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Understanding the reaction mechanism at the atomic and molecular level
is a central task of chemistry.Within the Born-Oppenheimer approximation, a
chemical reaction is envisioned as nuclear dynamics evolving from reactants
to products on a potential energy surface (PES). To reveal the detailedmech-
anistic origin of such an old bond-breaking and new bond-forming process, a
measurement of state-to-state differential cross-sections (DCSs) is essential.
Its fine structure often serves as a fingerprint to identify quantum dynamics
phenomena in a bimolecular reactive encounter. Observation of these fine
structures is, however, difficult, because the interference featuremay appear
in the state-to-state DCSs only with very high angular resolution.

Recently, Chen et al. observed a peculiar “horseshoe” structure in the DCSs
of the F + HD/ HF (n0 = 2) + D reaction (Figure 1).1 The combined study of
molecular crossed beam experiments and theoretical quantum dynamics
simulations uncovered the pivotal role of the angular momenta of the un-
paired electron of the F atom in the chemical reaction for the first time, fully
making use of the significant partial wave resonances in the reaction. The
finding marks a significant breakthrough in the study of chemical dynamics.

Quantum resonance is a ubiquitous phenomenon in physics and chemis-
try. For example, the peaks in the atomic and molecular spectroscopy are
perhaps the most familiar phenomena that manifest quantum resonance
behavior. When photon energy is tuned to match the energy difference of
two levels of a species, a sharp peak (resonance) appears provided that
the optical selection rules permit the transition. The resulting spectrum, the
intensity versus photon energy, then gives the fingerprint of the species,
and the energy width of the spectral peak provides the information of the life-
time of the corresponding excited state. Similar quantum resonance behav-
iors have also been observed in the scattering processes of many particles,
such as the inelastic atomic and molecular collisions and electron-heavy
ll
particle scattering processes. Historically, F + H2 and its isotopic reactions
have been the benchmark for developing the concept of the elusive reactive
resonance or quantum dynamical resonance. A reactive resonance here re-
fers to a transiently formed compound state of the reacting system, which
is temporally trapped (with a typical lifetime of a few tens to hundreds of fem-
toseconds) in the vicinity of the transition state region even on a totally repul-
sive PES. Thus, reactive resonance is a quasi-bounded state along the reac-
tion coordinate and an approximate quantum number can be assigned to it.

Due to the elusive nature of the reactive resonance, there is long history for
identifying their existence in a chemical reaction. In the 1970s, theorists pre-
dicted that reaction resonances exist in the F + H2 reaction. The signature of
theoretical resonance manifests itself as a sharp Lorentzian-like peak in the
computed reaction probabilities as a function of collision energies. However,
at that time, the PES used was empirical and the scattering calculation was
restricted to one-dimensional (collinear) dynamics. Therefore, it was not
totally clear whether the predicted resonance was a real physical phenome-
non or just a theoretical construct from the approximation used. In 1985, a
landmark crossed molecular beams study on the F + H2 reaction was re-
ported.2 An anomalous forward-scattered HF (v0 = 3) + H product was
observed in the DCS and was regarded as a resonance feature for a time.
However, detailed analysis of the classical trajectory theory (QCT) revealed
that the forward-scattering results from the large impact parameter collision,
in which the centrifugally shifted barrier slows down the trajectory, leading to
the forward-scattered products—a classical mechanism—other than quan-
tum resonance.

The first unambiguous reactive resonance was instead sighted and iden-
tified in the F + HD/ HF + D reaction in 2000.3 A prominent step-like struc-
ture near the collision energy of 0.5 kcal/mol was observed in the excitation
Figure 1. Schematic of experimental setup (left panel)
Image of products in forward-scattering direction showing
the “horseshoe” structure (upper right). Schematic of the
potential energy surface of the F + HD reaction (low right).
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function (the reaction cross-section as the function of the collisional energy),
which was entirely absent in the QCT simulation using the Stark-Werner PES
aswell as in the alternative DF + H product channel. Resonance signatures in
the vibrationally resolved DCSs were also elucidated by contrasting the two
isotopic product channels. Concurrent quantum dynamics calculations and
analysis on the same PES proved the step being the result of a Feshbach
resonance in the F + HD reaction. Since then, great progresses have been
made on the resonances in the F + HD and H2 reactions with refined exper-
imental techniques and more accurate PESs.

