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It has long been predicted that oscillatory behavior exists in
reactivity as a function of collision energy for heavy-light-heavy
(HLH) chemical reactions in which a light atom is transferred be-
tween two heavy atoms or groups of atoms, but direct observation
of such a behavior in bimolecular reactions remains a challenge.
Here we report a joint theoretical and crossed-molecular-beam
study on the Cl + CH; — HCl + CHj reaction. A distinctive peak at a
collision energy of 0.15 eV for the CHs(v = 0) product was experi-
mentally detected in the backward scattering direction. Detailed
quantum-dynamics calculations on a highly accurate potential en-
ergy surface revealed that this feature originates from the reactivity
oscillation in this HLH polyatomic reaction. We anticipate that such
reactivity oscillations exist in many HLH reactions involving polyatomic
reagents.

heavy-light-heavy | quantum differential cross-sections | reactivity
oscillations | polyatomic reaction

any important chemical reactions involve a light atom
(normally a hydrogen atom) transfer between two heavy
atoms or groups of atoms, which are commonly referred to as
heavy-light-heavy (HLH) reactions. Because of their great
practical importance and being chemically interesting, they have
been the subject of numerous theoretical and experimental
studies for decades (1-16). Early theoretical studies of collinear
reactions on empirical potential energy surfaces (PESs) discov-
ered pronounced but slow oscillating behavior of reaction
probabilities as a function of collision energy in many HLH re-
actions (1-3). These oscillations were attributed to the fast
chattering motion of the light atom between two heavy atoms,
therefore were classical in origin (2). In late 1980, the observa-
tion of oscillatory structures in the photodetachment experi-
ments of Neumark and coworkers on the CIHCI™ and IHI™
anions greatly stimulated further theoretical studies on HLH
reactions (15, 16). However, three-dimensional (3D) quantum
scattering studies of triatomic reactions on increasingly realistic
PESs found that the reaction probability for initial nonrotating
reagent is tiny with the pronounced oscillations in the collinear
reaction probability greatly suppressed (6, 9, 11). Quasiclass-
ical trajectory simulations of HLH triatomic reactions revealed
that the approach of the heavy atom tends to drive the mole-
cule to rotate away from the collinear configuration, leading to
tiny reactivity for nonrotating reagent, while initial rotation
excitation can help the molecule to rotate back to collinear
configuration, consequently dramatically enhancing the re-
activity (11). As a result, it is hard to observe experimentally
the HLH oscillation in triatomic reaction normally dominated
by reagent with little rotation excitation, except by using the
photodetachment technique (15, 16). An intriguing question
is, can we observe such kind of oscillations in a polyatomic
reaction?
The Cl + CH4—HCI + CHj; reaction has been the subject of
extensive experimental and theoretical investigations due to its
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crucial role in the Cl/O3 destruction chain mechanism in the
stratosphere, and has become a prototype for studying mode
specificity and bond selectivity in polyatomic reactions with a
late barrier (17-36). As a hydrogen transfer reaction between
the heavy Cl atom and relatively heavy CH; moieties, it is also
an ideal HLH system for dynamics study. Earlier experimental
studies found that at low collision energies the product HCI is
strongly backscattered with a cold rotational state distribu-
tion (17). Crossed-molecular-beam experiments performed by
Liu and coworkers on the reaction revealed that the excitation
function increases steadily with collision energy with a thresh-
old of ~2.5 kcal/mol (21, 24). The measured angular distribu-
tion evolves slowly from backward near threshold to sideways,
and into the forward hemisphere with further increase of col-
lision energy. Banks and Clary performed a collinear quantum-
dynamics study on the reaction on a high-level PES by treating
the remaining spectator modes adiabatically with zero-point
energy correction included (27). Their calculation not only
yielded thermal rate constants in good agreement with experi-
mental measurements, but also found oscillatory behavior in
the cumulative reaction probability as observed in HLH tri-
atomic reactions. In 2009, Czaké and Bowman constructed a
high-quality global PES for the reaction system by using per-
mutation invariant polynomial fitting (denoted as CB PES)
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based on extensive multireference configuration interaction ab
initio calculations (29, 30). On the PES, Wang and coworkers
performed a six-dimensional quantum scattering study of the
Cl + CH,4 reaction by treating CH,4 as a triatomic molecule
(32), and Yang and coworkers carried out an eight-dimensional
quantum-dynamics study of the reaction (35) by using the
reduced-dimensionality model of Palma and Clary by restrict-
ing the nonreacting CHj; group in C;, symmetry (37). Both
calculations revealed that there is a distinctive peak in total
reaction probabilities for the total angular momentum J = 0 at
collision energy of about 0.14 eV. Both studies inferred that the
peak is related to a resonance in the reaction, however, without
providing any dynamical origin. Therefore, the following
questions clearly emerge: Does the oscillatory behavior ob-
served in the collinear calculation by Bank and Clary persist in
3D calculations? What is the dynamical origin for the peak
observed in these two quantum-dynamics calculations on the
CB PES: dynamical resonance or HLH oscillation? How can we
probe it experimentally if it does exist?

