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Roaming is a novel mechanism in reaction dynamics. It describes an unusual pathway, which can be quite
different from the conventional minimum-energy path, leading to products. While roaming has been
reported or suggested in a number of unimolecular reactions, it has been rarely reported for bimolecular
reactions. Here, we report a high-level computational study of roaming dynamics in the important
bimolecular combustion reaction H + C,H;s — H, + C,Hs, using a new, high-level machine learning-
based potential energy surface. In addition to the complex-mediated roaming mechanism, a non-
complex forming roaming mechanism is found. It can be described as a direct inelastic collision where

the departing H atom roams and then abstracts an H atom. We denoted this as “collision-induced”
Received 25th November 2019 . Th t . hani h diff t lar distributi h both d
Accepted Sth January 2020 roaming. These two roaming mechanisms have different angular distributions; however, both produce

highly internally excited C,Hs. The roaming pathway leads to remarkably different dynamics as

DOI: 10.1035/c95c05951b compared with the direct abstraction pathway. A clear signature of the roaming mechanism is highly
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Introduction

Roaming is a verified unusual pathway leading to unexpected
molecular products, which typically bypasses the minimum-
energy path associated with a conventional transition state
(TS). The first discovery of the roaming mechanism was made
more than a decade ago in the photodissociation of H,CO,
where the term “roaming” was coined to describe an alternative
pathway for the H, + CO molecular channel.*” Such a reaction
pathway is initiated by the frustrated dissociation to form
radical products, followed by the meandering of the incipient
radicals around varied configuration spaces of the moieties in
flat regions of the potential energy surface (PES) and ultimately
reaching an attractive portion of the PES that leads to intra-
molecular abstraction and to the molecular products. Since
then, the roaming mechanism has attracted much attention,
and evidence of roaming has been observed in many other
unimolecular dissociation systems'*® and also some bimolec-
ular reactions.'”>°
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internally excited C,Hs, which could be observed experimentally.

In this work, we report the first full-dimensional reaction
dynamics simulations of the important combustion reaction of
hydrogen with ethylene, using a new, high-level ab initio PES.
These calculations demonstrate the existence of roaming in this
bimolecular reaction leading to the molecular hydrogen and
vinyl radical. An examination of roaming trajectories uncovers
two roaming mechanisms. One is the (usual) complex-
mediating one and the second one is non-complex forming.
The latter novel mechanism can be described as a direct
inelastic collision where the departing H atom roams and then
abstracts an H atom. This finding is of general significance
because hydrocarbons are ubiquitous and among the most
important species in combustion chemistry and atmospheric
chemistry.* It is well known that a hydrogen atom might
associate with ethylene to form an ethyl radical,***” C,Hs, which
is ~40 kcal mol~ ' below that of H + C,H,. A hydrogen atom
might also directly abstract another H atom from ethylene via
a conventional TS, leading to the vinyl radical and molecular
hydrogen.**® The barrier for the direct abstraction of H + C,H,
— H, + C,H; is roughly 17 kcal mol ™~ *.262

Due to its important role in combustion chemistry,” the
kinetics of H + C,H, — C,Hs/H, + C,H; and its reverse have
been the subject of interest in both experimental®*?**®* and
theoretical®®” investigations for many years. However, the
detailed dynamics and reaction mechanism of this fundamen-
tally important reaction remain unclear. Previous theoretical
work for the H + C,H, reaction was limited to ab initio calcu-
lations of stationary points and reaction paths,***”** which
indicated a direct H atom abstraction pathway leading to H, +

This journal is © The Royal Society of Chemistry 2020
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C,H; via a conventional TS, as well as a H atom addition
pathway resulting in the ethyl radical, C,Hs. The reverse
decomposition of C,H; can yield H + C,H,, but not H, + C,H;,
because no conventional first-order saddle point for the H,
elimination pathway from the C,Hs adduct was found. These
quantum chemical calculations explored limited regions of the
reaction paths, which were unable to corroborate the reaction
mechanism.** Qualitatively, a roaming pathway in alkane
dissociation has been suggested.” More recently a direct-
dynamics study of the unimolecular dissociation of an ethyl
radical revealed a roaming pathway leading to H, + C,H3."* The
roaming pathway in this case is perforce the complex-mediated
one and thus these calculations could not uncover non-complex
forming roaming. In addition, the use of a fairly low level of
electronic structure and the propagation of a small number
(3600) of trajectories failed to give deep insight and details of
the dynamics features, due to the large computational effort
this approach entails.

