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ABSTRACT:Dynamics of bimolecular reactions in the gas phase are of found
importance in combustion, atmospheric chemistry, interstellar chemistry, and
chemistry. These collision-induced chemical transformations are a sensitive pro
underlying potential energy surface(s). Despite tremendous progress in past deg
understanding is still not complete. In this Perspective, we survey the recent ad
theoretical characterization of bimolecular reaction dynamics, stimulated by new exf
observations, and identify key new challenges.

Chemical processes in the gas phase are of great importavelcity allows a reduction of partial waves, gty

in a number of environments, such as combustiorgecreasing averaging over the impact paraiéterdeed,

plasmas, atmospheres, and interstellar clouds. In the absantracold collisions rely on a single Partial wave and are

of condensed media, the breaking and forming of chemiaadmpletely dominated by quantureas:* These advances

bonds in a bimolecular reaction require collisions, thusave revealed many interesting phenomena concerning reaction

providing an ideal probe of the interaction potential withirdynamics, including mode speity, bond selectivity, product

and between the collision partners, without any interferengganching and internal excitations, tunneling and resonances,

from solvent or other solute molecules. It has long beegtereodynamics, and nonadiabagicts. They challenge theory

recognized that reactivity of a gaseous reaction depends on faprovide insights into chemical reactivity in an unprecedented

only the total energy for overcoming the reaction barrier but algange of reaction conditidfis* **

many other factors such as the impact parameter, attackingxcept for complex-forming reactions, it is generatlyltdi

angles, orientation and/or alignment of reactants, and thg probe directly the dynamics in the strongly interacting region

energy content/type of the reactants.complete under- of a reactive process, because of ittieg nature of the

standing of reaction dynamics requires the delineation of glnsition state. The aforementioned experimental asymptotic

factors that iruence the reactivity, which isdlilt to achieve  gpproaches do not reveal how exactly a chemical reaction takes

under thermal conditions. Our current knowledge of chemicg|ace. To this end, theoretical studies become a necessity for

reactivity is strongly inenced by the revolution initiated by gajning insight into reaction dynamics and to ultimately control

crossed molecular bearasd laser technologwhich allow  chemical reactivity, byaring intimate details of the chemical

the preparation of well-ared initial translational and internal gynamics and by providing intuitive mechanistic modéls.

energies of reactants. Probing product energy disposal Wiffinost chemical processes, nuclear dynamics is governed by the

quantum state resolution completes the circle, providing staigsr, Oppenheimer potential energy surface (BO PES), which

to-state information on collisions and chemical transformatioges rise to the forces acting on the nuclei. This intuitive picture
In recent years, experimental advances have greatly impro, F uclear motion on a multidimensional PES tsefrem the

our ability to ask more detailed questions about chemica

dynamics. On one hand, molecular beam and laser techniques

are now routinely utilized to prepare a single ro-vibrationgleceived: August 16, 2020

quantum state and align or orient molecules before cblfision. Accepted: September 24, 2020

On the other hand, techniques, such as Rydberg tagging dritPlished: September 24, 2020

