = H + CH;Cl reaction
proceeds with Walden inversion as described above. In a
reaction dynamics simulation we can label the identical H
atoms; thus, the configuration of the CH;Cl product relative to
that of CH, can be determined. A few years ago we developed a
method which numerically analyzes the configuration of the
product molecules.”® This technique has been successfully
applied to Sy2 reactions, leading to the discovery of the double-
inversion mechanism.””**** Here we apply this method to the
title reaction and find that a significant fraction of the CH;Cl
products is formed with retention of the initial configuration,
indicating that Walden inversion is not the unique mechanism
of the Cl + CH, substitution process. In section 2.1, we present
the computational methods used to develop a modified version

Received: October 15, 2017
Revised: = November 18, 2017
Published: November 21, 2017

DOI: 10.1021/acs.jpca.7b10226
J. Phys. Chem. A 2017, 121, 9415-9420


pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.7b10226
http://dx.doi.org/10.1021/acs.jpca.7b10226

The Journal of Physical Chemistry A

of the global PES of the CI(*P;;,) + CH, reaction which
accurately describes the new retention pathways besides the
Walden-inversion and the hydrogen-abstraction processes. We
perform quasiclassical trajectory (QCT) computations for the
CI(*P,/,) + CH,(v = 0) reaction at high collision energies using
the new PES. In section 2.2, the QCT computational details are
given, and the results are discussed in section 3. The paper ends
with Summary and Conclusions in section 4.

2. COMPUTATIONAL DETAILS

2.1. Potential Energy Surface. The spin—orbit ground
state PES of the CI(*P;,,) + CH, reaction reported in 2011,
which accurately describes the hydrogen-abstraction and
Walden-inversion substitution channels, was obtained by fitting
15875 ab initio energy points computed at the

UCCSD(T) /aug-cc-pVDZ + AE-UMP2/aug-cc-pCVTZ

— UMP2/aug-cc-pVDZ (1)

composite level of theory. In order to improve the description
of the new retention pathways, we selected 1353 additional
configurations along many retention trajectories in an iterative
QCT-fitting procedure and computed the ab initio energy
points using the composite method of eq 1. The iterative QCT-
fitting procedure means that in each cycle (1) QCT
computations are performed on the PES, (2) 100—500
configurations are selected along 5 or 10 retention trajectories,
(3) the ab initio energies are computed at the selected
geometries, (4) ab initio energy points with absolute deviations,
from the PES values, larger than 1.0 kcal/mol are added to the
database, and (S) the fit is done with the augmented database.
We have done 12 iteration cycles until the retention pathways
are accurately described with root-mean-square (RMS) errors
comparable to the global RMS error in the respective energy
range. We perform six-order weighted linear least-squares fits
using permutatlonally invariant polynomials of exp(—r;/a)
variables,”™*" where r; coordinates denote the interatomic
distances and a is set to 2 bohr. The weight is Eo/(E + E,),
where E is the energy relative to the global minimum and E; =
31 kcal/mol. The final six-order fit of 17228 points results in
3262 coefficients and RMS errors of 0.28, 0.65, and 1.61 kcal/
mol in the energy intervals 0—31, 31—63, 63—157 kcal/mol,
respectively. All the ab initio computations for the PES
development and benchmark characterization of one of the
saddle pomts are performed using the MOLPRO program
package.®

2.2, Quasiclassical Trajectory Computations. QCT
computations are performed for the CI(*P;,,) + CH,(v = 0)
reaction using the new PES. The quasiclassical ground
vibrational state of CH, is prepared using standard normal
mode sampling."" The initial distance of the reactants is (x* +
b*)'/2, where b is the impact parameter and x is set to 10 bohr.
The orientation of CH, is randomly sampled, and b is scanned
from 0 to 7 bohr with a step size of 0.25 bohr. QCT
computations are performed at collision energies (E.;) of 40,
50, 60, 70, and 80 kcal/mol and 5000 trajectories are run at
each b, resulting in 145000 trajectories at each E_j. Cross
sections are calculated using a b-weighted numerical integration
of the reaction probabilities over impact parameters.