However, the excitation function of the F +H2 reaction ismonotonic, which
makes the observation of its reaction resonancesmore challenging. In 2006,
using the Rydberg state H atom time-of-flight technique, a peculiar forward
peak was observed in the HF(v0 = 2) products.4 Theoretical analysis sug-
gested that the forward peak results from the interference between two
quasi-bound resonance states. More recently, using negative-ion photode-
tachment spectroscopy, the resonance-related structures of the F + H2 reac-
tion were also observed as sharp peaks.5 Scattering resonances involving vi-
brationally excited reactants and resonances in more complex polyatomic
reaction systems have also been experimentally explored. These findings
on the reaction resonances have served as important benchmarks in the
development of chemical dynamics.

In the F + HD reaction, the F atom is characterized by an unpaired p elec-
tron with the orbital angular momentum l = 1 and the spin angular mo-
mentum s = 1/2; the coupling of l and s yields the total electronic angularmo-
mentum j = l + s and results in two spin-orbit electronic states j = 3/2 and 1/2.
How the angular momenta of the unpaired electron play their role in the reac-
tion is unclear. As the electron angular momentum couplings of the F atom
are fully considered, the previous single partial wave L will split into 4-fold
partial waves, with total angular momentum quantum numbers L ± 1/2
and L ± 3/2, as the result of the coupling of s and l to the nuclear orbital
angular momentum L. The inclusion of the interference between these four
spin-orbit split resonance pathways should then be considered, which is
challenging both theoretically and experimentally.

All previous product quantum state-resolved theoretical investigations
invoke electronic adiabatic approximation, which neglects the spin-orbit ef-
fects. If the role of the electronic angular momenta could be revealed is
not altogether clear, because the associated energy splitting is so small. Usu-
ally the DCSs are contributed by many partial waves that may smear out the
fine structures caused by the electronic angular momenta. Notably, the reac-
tive resonance in the F + HD reaction is very special, which is well separated
and of long lifetime, exhibiting as a sharp peak in the excitation function of a
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single partial wave. This reaction provides the chance tomagnify the sighting
of the role of electronic angular momenta. With high-resolution crossed mo-
lecular beam experiments, the scattering patterns of quantum state-resolved
products over the full angular range can be captured. In the work by Chen
et al., a more sensitive technique called near-threshold ionization was devel-
oped and employed in the crossed molecular beams velocity map ion imag-
ing measurement.1 The angular structures observed in the work by Chen
et al. turn out to be beneficial in sighting the oscillations of the quantum inter-
ferences between the spin-orbit split partial wave reactive resonances. New
quantum reactive scattering theory was also developed with the characteris-
tics of the electron angular momenta being fully accounted for. The com-
bined experimental and theoretical study clearly demonstrates that the exper-
imentally observed “horseshoe-shaped” angular feature could only be
explained using the accurate calculations with the spin-orbit coupling being
fully included.

Scientists are now able to study the reactive scattering dynamics at much
finer level. With the state-of-the-art experimental techniques and highly accu-
rate theoretical calculations, one would anticipate to further discover inter-
esting quantum dynamics in chemical reactions. For example, future study
might involve the control of the magnetic quantum number of the angular
momentum associated with either the p-orbital electron of F atoms or the
rotational state of HD (H2), or both, in the laboratory. Such spatial control por-
trays the steric effect of reactivity, which could provide a more intuitive and
fine picture of the atomic rearrangement in a reactive scattering event.
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