To seek answers to these questions, we present here a joint
theoretical and experimental study on the reaction in the low
collision energy region. The experiment was carried out on a
crossed-beam apparatus in combination with time-sliced velocity
map ion imaging and (2+1) resonance-enhanced multiphoton
ionization (REMPI) detection of the CH;3(v = 0) product (38).
The experimentally measured images of the CHj product from
the Cl + CH4 —HCI + CHj;(v = 0) reaction at collision energies
of 0.12, 0.18, and 0.22 eV are depicted in Fig. 1, Top after the
density-to-flux transformation correction. At E. = 0.12 eV, the
angular distribution is peaked at the backward direction (the
direction of the Cl atom beam in the center-of-mass frame).
With the increase of collision energy, the peak of the angular
distribution moves rather quickly to sideways direction. An in-
teresting feature for all these three images is the narrow velocity
distributions close to maximum velocity limit, indicating both
the CH; and HCI products are very cold rotationally as will be
shown below. Overall, the images shown in Fig. 1 are close to
those obtained by Liu and coworkers (24), except some small
differences in peak positions.

It would be interesting to search if similar oscillations as
those found in the reaction probability for J = 0 can be found
in some measurable quantity such as the differential cross-
sections (DCSs) at some scattering angles, as previously
demonstrated in the studies of the F/Cl + HD systems (39,
40). To probe possible oscillations in reaction probabilities,
we performed a careful measurement of the collision-energy
dependence of DCSs in the backward scattering direction,
designated as the backward scattering spectrum (BSS) for
the reaction. The obtained BSS for the CH;(v = 0) product
shows a clear peak at E. = 0.15 eV (Fig. 24). The width of
the peak is about 0.08 eV (1.6 kcal/mol), larger than that
observed in the F/Cl + HD reactions due to dynamical
resonances.

Theoretically, we constructed an accurate full-dimensional
PES for the system by using the neural-network fitting method
and performed quantum-dynamics calculations by using the
reduced dimensionality model of Palma and Clary with the
nonreacting CHj3 group constrained in the Cs, symmetry (37).
The calculated total reaction probabilities for the reaction on
the PES for the total angular momentum J = 0 (Fig. 2B) and
for J up to 100 (SI Appendix, Fig. S6) exhibit a clear peak
structure. For J = 0, a distinctive peak appears at the collision
energy of ~0.14 eV, very close to that observed on the CB PES
(32, 35). Because the new and CB PESs were constructed by
using different fitting methods based on different level of ab
initio methods, the presence of the distinctive peak on both
PESs further confirmed that the peak is unlikely caused by the
defects on PES. As can be seen, the peak is dominated by the
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CH;(v = 0) product. Interestingly, the reaction probabilities
for the CH;3(v; = 1) (v is for the umbrella vibrational mode)
product also exhibit a peak, but the peak energy is higher than
that for CH3(v = 0) by about 0.06 eV, quite close to excitation
energy of CH; umbrella motion of about 0.07 eV. For J > 0 partial
waves, the peaks clearly originate from the corresponding J = 0 peak
by progressive J shifting.