The configuration of the CH;CI product relative to that of
CH, is determined using the following procedure: (1) let us
label the H atoms of CH, as H(1)H(2)H(3)H(4). (2) The H
atoms of the CH;Cl product molecule are labeled as H(2 —
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1H(3 — 2)H(4 — 3), H(1 — 1)H(3 — 2)H(4 — 3), H(1 -
1)H(2 - 2)H(4 — 3), or H(1 - 1)H(2 — 2)H(3 — 3) if
H(1), H(2), H(3), or H(4) atom of CH,, respectively, is
substituted by CL (3) We define a reference structure, which is
the equilibrium geometry of CH;Cl, with labeled H atoms as
H(1)H(2)H(3). (4) We transform the structure of the CH;Cl
product to the Eckart frame corresponding to the reference
geometry using the methodology described in detail in refs 17,
20, and 42. The determinant of the transformation matrix,
det(C), can be either +1 or —1 corresponding to the same or
inverted configuration of the CH;Cl product relative to that of
the CH;Cl reference geometry. (S) To determine the CH;Cl
product configuration relative to that of the reactant CH,, one
has to consider which H atom of CH, is substituted by Cl. The
value of (—1)"det(C) = +1/—1, where n is the label of
substituted H atom, means retention/inversion if H(1)H(2)-
H(3)C atoms of CH, and the CH,Cl reference have the same
configuration and the reverse holds if the H(1)H(2)H(3)C
group of the CH;Cl reference has an inverted configuration.
The factor (—1)" accounts for the nonchemical configuration
inversion (n = 1 and 3) and retention (n = 2 and 4) caused by
odd and even number of H exchange(s), respectively, in the
relabeling process of step (2).

3. RESULTS AND DISCUSSION

3.1. Properties of the Potential Energy Surface. The
relative energies and structures of the stationary points on the
global analytical PES of the CI(*P,,) + CH, reaction are shown
in Figure 1. The HCl + CH; channel (5.8) is slightly
endothermic with a late barrier (7.6), where the classical
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Figure 1. Schematic of the global potential energy surface (PES) of
the CI(*P,/,) + CH, reaction showing the structures and classical
relative energies of the stationary points. The distances (in A) and
energies obtained on the present analytical PES are compared to the
accurate benchmark values taken from refs 3 and 4 for all the
stationary points except for the highest-energy saddle point of C,,
symmetry, where UCCSD(T)-F12b/aug-cc-pVTZ reference data with
spin—orbit energy shift (this work) are shown. For more details see
the Supporting Information. Note that the retention-substitution
pathways may avoid the C,, saddle point as shown in Figure S.
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energies, in kcal/mol, relative to the reactants are given in
parentheses. There is a shallow van der Waals well (—0.4 or
—0.7 depending on the orientation of the reactants) in the
entrance channel and a relatively deep minimum (2.5 kcal/mol
relative to HCl + CHj,) in the product valley. The H + CH,Cl
substitution channel (25.8) is highly endothermic with a high
Walden-inversion barrier (43.0) of C;, symmetry. As also
shown in Figure 1, all the above-mentioned relative energies
corresponding to the analytical PES agree within 1 kcal/mol
(chemical accuracy) with relativistic all-electron CCSDT(Q)/
complete-basis-set-quality benchmark values”* obtained from
focal-point analysis. Furthermore, the PES values of the most
important structural parameters are also in good agreement
with high-level benchmark data. The above-described sta-
tionary-point properties on the new and old™* PESs are very
similar; the main advantage of the new PES is that it describes
the high-energy retention-substitution pathways more accu-
rately.

Motivated by a previous study”® on the O(°P) + CH, system,
which reported a C,, saddle point for the substitution channel,
we have found a new first-order saddle point for the Cl + CH,
reaction. Unlike for O + CH,, the new CI + CH, saddle point
has C,, symmetry, where the Cl—C distance of 1.794 A is very
close to the corresponding bond length in CH,;Cl (1.791 A), as
seen in Figure 1. The CH distances are stretched by about 0.1
A relative to CH bond length in CH, and CH,CL. The CI-C—
H angle of the new C,, saddle point is 103°, whereas one of the
O0-C-H an%les is only 79° at the C,, saddle point of the O +
CH, system,”” showing the qualitative difference between the
two reactions. The classical barrier height is 78.5 kcal/mol on
the PES, which is significantly higher than that of the Walden-
inversion pathway. We have performed benchmark UCCSD-
(T)-F12b/aug-cc-pVTZ computations for the new C,, saddle
point and found good agreement with the above-mentioned
PES values as shown in Figure 1. This finding is remarkable
because we did not know about this saddle point during the
PES development.