velocity map imaging, have greatly advanced our ability to

accurately measure product quantum states and branching

ratios™”® Cooling molecules or controlling the collisional
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natural separation of the electronic motion from that of nuclei, There has been signant progress in higlelity
although it can break down near electronic degengtaciesepresentation of high-dimensional PESs based on large
Recent advances in both electronic structure theoritingd  numbers oéb initioenergy points. These can be achieved by
techniques have perfected our ability to map out global PEGsing machine learning approaches such a$™fiheand
with high accuracy and@ency for not just simple A+ BC type kernel-based regressiénas well as neural networks
reactions, but also for systems involving many nuclear degreed\s).%?>** A PES should be invariant under the complete
freedom (DOFs)? * These advances enabled quantum anchuclear permutation and inversion (CNPI) gf6wphich is
classical investigations of scattering dynamics of polyatonmgortant for calculating spectra and dynamics of molecular
reactions/?° *°which might have multiple channels leading tosystems that contain identical nuclei. There are several
di erent products. Direct dynamics studies, which compute tla@proaches to enforce the permutation symmetry, including
forces on they without analytical PESs, provide an alternativéhe permutationally invariant polynomials (PfBS)PIP-
means to explore chemical dynamics in even larger $ystemseural network (PIP-NNJ, fundamental invariant-NN (FI-
However, such on-thg-calculations are generally limited to NN),?? atomistic NN (AtNN)** and kernel-based methods
fast processes and often are done at low levels of electroméing permutationally invariant descritoFe representa-
structure theory. In addition, they cannot be used for quantution of PESs and symmetry adaption have been extensively
dynamical computations because of the nonlocal nature of tbensidered in recent revié%gand thus are not discussed in
scattering wave function. detail here. We note that such techniques have led to accurate
In this Perspective, we survey recent advances in theoretiegctive PESs for large (up to nine atoms) systems with multiple
characterization of reaction dynamics of gas-phase bimolecplarduct arrangement chanfiéls! allowing dynamic inves-
reactions and identify new challenges and opportunities. We widjations of not just overall reactivity but also detailed
focus on the latest developments since the last comprehensifermation on product branching. An extension based on
review of the eld in 2016/ While theoretical studies of many-body expansion was recently propbsai;h may have
reaction kinetics are closely related to issues discussed here, sbaye advantages over tiieg of the full PES. A challenge is to
are not extensively discussed in this Perspective. Furthermesdend such highdelity representation of PESs to reactive
we will restrict our attention to reactions involving two reactantsystems with more than 10 atoms, for which some progress has
The BO PES is a fundamental concept in chemistry. Mosiready been made®°° To this end, the AtNN method is very
theoretical investigation® @pectroscopy, kinetics, and attractive because it canin principle be employ¢tiifgiPESs
dynamics require the underlying PES of the system. Tl large polyatomic systems with exact symmetry properties and
accuracy and eiency of the PES are the key factors thathigh tting accuracy. Alternatively, more approximate strategies
determine the reliability of dynamical outcome and costs of tlhian be uset. °3
dynamical computations. Most current PES§*? are based An interesting approach to determining reactive PESs is to
on high-levelb initioelectronic structure theories, such asextract PES information from scattering attributes using
coupled cluster singles, doubles, and perturbative triplegachine learning. Such an inversion approach has been
(CCSD(T))** and multireference cayuration interaction —demonstrated recently for a four-atom re&tétisimg multiple
(MRCI) methods* which account for electron correlation, quantum scattering calculations. This concept can in principle
and their F12 variantsinterestingly, some density functional be used t6observePESs based on experimental data.
theory-based PESs reported recently have shown promise tdnother challenge is the construction of diabatic potential
rival high-level theories at sigantly less computational energy matrices (DPEMSs) for reactive systems beyond the BO
costs>’ but their general applicability still needs furtherapproximation because of electronic degeneracies such as
con rmation. Unlike nonreactive systems, reactions invohanical intersections (Cf8£° Given the discontinuous nature
bond breaking and forming, which are often accompanied bfadiabatic PESs and singularities of the nonadiabatic couplings
signi cant changes in the electronic structure. This might lead &t Cl seams, the adiabatic representation is not appropriate for
failure of single-reference treatments such as CCSD(T). Fdynamic calculatiof¥,” despite the fact that alb initio
example, CCSD(T) breaks down in certain regions of the PE&lculations are done in this representation. These problems can
for the OH + CHjyl reaction, resulting in unphysically large be avoided by working in the diabatic representation, in which
reaction cross secticA$4RCI calculations for such a system elements of a DPEM are smooth functions of the nuclear
are too expensive and noto@able currently, and thus coordinates, as the singular derivative coupling is eliminated or
alternative approaches are needed. Even when CCSD(T)nmsnimized. This diabatization process via an adiabatic-to-
generally amenable, convergence to the correct state ahabatic transformation is however not unique for polyatomic
sometimes be deult in the presence of low-lying excited system$°° and several dérent strategies eXiStAs in
states. In the prototypical radicabical reaction OH + HO representing adiabatic PESs, the permutation symmetry needs
H,0 + O,, for example, correct convergence to the ground stabe properly taken into consideration in constructing
by CCSD(T), which is ecient and accurate, can be achievedDPEMSs,° "* as demonstrated in the recent work on the X +
only by using appropriate HartrEeck initial guess&s.  CH,type reactions.
Further improvements of tlad initio calculations can be With the PESs, one can perform dynamical calculations using
achieved by considering extrapolating energies to the completner quantum or classical methods. Quantum dynamic (QD)
basis set, higher-order correlations, core-correla@iits, ¢he  studies of reactive scattering are currently restricted to low-
contributions of the relaistic corrections, spiorbit dimensional systems because of the so-chiffezhsionality
corrections, ef¢:*® While the accuracy of electronic structure cursé, namely the fact that the size of the prob\rim¢reases
theories has improved tremendously in past déttues, is exponentially with the number of DOFs. Time-independent
still signicant need for new and morecent theories in  quantum mechanical (TIQM) approaches solve the time-
treating reactive systems, particularly those with multirefererindependent Schiinger equation as a boundary value
character. problem, thus scale steeply with the problem $i&. (t is
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well-suited for cold collisions as it can handle very low collision