The computed 3D DCS at these three collision energies
(Fig. 1, Bottom) for the CH3(v = 0) product reproduce well
their experimental counterparts shown in Fig. 1, Upper. Theory
also gives very cold rotational distribution for the product, with
about 95% of total available energies deposited to the trans-
lational motion of the products. SI Appendix, Fig. S7 shows the
comparison of the experimental and theoretical scattering an-
gle distributions. The experimental DCSs involve a few low
rotational states of CH; product covered by the bandwidth of
the REMPI laser pulse, while the theoretical results include all
of the rotational states of CHj. This results in the different
peak positions and relative heights in the theoretical and ex-
perimental angular distributions. We have also computed the
BSS for the CH3(v = 0) product, and compared with the ex-
perimental results (Fig. 24). Good agreement between theory
and experiment is achieved, with the experimental BSS about
0.01 eV shifted toward higher energy. By examining the con-
vergence of BBS with respect to partial wave function in S7
Appendix, Fig. S8, we found that the calculated peak in BSS
shown in Fig. 24 is contributed by partial wave function with
the total angular momentum J up to 80. Despite this, the peak
resembles that exhibited in the total reaction probability for the
J = 0 partial wave in Fig. 2B very closely, as found in the F/Cl +
HD reactions. Furthermore, the reasonable agreements be-
tween theory and experiment on DCSs and BSS indicating both
the PES and quantum-dynamics method are sufficiently accurate
to elucidate the dynamical origin of the observed oscillatory
structure.

Does such a peak originate from an HLH oscillation or a
dynamical resonance? With S-matrix elements for reaction avail-
able, we calculated the phases for some product states with large
populations. The phases for all these states decrease steadily with
collision energy, as would be expected for direct reactive scattering
on a repulsive potential (SI Appendix, Fig. S9). The resulting
lifetimes show no delay at the peak energy, indicating that the
peak is not likely caused by a dynamical resonance (SI Ap-
pendix, Fig. S10).

To investigate the dynamical original of the reaction
probability peak, we performed time-dependent wave-packet
calculations to extract the scattering wave function at the
collision energy of 0.14 eV (3.4 kcal/mol) for J = 0. The two-
dimensional contour of the scattering wave function shows a
distinctive peak at the corner around the saddle point without
any nodal structure (Fig. 3B). Inspection of the wave function
on the other degrees of freedom does not find any node
either.

Vibrationally adiabatic potential (VAP) has been widely used
to provide dynamical origin for reactive resonances in the F +
H,/HD, Cl + HD reactions (39-41). Shallow wells caused by
lowered vibrational energy for the degree of freedom other
than the reaction coordinate were found in VAP curves to
support resonance states for these systems on highly accurate
PESs. Vibrationally adiabatic treatment has also been used to
study HLH reaction, because of different timescales for light
atom to move across the saddle-point region and collision time
which is governed by heavy-atom translational motion. On
many empirical PESs for HLH systems, shallow wells were
predicted in transition-state region to support dynamical reso-
nances, in particular for that with light atom in vibrationally
excited states (10, 11). Because the calculated wave func-
tion does not have any nodal structure (Fig. 3B), the state must

PNAS | April 28,2020 | vol. 117 | no.17 | 9203

CHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917618117/-/DCSupplemental

Downloaded at Dalian Inst Chemical Physics on April 28, 2020

Ec=0.12 eV
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Fig. 1. (Top) The ion images of the CH3(v = 0) product from the Cl + CH; — HCl + CH; reaction at collision energy of 0.12 (Left), 0.18 (Middle), and
0.22 eV(Right). (Bottom) The corresponding theoretical DCSs calculated on the PES. Dashed circles represent the maximum translational energies of the
product CH3 in the ground vibrational state (Top) and the first umbrella excited state (Bottom). Newton diagrams are also shown in the figure. The ex-
perimental images involve a few low rotational states of CH3 product covered by the bandwidth of the REMPI laser pulse, and all of the available rotational
states of the coproducts, HCI. The theoretical DCSs include all of the available rotational states of CHs and HCI.

reside on the ground vibrational adiabatic potential surface.
The calculated VAP for CH vibration in ground state does not
show any well structure (SI Appendix, Fig. S11), confirming
further the reaction probability peak is not related to a dy-
namical resonance. This explains why the peak energies for the
CH;(v = 0, 1) product states can be different as shown in
Fig. 2B. If these two peaks originated from a dynamical reso-
nance, the peak positions should be the same.