A more detailed comparison between the stationary-point
properties of the new PES and benchmark data are given in
Tables S1—S7 for the geometries, relative energies, and
harmonic vibrational frequencies.

3.2. Reaction Dynamics and Mechanisms. Excitation
functions (integral cross sections vs E.y) for the abstraction
(HCI + CH,;) and substitution (H + CH;Cl) channels of the
CI(*P5),) + CH,(v = 0) reaction are shown in Figure 2. For the
substitution reaction, the mechanism-specific inversion and
retention cross sections are determined using the numerical
technique described in section 2.2. As seen, the H + CH;Cl
channel opens around E_; = 40 kcal/mol, in accord with the
classical (adiabatic) Walden-inversion barrier height of 43.0
(40.4) kcal/mol. The substitution cross sections increase
rapidly with increasing E_; and approach the cross section of
the HCI + CHj channel at E_j; = 80 kcal/mol. On the basis of
Figure 2, at super high collision energies (e.g., E.,; > 100 kcal/
mol), H + CH;Cl is likely to become the dominant product
channel of the Cl + CH, reaction. In the E_ range of 40—50
kcal/mol, the substitution reaction proceeds almost exclusively
with Walden inversion. The retention pathway opens around
E o1 = 50 kcal/mol, and its cross sections increase rapidly. The
inversion/retention fractions are 1.00/0.00, 0.99/0.01, 0.92/
0.08, 0.79/0.21, and 0.63/0.37 at collision energies of 40, S0,
60, 70, and 80 kcal/mol, respectively; thus, the dominance of
the inversion mechanism is suppressed as E_ increases. The
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Figure 2. Integral cross sections as a function of collision energy for
the abstraction and substitution (via inversion and retention pathways)
channels of the CI(*P;,,) + CH,(v = 0) reaction.

above-mentioned threshold energy of the retention process is
well below the classical (adiabatic) barrier height of 78.5 (69.7)
kcal/mol, corresponding to the C,, saddle point indicating that
the retention pathway may avoid this high-energy C,, transition
state. More discussion on this finding will come below.

The opacity functions (reaction probabilities vs b) of the
abstraction and substitution channels have drastically different
shape as shown in Figure 3 at E.j = 80 kcal/mol. At b = 0,
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Figure 3. Reaction probabilities as a function of impact parameter for
the abstraction and substitution (via inversion and retention pathways)
channels of the CI(*P;,,) + CH,(v = 0) reaction at a collision energy
of 80 kcal/mol.

clearly the substitution channel dominates with a reaction
probability of 69% (40% inversion and 29% retention), whereas
the abstraction probability is only 2%. However, on the one
hand, the substitution probability rapidly decreases with
increasing b, and its maximum impact parameter is only 2—3
bohr (1-1.5 A), which is comparable with a CH bond length.
Significant difference between the shape of inversion and
retention opacity functions is not seen. On the other hand, the
abstraction probability shows a broad distribution over b from 0
to 6 bohr (3 A), showing the highest reactivity of ~10% in the
b range of 4—5 bohr. This high-b reactivity, which indicates
significant stripping mechanism, causes the cross section
obtained from a b-weighted integration to be slightly larger
for the abstraction reaction than for the substitution process.
Product scattering angle distributions for the different
reaction channels and mechanisms are shown in Figure 4 at
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Figure 4. Scattering angle distributions for the abstraction and
substitution (via inversion and retention pathways) channels of the
CI(*P,,,) + CH,(v = 0) reaction at a collision energy of 80 kcal/mol.

E.i = 80 kcal/mol. The HCl + CH; channel shows a clear
dominance of forward scattering, whereas the H + CH;Cl
products are mainly backward scattered. The forward scattering
of the former channel shows that the abstraction reaction
proceeds via stripping mechanism at high collision energies.
This finding is in agreement with experiments, which showed
that the angular distributions shift from backward to forward
scatterin§%as E i increases in the Cl + CH, — HCl + CH;4
reaction.”” Examination of the mechanism-specific angular
distributions for the substitution channel reveals qualitatively
different distributions for the inversion and retention pathways.
On the one hand, the inversion process is backward scattered
peaking at 180° and showing virtually no scattering in the
forward hemisphere (0—90°), indicating a direct rebound
Walden-inversion mechanism. Walden inversion via stripping
and indirect mechanisms is negligible because these pathways
would result in scattering into sideways-forward and random
directions, respectively. On the other hand, the retention
pathway favors sideway scattering and significant distribution is
seen in the forward directions as well. In the 0—120° angular

range, the retention cross sections are larger than the inversion
ones.