energies. On the other hand, solving the time-dependent Theor_et|cal Stl’!d_'es be(_:ome a
Schrainger equation or its equivalent wave packet (WP) necessity for gaining insight into
method is an initial value problem, with much better scaling with reaction dynamics and to ulti-

respect to the problem sizeNlogN). As a result, most

. . : > mately control chemical reactiv-
guantum reactive scattering calculations beyond triatomic

systems have employed WP methods. The extractiosof the ity, by o e'fing intimat_e details of
matrix is generally diult, because optimal global coordinates the chemical dynamics and by
are di cultto nd for di erent arrangement channels. For both providing intuitive mechanistic

reactant and product coordinate-based methods, transforma-
tions between two or more coordinates are unavoidable. An
alternative solution is provided by the transition state wave

packet (TSWP) framewdfK,” in which initial WPs are  Further progress has also been achieved using the multi-
prepared in the transition-state region as the eigenstates afgh guration time-dependent Hartree (MCTDH) approach.
thermal ux operator. Initial state-specinformation is  Currently, almost all the full-dimensional quantum dynamical
extracted by overlapping with asymptotic states after the WEgdies of the H + CH Hy+ CH, reaction rely on the

are propagated to the asymptotic regions. Theserdistate- ~ MCTDH approach and its multilayer extension within the
to-state approaches to overcoming‘tberdinate problém  guantum transition-state framework. In the coordinate system
have been extensively discussed in a recent Teviewysed in these studies, the badd frame is tied to the methyl
supplemented by some further improveméfitSor atom fragment based on a 3 + 1 Radau construction. A recent study
diatom problems, the hyperspherical coordinates allow threRows that redaing the methylxed frame reduces the
arrangement channels to be treated equally, which is particulgdyrelation between the methyl rotation and its internal motion
important for X type systems where the three channels argnd thus results in a smaller Ba8ssides the studies of the H
identical. This widely used coordinate system in TIQM+ CH, H,+ CH, reactio,"®® the MCTDH approach has
treatments has recently been implemented in a WP framecently been extended to the study of the initial state-selected
work®® While it requires six times more basis functions, theeaction probabilities °* of the H + CHIQ H, + CD,
computational time increases much slower with the total angutaaction and the quasi-bound states in the prereaction well of the
momentum than those using Jacobi coordinates, becauserof CH, HF + CH; reactior’>*® Applications to state-to-

di erent forms of the Coriolis coupling terms in the kineticstate reaction probabilities are forthcoming.