These limited studies of possible roaming in alkyl unim-
olecular dissociation led us to consider a much more detailed
study of the more general bimolecular reaction of an H atom
with a hydrocarbon. Specifically, we report a full-dimensional
dynamics study of the H + C,H, reaction, employing a new,
accurate global PES that describes the C,Hs complex as well as
a conventional direct abstraction pathway to the H, + C,H;
products.

The dynamics calculations uncover a collision-induced
roaming pathway to these products. This pathway is facili-
tated by bimolecular collisions, and originates from an
extremely short-lived intermediate but by-passes the conven-
tional direct abstraction pathway. Particularly, compared with
the unimolecular dissociation of C,Hs, the bimolecular colli-
sion enhanced the roaming pathway by roughly 18% to form H,
+ C,Hj3, due to the fast energy transfer from the collision energy
to the internal vibrational excitation of C-H bonds. The details
of the roaming pathway are described and in particular an
experimentally observable signature of this pathway is reported.

Results and discussion
Full-dimensional potential energy surface

The global PES was fit using the fundamental invariant neural
network (FI-NN) approach based on roughly 100 000 ab initio
energy points by high level UCCSD(T)-F12a/aug-cc-pVTZ calcu-
lations.**** The FI-NN approach uses the fundamental invari-
ants (FIs) as the input vector of the neural network, which is
proposed based on the permutationally invariant polynomial
(PIP)** and PIP-NN** approaches, but minimizes the size of
input invariants and efficiently reduces the evaluation time of
potential energy, in particular for larger molecular systems with
more identical atoms. This fit results in an overall root mean
square error (RMSE) of only 13.7 meV (~0.3 kcal mol '), rep-
resenting an unprecedented fitting accuracy for PESs of seven-
atom multichannel reactions. Fig. 1 shows relevant stationary-
point structures and energies from the PES and direct ab ini-
tio calculations, relative to the reagents H + C,H, (with vibra-
tional zero-point energies not included) and corresponding to
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Fig.1 The minimum energy paths of the H + C,H,4 reaction obtained
from the PES (solid lines) and those calculated from the UCCSD(T)-
F12a/AVTZ theory (symbols).

the relevant product channels. The minimum energy paths were
determined by the quadratic steepest descent method.*® As is
seen, there is excellent agreement between the PES and
UCCSD(T)-F12a/aug-cc-pVTZ results. The maximum fitting error
for energy points on the reaction paths is only 0.1 kecal mol .
The fitting errors of all the data points, optimized geometries
and harmonic frequencies of stationary points obtained from
the PES and ab initio calculations are shown in the ESI (Fig. S1,
S2 and Table S1t). The comparisons made for these critical
properties obtained from the current PES and UCCSD(T)-F12a/
AVTZ calculations show very good agreement among them.

As seen in Fig. 1, the collision of H with C,H, can either go
over a barrier of 17 kecal mol " to directly abstract an H atom
from C,H,, resulting in H, + C,Hj;, or a much lower barrier of
roughly 2.0 kcal mol™" to form the C,H; complex via H atom
addition. In the C,H; adduct, which is located at 40 kcal mol *
below the H + C,H, asymptote, H atom migration can occur
between two carbon atoms back and forth via TS3 before
decomposition. It is worth noting that there is no direct
pathway or conventional first-order saddle point in the reaction
leading to H, + C,H; from the C,H; complex.

Full-dimensional reaction dynamics simulations

With an accurate, full-dimensional, analytical PES in hand, we
can move much further than predicting reaction pathways
based on stationary points, and gain deep insight into the
reaction mechanisms and also predict observable outcomes of
the reaction. To do this, we carried out extensive quasi-classical
trajectory (QCT) calculations on the PES, thereby tracking the
motion of the atoms. A total of roughly 30 million trajectories
were run for C,H, initially in the ground vibrational state, at
a collision energy (E.) of 60 kcal mol™*. Such a high collision
energy is also accessible in the experiment.*” Trajectories were
also run at collision energies ranging from 30 kcal mol ™" to
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70 kcal mol™'. Details of this PES and QCT calculations are
given in the ESL

The dynamics simulations based on the accurate PES
showed that that the major product channel is the hydrogen
exchange. As expected, the hydrogen exchange proceeds
through a long-lived C,Hs complex, in which the incoming H
addition to the C-C double bond is followed by another H
elimination from the methyl group. During this process, the H
atom can also migrate between two carbon atoms before the
decomposition of C,Hs, and finally one H atom of C,H, is
substituted by the incoming H atom. The collision between H
and C,H, also leads to the direct H atom abstraction in forming
the H, molecule and C,Hj3, but proceeds through a much higher
barrier compared to the H atom addition.