To further check if the reaction probability peak is caused by
HLH mass combination, we calculated the total reaction prob-
abilities for the reaction with mass of Cl artificially reduced.
With the decrease of the mass of the incoming atom, the peak
becomes less prominent and disappears completely when the
mass is set to 1/8 of the Cl atom (SI Appendix, Fig. S12).
Therefore, the reaction probability peak in the reaction is the
very oscillation peak for an HLH system. In other words, the
HLH oscillation found by Banks and Clary in their collinear
calculation persists in the reaction with nonrotating initial
state (27), very different from what was observed in triatomic
reactions.

From the classical point of view, the HLH oscillations orig-
inate from the fast chattering motion of the light atom between
two heavy atoms/groups. To unravel how this chattering motion
manifests in quantum mechanics, we present three more wave
functions at the collision energies of 0.10, 0.19, and 0.24 eV

9204 | www.pnas.org/cgi/doi/10.1073/pnas.1917618117

Ec=0.18 eV

Ec=0.22 eV

(Fig. 3 A, C, and D), together with that of 0.14 eV. All of the
wave functions have clear nodal structures in R direction (the
distance between incoming Cl atom and CH, molecule) in the
transition-state region which change substantially with collision
energy. The nodal structures shown in Fig. 3 are standing waves
in nature, originating from the superposition of the incoming
wave function and reflecting wave function from the shape
turning corner characteristic for an HLH system. At the colli-
sion energy of 0.10 eV (Fig. 34), the first peak of the standing
wave is formed largely at the reactant side of the corner due to
insufficient energy. With the increase of collision energy to 0.14
eV, the first peak comes to locate exactly at the corner of the
PES, leading to the peak value in reactivity. With the further
increase of the collision energy, the first peak is pushed to the
left side of the corner and does not have any contribution to
the reaction anymore, and the second peak dominates the
reaction process (Fig. 3 C and D). The reaction probability
decreases from E; = 0.19 eV to 0.24 eV with the second peak
pushed to the left side of the corner and becoming less re-
active. Therefore, the dynamical origin for the reaction
probability peak in the reaction becomes clear: the relatively
slow motion between Cl and CH; modulates the motion of
transferring hydrogen atom, consequently modulating the reaction
probability.
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Fig. 2. DCSs in the backward-scattering direction and the J = 0 reaction
probability as a function of collision energy. (A) Theoretical (solid red lines)
and experimental (solid blue circles) DCS for the CHs(v = 0) product over a
range of collision energies, obtained by averaging over scattering angle of
175°-185°. The experimental error bars were estimated from four inde-
pendent measurements. The experimental data, measured in relative values,
are scaled to the theoretical DCS value at the collision energy of 0.14 eV.
(B) Total and product CHs umbrella-state-resolved reaction probabilities
with J = 0 as a function of collision energy.

Furthermore, because the standing-wave peak shown in
Fig. 3B is collinearly dominated, the resulting products, both HCI
and CHj;, are produced rotationally cold as shown in Fig. 4 4 and
B for J = 0. With the increase of the total angular momentum,
the reaction peak shifts to higher energy. As a result, the
resulting cross-section also has very cold rotational distributions
(Fig. 4 C and D), which is the very reason the HCI rotational
distributions in ref. 17 appear that way. Why can such an oscil-
lation be observed in this polyatomic reaction, but not in tri-
atomic reactions? To seek the answer to this question, we carried
out a series of calculation by changing the moment of inertia of
the nonreacting CH; group (see SI Appendix for details). The
reaction probabilities for J = 0 substantially decrease with the
decrease of the moment of inertia (SI Appendix, Fig. S13). When
the moment of inertia is set close to zero, equivalent to a tri-
atomic reaction in terms of rotational motion, the reaction
probabilities are much smaller than those without reduction of
the moment of inertia. Therefore, it is clear that the nonreacting
CH; group prevents in a certain extent the cleaving CH bond
from rotating away quickly from the collinear configuration
when the Cl atom approaches, giving more time for Cl-H-CHj;
retaining a collinear geometry in interaction region and leading
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(A) E=0.10 eV