energy operator. Determination of cross sections is challenging because of the

Wave functions as solutions to the $iahger equation have  involvement of multiple partial waves. A rigorous transition-
to satisfy appropriate boundary conditions. Usually, completate-based rotational sudden (TSRS) method has recently been
absorbing potential is used to damp WPs before they reach fagmulated for calculating integral cross sections {fass).
edges of the grids. For chemical reactions occurring at lane TSRS method, eigenvalues and eigenvectors of the rigid
temperatures, an extremely long range of absorbing potentialogor Hamiltonian describing the overall rotation of the system
required to damp the long de Broglie wave in the scatteringt a xed transition-state geometry ast solved. Reaction
asymptotes. By adding a third long-range regiohsh@ped  probabilities of all partial waves are then approximated by a
representation of a wave function, the part of the wave functigreighted sum of the reaction probability=00 partial wave
in the long-range region can beiently propagated within a  after shifting the energy with the corresponding rotational
small subspace of the Hilbert spathis extension renders the eigenvalues. Qirential cross sections (DCSs) are much harder
WP method feasible for reactions at low collision energies, all taecompute than ICSs, but breakthroughs have been made for
way down to the Wigner threshold regime. Another approadhirge reactive systems. Recently, a reduced-dimensional (7D)
extends the transparent boundary conditions, which weggproach has been successfully applied by Zhang and co-
usually used with low-orderite di erence methods, to the workers to the Cl + CHeactior?> based on the Palm@lary
discrete variable representatfotusing one-dimensional model thatxes th&,, symmetry of the methyl moiéfjhis is
models, the transparent boundary conditions were shown tiee rst determination of DCSs in systems with dimensionality
achieve high accuracy in a wide range of translational energngater than six. The TSWP method can in principle be used to
including those with long de Broglie wavelengths. determine DCSs with even higher dimension4fities.

Many polyatomic reactions involve some spectator modes. [fApart from algorithmic developments highlighted above, new
they can be described by a favorable set of coordinates, tHeas on understanding reactive scattering have also been
basis/grid required can be sigantly reduced. Recently, mixed proposed. For example, Manthe and co-workers discussed a
polyspherical Jacobi and Radau coordinates were used fordesomposition scheme that allows theitien of the so-called
e cient description of reaction systems with polyatomigatural channels from tBenatrix elements® They can be
spectator moieties. The spectator moiety can tiendly considered as uniquely ded reaction pathways from reactants
described by Radau vectors so that a smaller potential optimized products through the transition state. The corresponding
discrete variable representéfidmasis is sucient for its natural reaction probabilities are simply the eigenvalues of the
vibration. This approach has been employed in full-dimensiomahction probability operator. This viewpoiet®a rigorous
calculations of initial state selected reaction probabilities for thiet intuitive way to think about state-to-state reaction dynamics.
H+NH; Hy+ NH, (9D)**andthe H+ CH}  H,+ CH, Reactive scattering is also widely investigated using the quasi-
(12D) reaction&? For the former case, this@ent coordinate  classical trajectory (QCT) method, which describes the nuclear
system reduces the size of the basis set by more than 85% wiiygmamics within classical mechanics. Thédeasi-classital
compared to a previous study of the same reaction with Jacoifiers to the initial state preparation which enforces the
coordinates. quantization of the reactant internal states.comparison

models.
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(RPMD).°° RPMD takes advantage of the isomorphism

The accuracy and e ciency of between the statistical properties of a quantum system and
the PES are the key factors that those of ctitious harmonically connected classical beads, which
determine the reliability of the allows the computation of quantum attributes using classical
dynamical outcome and costs of trajectories. In some special cases, RPMD provides exactly the
: ] same results as quantum mechanics. The original RPMD ansatz
the dynamlcal computations. was based on Boltzmann statistics and thus is applicable only to

thermal condition'S.**°®Indeed, RPMD has been successfully

with QD methods, QCT is intuitive, numerically inexpensive/S€d to compute thermal rate cdents for bimolecular

and often provides reasonably accurate dynamical informatigp@ctions and shown to eztively capture the ZPE,
particularly when the attributes are highly averaged. A ma harmonicity, and tunneling with reasonable acttifaty.