Snapshots of three representative trajectories showing the
face-attack, edge-attack, and vertex-attack substitution pathways
are shown in Figure 5. The face-attack substitution, which
corresponds to back-side attack in Sy2 reactions, proceeds via a
classic direct rebound Walden inversion, where the Cl atom
attacks the face of the tetrahedral CH, molecule and the H
atom leaves from the opposite side causing backward scattering,
while an umbrella motion inverts the configuration around the
carbon center. The trajectories have revealed two different
novel retention pathways named as edge-attack and vertex-
attack mechanisms. In the case of the former, which is similar to
front-side attack in Sy2 reactions,” Cl attacks the edge of the
CH, tetrahedron forming a C,,like structure (at 40 fs), and
then while a CI-C bond forms one of the side, noncollinear
C—H bonds breaks and the H atom leaves into sideway
direction in accord with the scattering angle distributions.
Vertex attack corresponds to an abstraction-induced substitu-
tion, where CI abstracts an H atom and the CIH unit rotates
away from the collinear configuration, and then the CI-H bond
breaks at the H—CI—-C angle of around 90°, while a CI-C
bond forms retaining the configuration of the CHj unit.
Trajectory animations reveal that at b = 0, the edge attack is the
dominant retention mechanism, whereas at b = 2, edge and
vertex attacks have similar probability in accord with the
increased abstraction probability, that may enhance the
abstraction-induced vertex-attack substitution, at large b values.
Along these retention pathways, a structure similar to the C,,
transition state is not found. Furthermore, examination of many
retention trajectories shows that even if some edge-attack
collisions approach the C,, geometry, the reaction may not go
through this high-energy configuration, explaining the fact that
the retention pathway opens well below the barrier
corresponding to the C,, saddle point.
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Figure S. Snapshots of representative trajectories showing the inversion and retention mechanisms of the Cl + CH, — H + CH;Cl reaction (b = 0

and E_; = 80 kcal/mol).
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4. SUMMARY AND CONCLUSIONS

We have improved the high-energy region of our previous
analytical PES™* for the CI(*P, ;) + CH, reaction by adding
1353 energy points corresponding to the substitution channel
via retention pathways. The new PES, obtained by a
permutationally invariant fit to high-level composite ab initio
data, accurately describes the high-energy substitution channel
via inversion and retention mechanisms as well as the
abstraction reaction. For the substitution channel, we have
found a saddle point of C,, symmetry which, to the best of our
knowledge, has never been reported before. The relative
energies of all the stationary points agree with the high-level
benchmark data within 1 kcal/mol showing that the PES has
chemical accuracy.

Quasiclassical trajectory computations have been performed
in the 40—80 kcal/mol collision energy range where both the
abstraction and substitution channels are open. The inversion
substitution channel opens around 40 kcal/mol in accord with
its barrier height, whereas the threshold of the retention
pathway is about 50 kcal/mol, well below the energy of the C,,
saddle point. This behavior may be another example of the
dynamics which do not follow the stationary points. In the
collision energy range of the present study the abstraction
process dominates, but at higher energies the substitution is
significant and may supersede the abstraction as E_ increases.
At small impact parameters, the substitution process has much
larger reaction probabilities than the abstraction. However, the
substitution opacity functions decay rapidly and vanish around
b = 1 A, whereas the abstraction probability has a broad
distribution favoring large impact parameters around 2—2.5 A
in accord with dominant forward scattering indicating direct
stripping mechanism. The substitution reaction is clearly
backward scattered via the inversion pathways indicating direct
rebound mechanism, whereas the retention channel is mainly
sideways scattered because the leaving H atom is at the side
position relative to the forming Cl-C bond. A retention
trajectory can proceed via either edge-attack or vertex-attack
pathway, where the side-C—H bond breaks or the H atom is
abstracted by CI and the CI—H bond breaks after rotation into
side-position, respectively.