Collision-induced and complex-mediated roaming dynamics

By examination of trajectories, we found a small but significant
fraction that leads to H, via two roaming mechanisms. Snap-
shots of a typical trajectory illustrating roaming (collision
energy of 60 kcal mol™" with the initial impact parameter b =
0.2 bohr) are shown in Fig. 2. As is shown, the incoming H atom
first attacks one carbon atom when approaching ethylene,
forming a vibrationally excited C,Hj5 (Fig. 2a—c) in what appears
to be simple inelastic scattering. However, subsequently and
promptly the H atom detaches from the carbon atom (ethylene),
and “roams” almost independently in the region of the C-H
bonded complex, which is about to be eliminated (Fig. 2d-f),
but finally gets pulled back toward the ethene and picks up
a hydrogen atom with an orientation favorable for abstraction
to form H, (Fig. 2g-i).

We found that this typical trajectory finishes within an
unexpectedly short reaction time (~45 fs). The distribution of
reaction time for roaming trajectories, which is defined as the
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Fig. 2 (a—i) Each panel shows the geometry at the reaction time
indicated (fs). The internuclear distances (A) between the incoming H
atom and target C atom, and between the detaching H and C atoms
are indicated by red and black fonts, respectively.
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duration time for a reactive trajectory proceeding from the
reactant side to product side with a distance between two
fragments of 6 bohrs, is depicted in Fig. 3, showing a remark-
able peak at around 95 fs and a long but small tail up to the time
of 4 ps. This feature is quite different from that of a typical
complex-forming reaction, which might exhibit much more flat
time distributions. Therefore, we also investigated the unim-
olecular dissociation dynamics of C,H; on this full-dimensional
PES. These trajectories were run from the C,H; complex, with
the total energy the same as that of the bimolecular collision,
and the microcanonical sampling of the initial momenta. As
shown in Fig. 3, the reaction time of roaming trajectories from
the unimolecular dissociation is distributed over a wide range
without any noticeable bias. In addition, we found 18% more
probability of roaming trajectories from the bimolecular colli-
sion in the reaction leading to H, + C,Hj3, than those from the
unimolecular dissociation.

Further examination of these trajectories uncovered that
the bimolecular collision can facilitate the vibrational exci-
tation of the C-H bonds of the C,H; intermediate in an
unexpectedly short time, and thus enhances the roaming
process and accelerates the reaction. As shown in the snap-
shots in Fig. 2, the vibration of one C-H (incoming H) bond is
highly excited due to the fast energy transfer from the colli-
sion energy, followed by vibrational excitation of another
marked C-H bond, and thus the energy from the initial
formation of C,Hs can be highly localized in the two C-H
vibrational modes which facilitates the roaming and intra-
molecular abstraction. This is quite different from a genuine
complex-forming reaction or unimolecular reaction,” in
which the intramolecular vibrational energy redistribution
among different modes of complex plays an important role.
Because of the vibrational excitation of two C-H bonds, the
roaming process leading to H, + C,H; was finally enhanced
and accelerated, resulting in a sharp peak in the reaction time
distribution (Fig. 3).
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Fig. 3 The distributions of reaction time for the H + C,H4 bimolecular
reaction at E. = 60 kcal mol™, together with those for the unim-
olecular dissociation of C,Hs at the same total energy.
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Further analysis revealed that these roaming trajectories
were completed in a short reaction time (=100 fs) yielding
mainly the backward-scattered products, as shown in Fig. 4a,
with relatively small impact parameters, and also some forward-
scattered products for large impact parameter collisions. We
name this reaction mechanism as collision-induced roaming
(see two complete animations of representative backward and
forward scattering trajectories via collision-induced roaming in
the ESIt). The unusual roaming pathway was also verified by
direct ab initio calculations along selected trajectories. A
comparison of potential energies between direct ab initio
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Fig. 4 (a) The angular distribution of H; relative to the direction of the
incoming H atom, resulting from the collision-induced and complex-
mediated roaming mechanisms for the H + C;H,4 bimolecular reaction
at E. = 60 kcal mol™. (b) 3D polar plot for the product translational
energy and angular distributions via the collision-induced roaming
mechanism. (c) The same as (b), except for the complex-mediated
roaming mechanism.
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calculations and fitted results from the FI-NN PES for two
representative trajectories (inclusive of the aforementioned
trajectory) showing the collision-induced roaming mechanism
is displayed in Fig. S3.7 The potential energies obtained from
the fitted FI-NN PES reproduce considerably well the ab initio
data, thereby validating the new findings.