de ciency of QCT isits inability to treat quantuects suchas ~ More recently, it has been extended to study collisional
tunneling and zero-point energy (ZPE). It also tends tdj}/,”aml'ffllg”der_ both therftaland microcanonical con-
overestimate energyw among dierent internal DOFs. ditions. F_’rellmm:_;\ry _re_sults have been quite encouraging,
Recently, there have been some exciting developments@fough no rigorous jusiation has been provided for theese
mitigating these deiencies while retaining the attractive hocapplications. More investigations are needed to explain its
features. In QCT, the standard method for sampling the initi@iPParent success. Finally, we note in passing that QCT can also
reactant ro-vibrational quantum states is generally based ¥ calculated on the, without an analytical PEDespite
normal mode approximation, which might provide a nonstabeir superior ability in exploring mechar_ustlc issues, however,
tionary ensemble because the real PESs are anharmofich calculations are often performed with relatively low levels
Therefore, uncertainties are introduced in the calculate@f electronic structure theory, and the number of trajectories is
dynamics. Adiabatic switching can mitigate this problem féften too small to provide quantitively accurate statistics.
polyatomic speci€¥"°* A popular approach in determining Dynamical calculations on PESs yield many important
the product vibrational distributions is to use a Gaussia@xperimentally observable attributes. Modecipesireferred
function in binning the vibrational quantum nuniBéwghich to the di ering reactivity resulted from excitingmdint reactant
removes the ZPE violating trajectories and often improves theodes. Evidence of mode spityi in bimolecular reactions,
results. The Gaussian binning method can be quite demandinbich has been known for some fitfieynderscores the

for low-probability channels, so modiions have been dynamic nature of activated reactions. Polanyi rationalized the
proposed®¥%* Further, ZPE violation can be avoided by mode spectity in atom diatom reactions by the location of
running the dynamics on a ZPE-corrected'®B@ore the transition state: translational excitation is mecgive in
recently, eorts have been made to take advantage opromoting an early barrier reaction while vibrational excitation
semiclassical ideas such as the ring-polymer molecular dynaisicsore eective in promoting a late barrier reactivfihese

() HCHCH,0 Yon
—=0 ov,= 1 * V..~ 1
10" 0 vCH.ll = 1 A vCH.IO = 1 o vCH.9 = 1
o o o o o

10"
8 2 ¢
<w0d - HCI + CH,0
g}w) (b) HCI+CH,OH
- 10°1
VoH
Vior
1 o o o o VcH -
10 1 ’I? 5 T + 8 ‘g HC]+CH20H
0 5 10 15 20 25 30

Collision Energy(kcal/mol)

Figure 1 Calculated reactive integral cross sections of the reactionOIH CHICI + CH;O/CH ,OH as a function of the collision enétgin
kcal mol?) from di erent initial conditions. The SVP predictions of the relevant modes are also shosehfrbtadie5 with permission.
Copyright 2020 American Chemical Society.
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Polanyirules have been extended to polyatomic reactions. Inthe

so-called sudden vector projection (SVP) model, the ability of a Qua_-ntum dyna;m'C studies of
reactant mode in promoting the reaction depends on its reactive scattering are currently
coupling with the reaction coordinate at the transition state, restricted to low-dimensional
which can be estimated in the sudden limit by the overlap of _

their corresponding normal mode vectGihe SVP model, Sﬁ}/sftems .beca.use of the so-called
which emphasizes the importance of the transition state in dimensionality Curse, namely,
controlling reactivity, has been tested in many reactions, the fact that the size of the
including some recent ones,® **” and its predictions have problem (N) increases exponen-