The present study shows that a seemingly simple reaction
like Cl + CH, can be quite complex, especially at high collision
energies. This is reminiscent of Sy2 reactions where many
interesting reaction pathways and channels open at high
collision energies.”* In our work, two key factors made possible
to reveal these novel reaction pathways. First, an accurate
analytic PES is developed, which allows efficient trajectory
computations. Second, a numerical technique is implemented
to analyze the configuration of the product molecules, thereby
distinguishing between inversion and retention pathways. This
automatic stereospecific analysis led to the discovery of the
double-inversion mechanism® for Sy2 reactions and the
present retention pathways of the Cl + CH, system. Similar
simulations could be performed for the H + CH, substitution
reaction to resolve the long-standing debate about its inversion
versus retention mechanism.’' ~>> We hope that our work will
motivate others in the field to focus on stereochemistry in
reaction dynamics studies.

9419

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.7b10226.

Comparisons of the PES and benchmark structural
parameters, relative energies, and harmonic vibrational
frequencies for the stationary points of the Cl + CH,
potential energy surface (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: gczako@chem.u-szeged.hu.

ORCID
Gabor Czakd: 0000-0001-5136-4777

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

G.C. thanks the Scientific Research Fund of Hungary (PD-
111900 and K-125317) for financial support. We acknowledge
the National Information Infrastructure Development Institute
for awarding us access to resource based in Hungary at Szeged
and Debrecen.

B REFERENCES

(1) Yan, S; Wu, Y. T.; Zhang, B.; Yue, X.-F.; Liu, K. Do Vibrational
Excitations of CHD; Preferentially Promote Reactivity Toward the
Chlorine Atom? Science 2007, 316, 1723—1726.

(2) Wang, F; Lin, J.-S.; Liu, K. Steric Control of the Reaction of CH
Stretch-Excited CHD; with Chlorine Atom. Science 2011, 331, 900—
903.

(3) Czakd, G.; Bowman, J. M. Dynamics of the Reaction of Methane
with Chlorine Atom on an Accurate Potential Energy Surface. Science
2011, 334, 343—346.

(4) Czaké, G.; Bowman, J. M. Accurate ab Initio Potential Energy
Surface, Thermochemistry, and Dynamics of the CI(*P, *P;/,) + CH,
— HCIl + CH; and H + CH;Cl Reactions. J. Chem. Phys. 2012, 136,
044307.

(S) Wang, F.; Liu, K; Rakitzis, T. P. Revealing the Stereospecific
Chemistry of the Reaction of Cl with Aligned CHD;(v; = 1). Nat.
Chem. 2012, 4, 636—641.

(6) Liu, R;; Wang, F.; Jiang, B.; Czaké, G.; Yang, M.; Liu, K.; Guo, H.
Rotational Mode Specificity in the Cl + CHD; — HCI + CD;
Reaction. J. Chem. Phys. 2014, 141, 074310.

(7) Pan, H; Wang, F; Czaké, G; Liu, K. Direct Mapping of the
Angle-Dependent Barrier to Reaction for Cl + CHD; Using Polarized
Scattering Data. Nat. Chem. 2017, 9, 1175—1180.

(8) Czaké, G.; Bowman, J. M. Reaction Dynamics of Methane with F,
O, C], and Br on ab Initio Potential Energy Surfaces. J. Phys. Chem. A
2014, 118, 2839—2864.

(9) Berke, A. E; Volpa, E. H; Annesley, C. J.; Crim, F. F. The
Influence of Translational and Vibrational Energy on the Reaction of
Cl with CH,D. J. Chem. Phys. 2013, 138, 224306.

(10) Kim, Z. H; Alexander, A. J; Bechtel, H. A; Zare, R. N.
Comparison of Near-Threshold Reactivity of Ground-State and Spin-
Orbit Excited Chlorine Atoms with Methane. J. Chem. Phys. 2001, 115,
179—183.

(11) Rangel, C.; Navarrete, M.; Corchado, J. C.; Espinosa-Garcia, J.
Potential Energy Surface, Kinetics, and Dynamics Study of the Cl +
CH, — HCI + CHj Reaction. J. Chem. Phys. 2006, 124, 124306.

(12) Zhang, Z.; Zhou, Y.; Zhang, D. H,; Czaké, G.; Bowman, J. M.
Theoretical Study of the Validity of the Polanyi Rules for the Late-
Barrier Cl + CHD; Reaction. J. Phys. Chem. Lett. 2012, 3, 3416—3419.