(B) E=0.14 eV

r(H-CH3)

(D) E=0.24 eV (C) E=0.19 eV

46 48 5 52 54 56 58 6 46 48 5

R(CI-CH4)

52 54 56 58

Fig. 3. Reactive scattering wave functions for the Cl + CH; — HCl + CH3
reaction in the Jacobi coordinates R(CI-CH,4) and r(H-CHs) with other coor-
dinates fixed at 0 at collision energies of E. = 0.10 eV (A), 0.14 eV (B), 0.19 eV
(C), and 0.24 eV (D).

to considerably larger reactivity than that for a triatomic HLH
reaction. We also performed quasiclassical trajectory calcula-
tions at some collision energies between 0.05 and 0.5 eV (see ST
Appendix for details). From the evolution of trajectories, we
found the HLH chattering occurs at all of the energy range,
which proves that the HLH chattering mechanism dominates the
reaction process (SI Appendix, Fig. S15). We anticipate the ex-
istence of similar oscillating reactivity in many other HLH re-
actions involving polyatomic reagents.

Materials and Methods

The reaction was studied experimentally by using the crossed-beam appa-
ratus in combination with time-sliced velocity map ion imaging and (2+1)
REMPI techniques (38). Briefly, the Cl atom beam was generated by
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Fig. 4. Product rotational-state-resolved reaction probabilities (J = 0) and
integral cross-sections for the Cl + CH4 — HCI(j;) + CH3(j>) reaction as a function
of collision energy. (A and B) HCI(j;) and CHgs(j,) rotational-state-resolved re-
action probabilities, respectively; (C and D) Same as A and B except for integral
cross-sections.
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photolyzing Cl, (3-5% seeded in an inert carrier gas at 5 atm) with the
third harmonic at 355 nm of a Nd3*:yttrium aluminum garnet (Nd:YAG)
laser, near the throat of a pulsed valve (General Valve). The CH,; beam
was produced from the supersonic expansion of neat CH, at 5 atm using
an Even-Lavie valve. Both beams were collimated by a skimmer before
crossing each other in a differentially pumped reaction/detection cham-
ber. In order to vary the collision energy in a wide range, different carrier
gases (He, Ne, Ar, Kr) or mixture of them for Cl, were used. For each carrier
gas, the crossing angle between these two beams was varied to tune
the collision energy in a smaller range. Images with different carrier
gases for Cl, were scaled to each other by measuring images at one
common collision energy for two neighboring collision energy ranges. The
collision energy spread was estimated to be less than 10%. The CH;
product was ionized by (2+1) REMPI method via the 3pz 2A”” Rydberg state
(42) and recorded via the ion imaging system. The wavelength of
the REMPI laser pulse (~333 nm) was fixed at the peak of the Q-branch
head of the CHs3 Og band. This laser pulse (~8 mJ) was generated from a
frequency-doubled dye laser output pumped by another Nd:YAG laser at
532 nm and focused by an /160 spherical focusing lens. The polarization
of laser pulse was horizontal to the plane of imaging detector. About
20,000-50,000 counting events were accumulated in each image. Back-
ground signals were also acquired and subtracted. The interaction
between the CH; beam and the REMPI laser pulse caused a strong back-
ground in the forward direction, especially apparent at 0.12 eV (Fig. 1).
Density-to-flux correction (43) was performed to all images before
extracting out signal at the backward scattering direction. In such a way,
the collision-energy-dependent DCS in the backward scattering direction
was measured.
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