mostly been borne otft-?#*?°The SVP model is not only able
to predict mode specity in reactions involving only a few
atoms; it has been also validated in larger systems. For example,
the Diels Alder reaction between 2,3-dibromo-1,3-butadiengnderscoring the importance of global accuracy of tfié PES.
and maleic anhydride was found to be enhanced by excitif¢e note in passing that the SVP model can be used to predict
reactant rotational DOFs, in line with the prediction of §vP. product energy disposal, which is related to modecépei
Similarly, SVP predictidiisfor the classic 1,3-dipolar cyclo- the reverse reaction. Such predictions are usually accurate for
addition reaction were also coned by recent QCT direct reactions:**°
calculations on a full-dimensional PE® Figure 1 the Despite its success, the SVP model can fail if its assumptions
mode spectity predicted by the SVP model in both the CI + are not fullled. For example, if the reaction proceeds via a
CHsOH  HCI + CH;O/CH,OH channels is shown to be complex-forming mechanism that renders the sudden approx-
consistent with the QCT results on an accuraté’PES. imation invalid, the SVP predictions are known to be unreliable.
Interestingly, the sudden approximation, namely, thé can also fail for other reasons. In a recent theoretical
instantaneous nature of collisions relative to enevgy investigation, Liu et al. found that vibrational excitation of the
among dierent modes in the reactant, also leads to aPH reactant in its reaction with H®as a signcant
approximate way to compute the state-to-state reacticihancement ect at low collision energiééas shown in
probabilities. This model based on the TSWP approach &fgure 2. This observation is at odds with the SVP prediction as
Welsch and Mantf&” envisages a full collision process as twdhis OH mode is a spectator. Detailed analysis revealed that the
half-collision steps, each treated with Fr&udon over- ~ enhancement stems from a stronger interaction between the
|apsj:33 The results have been quite promising for direcfeactants due to the enIarged dlpole of the vibrationally excited
reactions and coulde&r a computationally inexpensive way to
guantify reaction dynamics. QD QCT
There has recently been much interest in modecsyeici 1209 5) 4.01 Gy oGS
X + YCH; type reactions %2134 Taking the example of the N 35 =0 Vou L
F + CHsl case, the bimolecular nucleophilic substituti@) (S e = 3.0]
channel features a submerged collinear Walden inversionsar g =
point leading to FCH+ | , anked by pre- and post-transition .~ 2 .
state wells, while the proton transfer (PT) channel posses:°Z 604 E“; 2.01 & 3
several derent saddle points leading to HF +,CH n 1.5
Experimental investigations by Wester and co-workers fou < 40 \
that the excitation of the CH stretching mode has a negligib 20
e ect on the @ channel while it promotes the PT chatfriel. ﬁ\\?, >
These observations are consistent with the SVP model a 0 = -
conrmed by QCT calculations on ah initiebased PES. 0
Further QCT studies by Czakad co-workers have found
moderate mode sgan’ty in the {2 involving other modes in -1
the CHyl reactant,” which is remarkable for this barrierless
complex-forming reaction. This can be readily understood as'
S\2 transition state depicts a collinear approach of th
nucleophile from the back side of;Clading to the Walden
inversion. On the other hand, the PT transition state involves tl
breaking of one CH bond. To date, there is only one reliable
QD study because of the large phase space invorugdre
work along this line is needed to further elucidate this issue.
On the basis o&b initio parametrized PESS,** the £
product state distributions of the X (X= H, F, Cl, OH)HL
reactions have recently been investigated by Espinosa-Ga RHO‘..HOO(A)
Corchado, and co-workéts.***While generally in reasonably
good agreement with experiment, there are still lar

quanFltatlve derences. For the Cl +i .HCI +.C?H5 . Vp,Vg)  H,0 + O,with relative cross sections shown in the inset. (b)
reaction, for example, the calculated rotational distribution gfiaraction betwoen OH (at érent bond distances) and HOxed

the HCI product is hotter than experiment. More recentlyat its equilibrium) along thBo, distance at HOHOO well.
Czakoand co-workers reported a full-dimensional PIP PES f®&eproduced from réP7with permission. Copyright 2020 American
this reaction and obtained excellent agreement with experimeditemical Society.

tially with the number of DOFs.
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Figure 3(a) Comparison of calculated photoelectron spectra jfe Brion with the earlier work (Ma and &tp The shape peaks stem from
Feshbach resonances in the product well. (b) The HF vibrational state-resolvedxepetite to HF + OH. (c) The comparison between the HF
vibrational state-resolved reaction probabilities of the neutral reaction and theixespzistea at the energy of 1L® eV. Reproduced from ref
154with permission. Copyright 2020.