DOI: 10.1021/acs jpca.7b10226
J. Phys. Chem. A 2017, 121, 9415-9420


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.7b10226
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b10226/suppl_file/jp7b10226_si_001.pdf
mailto:gczako@chem.u-szeged.hu
http://orcid.org/0000-0001-5136-4777
http://dx.doi.org/10.1021/acs.jpca.7b10226

The Journal of Physical Chemistry A

(13) Troya, D.; Weiss, P. J. E. Ab Initio and Direct Quasiclassical-
Trajectory Study of the Cl + CH, — HCI + CHj; Reaction. J. Chem.
Phys. 2006, 124, 074313.

(14) Meng, F.; Yan, W,; Wang, D. Y. Quantum Dynamics Study of
the Cl + CH, — HCl + CH; Reaction: Reactive Resonance,
Vibrational Excitation Reactivity, and Rate Constants. Phys. Chem.
Chem. Phys. 2012, 14, 13656—13662.

(15) Remmert, S. M.; Banks, S. T,; Harvey, J. N.; Orr-Ewing, A. J;
Clary, D. C. Reduced Dimensionality Spin-Orbit Dynamics of CH; +
HCl < CH, + Cl on ab Initio Surfaces. J. Chem. Phys. 2011, 134,
204311.

(16) Totenhofer, A. J; Connor, J. N. L; Nyman, G. Angular
Scattering Dynamics of the CH, + Cl — CH; + HCI Reaction Using
Nearside—Farside, Local Angular Momentum, and Resummation
Theories. J. Phys. Chem. B 2016, 120, 2020—2032.

(17) Czakd, G. Gaussian Binning of the Vibrational Distributions for
the Cl + CHy(v,, = 0, 1) > H + CH;Cl(nnyn3nynsns) Reactions. J.
Phys. Chem. A 2012, 116, 7467—7473.

(18) Manikandan, P.; Zhang, J.; Hase, W. L. Chemical Dynamics
Simulations of X~ + CH;Y — XCHj; + Y~ Gas-Phase Sy2 Nucleophilic
Substitution Reactions. Nonstatistical Dynamics and Nontraditional
Reaction Mechanisms. J. Phys. Chem. A 2012, 116, 3061—3080.

(19) Xie, J.; Otto, R;; Mikosch, J.; Zhang, J.; Wester, R.; Hase, W. L.
Identification of Atomic-Level Mechanisms for Gas-Phase X~ + CH;Y
Sn2 Reactions by Combined Experiments and Simulations. Acc. Chem.
Res. 2014, 47, 2960—2969.

(20) Szabé, I; Czakd, G. Revealing a Double-Inversion Mechanism
for the F~ + CH;Cl Sy2 Reaction. Nat. Commun. 2015, 6, 5972.

(21) Stei, M.; Carrascosa, E.; Kainz, M. A.; Kelkar, A. H.; Meyer, J.;
Szabd, I; Czakd, G.; Wester, R. Influence of the Leaving Group on the
Dynamics of a Gas-Phase Sy2 Reaction. Nat. Chem. 2016, 8, 151—156.

(22) Meyer, J.; Wester, R. Ton—Molecule Reaction Dynamics. Annu.
Rev. Phys. Chem. 2017, 68, 333—353.

(23) Olasz, B.; Szabd, L; Czaké, G. High-Level ab Initio Potential
Energy Surface and Dynamics of the F~ + CH;I Sy2 and Proton-
Transfer Reactions. Chem. Sci. 2017, 8, 3164—3170.

(24) Szabé, L; Czakd, G. Dynamics and Novel Mechanisms of Sy2
Reactions on ab Initio Analytical Potential Energy Surfaces. J. Phys.
Chem. A 2017, 121, 9005—9019.

(25) Li, Y.; Wang, Y.; Wang, D. Y. Quantum Dynamics Study of the
Potential Energy Minima Effect on Energy Efficiency for the F~ +
CH;Cl — FCH; + CI™ Reaction. J. Phys. Chem. A 2017, 121, 2773—
2779.

(26) Ma, Y.-T.; Ma, X; Li, A,; Guo, H,; Yang, L.; Zhang, J.; Hase, W.
L. Potential Energy Surface Stationary Points and Dynamics of the F~
+ CH;l Double Inversion Mechanism. Phys. Chem. Chem. Phys. 2017,
19, 20127-20136.