When the reaction time increases (>100 fs), these roaming
trajectories give rise to a nearly isotropic angular distribution
(Fig. 4a), indicating that the long-lived complex-mediated
pathway plays a prominent role. Apparently, the scattering
with a long-lived complex totally loses the memory of the initial
approach direction, and one H atom can also migrate between
two carbon atoms and the hydrogen molecule from either two
hydrogen atoms of the methyl group of C,Hs can be emitted in
all the directions without any bias in this complex-mediated
roaming mechanism (see one complete animation of the
representative complex-mediated roaming trajectory in the
ESIf). The total angular distribution of roaming pathways
resembles that of collision-induced roaming, due to the
isotropic angular distribution of complex-mediated roaming,
showing mainly backward scattering as well as substantial
contributions from the forward and sideways scattering. 3D
polar plots shown in Fig. 4b and c for the product translational
energy and angular distributions of H, + C,H; from the
collision-induced and complex-mediated roaming mechanisms
further reflect the remarkably different correlations between the
initial (reactant) and final (product) relative velocity vectors.

Roaming versus direct abstraction

It is interesting then to determine the fraction of the roaming
pathway at various collision energies, and also the reaction
threshold of the roaming pathway. The cross-sections and
branching fractions of the direct abstraction and roaming
pathways as a function of collision energy are shown in Fig. S4.}
We can see that with the increase of the collision energy, the
cross-sections of both the direct abstraction and roaming
pathways increase, and the branching fraction of the roaming
pathway increases as well. The roaming pathway accounts for
roughly 16% of the total H, + C,Hj; yield at the collision energy
of 60 kcal mol™'. A quite high threshold of roughly
30 kcal mol ™" for the roaming channel is obtained, presumably
due to the fact that the product H, + C,H; channel lies above the
reactants H + C,H, for the title reaction.

As reaction dynamics should be determined by the full-
dimensional PES, we have computed and depicted the two-
dimensional contour plot of the PES as a function of two CH
bonds (RCH; and RCH,) in Fig. S5,f with other coordinates
(degrees of freedom) optimized. Note that roaming occurs when
the dihedral ¢ between the plane of C-C-H; and C-C-H, is
larger than 30°, which is quite different from the direct
abstraction via TS1 (¢ is around 0°), we restricted this dihedral
angle to >30° in the optimization to distinguish the roaming
channel from the direct abstraction channel. There are 15
degrees of freedom for the H + C,H, reaction, and thus the
potential energy optimization performed over these coordinates
is highly demanding, which again implies that the current PES
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is globally smooth and accurate. In addition, the evolution of
three typical roaming trajectories is also superimposed on the
contour plots of the PES, namely two collision-induced roaming
trajectories with an extremely short reaction time and
a complex-mediated roaming trajectory with a long-lived
complex, as shown in Fig. S5.f As shown in these figures,
there is a barrier of around 30 kcal mol™* from C,Hs to H, +
C,H;, which indicates that roaming trajectories can only occur
at very high collision energies. To the best of our knowledge,
this is also the first time a roaming pathway has been discov-
ered in an endothermic bimolecular reaction. We also investi-
gated the effects of vibrational excitations of various modes of
C,H, on the roaming probability. As shown in Fig. S61 for the
results at the impact parameter b = 0, we found that the
vibrational excitation of C,H, can enhance the roaming reac-
tivity, but is as efficient as the collision energy in enhancing the
roaming reactivity.

Furthermore, we found substantially different dynamics
information produced by the direct abstraction and by the
roaming pathway at the collision energy of 60 kcal mol .
Fig. 5a compares the product translational energy distributions,
P(Ey), for the H + C,H, — H, + C,Hj; reaction between the direct
abstraction and roaming pathways, together with the total
translational energy distributions of the sum of contributions
from the two different mechanisms. The P(Ey) from the direct
abstraction mechanism has a peak around 35 keal mol™*, and
reaches up to the available energy of roughly 55 kcal mol *,

indicating substantial translational energy release. The
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behavior of the translational energy distribution of H, + C,H;3
from the direct abstraction pathway supports that the dynamics
of this channel is dominated by the exit channel barrier. In
contrast, much lower energy is released as the product trans-
lational energy via the roaming pathway. As is shown, the
translational energy distribution from the roaming pathway
peaks at roughly 25 kcal mol ', and vanishes at the energy of
50 keal mol . The average fraction of the total available energy
(50.1 kcal mol™ ") released as translational energy from the
roaming pathway is 48%, which is lower than the corresponding
value of 62% for the direct abstraction. Since the initial
formation of the C,Hs intermediate, short-lived or long-lived,
more energy is channeled into the internal degrees of
freedom of C,Hs, which can also facilitate the high internal
(rovibrational) excitation of the products. The total translational
energy distribution resembles that from the direct abstraction,
due to the relatively small contributions from the roaming
pathway.

We found very different internal energy distributions of the
C,H; and H, products from the two reaction mechanisms. As
shown in Fig. 5b, the internal energy distribution of C,H; from
the roaming pathway peaks at a very high energy up to about
42 kecal mol !, which is remarkably higher than the corre-
sponding result from the direct abstraction. Note that we see
much higher internal excitation of C,H; at E. = 60 kcal mol ™
(corresponding to the photolysis energy of 94.7 kcal mol )
compared with the limited direct dynamics results of unim-
olecular dissociation by Matsugi®® using even a higher
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(a) Center-of-mass (CM) translational energy distribution of H, + C,H3 resulting from direct abstraction and roaming pathways at E. =

60 kcal mol™™. (b) The same as (a), except for the internal energy distribution of CoHs. (c) The same as (a), except for the internal energy
distribution of H,. (d) The same as (a), except for the angular distribution of H; relative to the direction of the incoming H atom.
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photolysis energy of 114.3 kcal mol ™. The high internal energy
region (>40 kcal mol™') has negligible contributions to the
overall internal energy distribution from the direct abstraction.
The behavior of distribution curves indicates that much more
energy is relaxed into the rovibrational motion of C,H; in the
roaming pathway, due to the formation of the highly activated
C,H; intermediate. A great fraction (83%) of the available
energy is retained in the internal energy of the C,H; radical,
given the large number of internal degrees of freedom of C,H;.
In addition, the large contribution from the roaming pathway at
high internal energy gives rise to a shoulder-like structure in the
total internal energy distribution above 40 kcal mol~*. There-
fore, it is interesting to note that the signature of the roaming
mechanism for the H + C,H, — H, + C,H; reaction is also
manifested as the existence of a distinct shoulder-like feature in
the total internal energy distribution of product C,Hj;.

The internal energy distributions of C,H; are in strong
contrast to the results of H,. As shown in Fig. 5c, the distribu-
tion of the internal energy of H, peaks at roughly 30 kcal mol ™
for the direct abstraction, compared with the corresponding
value of 15 keal mol ™" for the roaming pathway, revealing that
the direct abstraction pathway produces H, with higher internal
energy than that from the roaming pathway. By further
comparing the vibrational and rotational state distributions of
H, (see Fig. S7 and S87), we found considerably higher vibra-
tional excitation of H, and slightly higher rotational excitation
of H, from the direct abstraction. There are substantial frac-
tions of H, in vibrationally excited v = 1 and v = 2 from the
direct abstraction, but not the roaming pathway. However, due
to the formation of a C,H; intermediate, more available energy
is relaxed into the internal degrees of freedom of C,Hj;, leaving
very limited rovibrational excitation of H, and final trans-
lational motion of products from the roaming mechanism.