(27) Xie, J.; Kohale, S. C.; Hase, W. L; Ard, S. G.; Melko, J. J;
Shuman, N. S.; Viggiano, A. A. Temperature Dependence of the OH™
+ CH,I Reaction Kinetics. Experimental and Simulation Studies and
Atomic-Level Dynamics. J. Phys. Chem. A 2013, 117, 14019—14027.

(28) Troya, D.; Pascual, R. Z.; Schatz, G. C. Theoretical Studies of
the O(°*P) + Methane Reaction. J. Phys. Chem. A 2003, 107, 10497—
10506.

(29) Troya, D.; Schatz, G. C; Garton, D. J.; Brunsvold, A. L,
Minton, T. K. Crossed Beams and Theoretical Studies of the O(°P) +
CH, — H + OCHj; Reaction Excitation Function. J. Chem. Phys. 2004,
120, 731-739.

(30) Zhao, Z.; Zhang, Z.; Liu, S.; Zhang, D. H. Dynamical Barrier and
Isotope Effects in the Simplest Substitution Reaction via Walden
Inversion Mechanism. Nat. Commun. 2017, 8, 14506.

(31) Chou, C. C.; Rowland, F. S. Threshold Energy for Substitution
of T for D in CD,. J. Chem. Phys. 1969, 50, 2763—2764.

(32) Chou, C. C.; Rowland, F. S. Isotope Effects in the Substitution
Reaction of 2.8-eV Tritium Atoms with Methane. J. Phys. Chem. 1971,
7S, 1283—1289.

(33) Chattopadhyay, A.; Tasaki, S.; Bersohn, R.; Kawasaki, M. The
Inversion Mechanism for the Reaction H + CD, — CD;H + D. J.
Chem. Phys. 1991, 95, 1033—1036.

9420

(34) Bunker, D. L.; Pattengill, M. D. Trajectory Studies of Hot-Atom
Reactions. I. Tritium and Methane. J. Chem. Phys. 1970, 53, 3041—
3049.

(35) Valencich, T.; Bunker, D. L. Trajectory Studies of Hot Atom
Reactions. II. An Unrestricted Potential for CHg. J. Chem. Phys. 1974,
61, 21-29.

(36) Zhang, X.; Braams, B. J.; Bowman, J. M. An ab Initio Potential
Surface Describing Abstraction and Exchange for H + CH,. J. Chem.
Phys. 2006, 124, 021104

(37) Xie, Z.; Bowman, J. M; Zhang, X. Quasiclassical Trajectory
Study of the Reaction H + CH,(v; = 0, 1) — CH; + H, Using a New
ab Initio Potential Energy Surface. J. Chem. Phys. 2006, 125, 133120.

(38) Braams, B. J.; Bowman, J. M. Permutationally Invariant Potential
Energy Surfaces in High Dimensionality. Int. Rev. Phys. Chem. 2009,
28, 577—606.

(39) Bowman, J. M;; Czaké, G.; Fu, B. High-Dimensional ab Initio
Potential Energy Surfaces for Reaction Dynamics Calculations. Phys.
Chem. Chem. Phys. 2011, 13, 8094—8111.

(40) Molpro, version 2015.1, a package of ab initio programs; Werner,
H.-J., Knowles, P. ], Knizia, G., Manby, F. R., Schiitz, M. and others,
see http://www.molpro.net.

(41) Hase, W. L. Encyclopedia of Computational Chemistry; Wiley:
New York, 1998; pp 399—407.

(42) Dymarsky, A. Y; Kudin, K. N. Computation of the
Pseudorotation Matrix to Satisfy the Eckart Axis Conditions. J.
Chem. Phys. 2005, 122, 124103.

(43) Zhang, B; Liu, K; Czaké, G; Bowman, J. M. Translational
Energy Dependence of the Cl + CH,(», = 0, 1) Reactions: A Joint
Crossed-Beam and Quasiclassical Trajectory Study. Mol. Phys. 2012,
110, 1617—-1626.

DOI: 10.1021/acs jpca.7b10226
J. Phys. Chem. A 2017, 121, 9415-9420


http://www.molpro.net
http://dx.doi.org/10.1021/acs.jpca.7b10226