The angular distributions of H, relative to the incoming H
resulting from the direct abstraction and roaming mechanisms
are displayed in Fig. 5d, together with the total angular distri-
butions of the sum of contributions from the two different
mechanisms. The angular distribution for direct H abstraction
demonstrates a pronounced forward scattering peak, with
relatively small contributions from the sideways and backward
scattering. A clear preference for forward scattering implies that
stripping plays a dominant role in direct H abstraction of H +
C,H, — H, + C,H; at the high collision energy of 60 kcal mol .
The rebound component, which gives reactive scattering in the
backward and sideways directions, is quite small. Because of
the extremely short reaction time for collision-induced roaming
processes, the reaction via roaming results in mainly the
backward scattering, with some contributions from both the
forward and sideways scattering. This feature is quite different
from that of a long-lived complex-forming reaction, for which
the angular distribution shows scattering that is symmetric with
respect to the forward and backward direction or fully isotropic.

3D polar plots for the product translational energy and
angular distributions of H, + C,H; arising from the direct
abstraction and roaming pathways are shown in Fig. S9.1 The
very different behaviors of 3D polar plots for the direct
abstraction and roaming pathways further reveal a very
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different partitioning of the total available energy and a corre-
lation between the initial and final relative velocity vectors. The
pronounced forward scattering peak for the direct abstraction
mainly resides in the high kinetic energy region; however, the
mainly backward scattering in the roaming pathway demon-
strates relatively lower kinetic energy, suggesting high internal
excitation of the products.

Conclusions

The roaming mechanism discovered here for the H + C,H,
reaction represents a new pathway in generating molecular
hydrogen and vinyl, in addition to direct H abstraction via
a conventional transition state. This was accomplished by
developing the first fifteen-dimensional PES for the H + C,H,
reaction using the FI-NN fitting to a large number of UCCSD(T)-
F12a/AVTZ data points, as well as extensive quasi-classical
trajectory calculations on this globally accurate PES. We
demonstrated that the roaming channel proceeds via a frus-
trated ethylene + H dissociation from the initially formed C,H;
intermediate, followed by the roaming of the H atom to find
a favorable orientation to abstract a hydrogen atom from
ethene. This is also the first time that a roaming mechanism has
been discovered in an endothermic bimolecular reaction.

A collision-induced roaming mechanism is proposed for the
H + C,H, reaction, with an unexpectedly short reaction time as
well as short-lived C,H; intermediates, because of the efficient
and prompt energy transfer from the collision energy to the
vibrational excitations of two C-H bonds of the methyl group,
exhibiting mainly the backward scattering with some contri-
butions from the forward and sideways scattering. This mech-
anism is quite different from the complex-mediated roaming
mechanism, as found in many unimolecular dissociation
systems, where the energy from the initial formation of the
long-lived C,Hs complex should not be highly localized in
specific modes, and the intramolecular vibrational energy
redistribution of the complex dominates. A nearly isotropic
angular distribution is seen in this complex-mediated roaming
mechanism for this reaction. Therefore, the roaming mecha-
nism presented here for the title system is enhanced and
accelerated by the bimolecular collision, compared with the
unimolecular dissociation. We anticipate that the collision-
induced roaming mechanism discovered here also applies to
other bimolecular reactions, which is of general significance for
our understanding of chemical reactions as well as combustion
processes.

Moreover, distinct dynamics information from the roaming
and direct abstraction mechanisms was observed in our full-
dimensional dynamics simulations. Due to contributions
from both the collision-induced and complex-mediated roam-
ing mechanisms, the roaming pathway results in mainly the
backward scattering but with substantial contributions from
the forward and sideways scattering. In strong contrast, the
stripping mechanism dominates in the direct abstraction
channel at high collision energy, showing pronounced forward
scattering. Compared to the direct abstraction channel, the
roaming pathway results in less energy release in product
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translational motion and internal degrees of freedom of H,, but
predominantly more internal energy of C,Hj3, leading to a clear
shoulder-like structure in the total internal energy distribution
of C,H; for the title reaction. Note that there is H atom
scrambling in roaming trajectories, and thus one can perform
an experiment of D + C,H,, and detect the H, product to
investigate dynamical details of roaming, which can be distin-
guished from the HD product arising from the direct abstrac-
tion mechanism. We expect that these predictions can motivate
a further dynamical platform of experiment for this important
bimolecular reaction in combustion.
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