OH reactant, as illustratedrigure B. This is possible because Evidence of shape resonances has been reported for the F + H
there is a substantial potential well before the submergeeaction:*® Very short-lived resonances have also been
transition state for this reaction, underscoring the complexity ifenti ed in the reaction of CI with vibrationally excited HD,
reaction dynamics. which have both Feshbach and shape chatacters.

Dynamic resonances, which are metastable states embedd&tihile dynamic resonances are well understood in triatomic
in the continuum, are now known to play an important role irsystem$’as discussed above, their roles in reactive systems with
many chemical reactions. Resonances are intrinsicallyfoar or more atoms are only beginning to be elucidated. With
guantum eect and have two major types. A Feshbach resonanc®re DOFs, resonances show richer features but can be
is related to a state in which energy is trapped in an internahderstood with the same principles. For example, both the F +
mode and its coupling with the dissociation coordinate is wedi,O0 HF + OHand F+ CHOH HF + CH;O reactions
while a shape resonance is formed because of a potential vietlture a low reaction barrier and both pre- and post-transition
Because resonance wave functiosissignicantly from direct  state wells. Like the F + lrkaction discussed above, well-
scattering ones, they often have unexpectadnae on de ned resonances have been found in the product wells by
reactivity, because they extend time for the system to lingeotodetachment experiméht&® **°supported by quantum
near the transition state. Their presence can be detected fregattering calculatioHs>*'>? These resonances are all
DCSs and energy dependence of 1€&sr alternatively by  associated with a vibrationally excited HF product and thus
photodetachment of stable anions with geometries thare Feshbach in nature. The calculated state-to-state reaction
resemble transition states in the neutral reattiofs. probabilities of the F +,8 reaction have a rich oscillatory
Although their existence hbsen speculated for some structure, which have been attributed to resonances in both the
time!** unequivocal experimental idergtions have started pre- and post-transition state weffs* Recent quantum
to emerge only in recent yediSor example, the FparaH, scattering calculations demonstrated unequivocally that the

HF + H reaction was found to be stronglyuémced by  post-transition state resonances have a strarende on
Feshbach resonances supported by a post-transition state wedlctivity,>* as shown iffigure 3
which signicantly enhances the low-energy reactivity due to Similar to the F + D case, the F + CHeaction has both
quantum tunneling>Theory played a decisive role in assigningpre- and postreaction wells. In a recent 8D WP study, prominent
these resonances based on the clear nodal structures of onance structure is observed at low collision energies of the F
resonance wave functions. Of course, dynamical resonances-a@#iD; reactior* It was argued that the pretransition state
not restricted to the Feshbach type in the product channekell of the reaction gives rise to long-lived resonaticés,
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which result in a stereodynamic force thetta the reaction  apparently because of the large density of states involved in such
dynamics. This reaction is a serious challenge to theory in bdtlgh-energy collisions. This challenge is not easily met by
the accuracy of the PES and the high dimensionality of theduced-dimensional qtam models as few DOFs are
dynamics. Recently, full dimensional DPEM including vibronapectators at such high energies. Novel semiclassical methods
and spinorbit couplings for this reaction have beenthatinclude quantum ects might be able to help.
reported°” and a 7D WP calculation beyond the BO As the size of the reaction system increases, the dynamics
approximation showed distinct nonadiabatct® on the  become more complicated because of the involvement of
resonance features. multiple nonequivalent product channels. bGHY (X, Y =
Clearly, a resonance depends sensitively on the PES. AB, &1, Br, |, OH, etc.) reactions, for example, the competition of
result, comparison with measured resonance positions ahe 2 (CH;X +Y ) and the PT (HX + CHY ) channels has
widths provide a stringent assessment of the qualityabf the been a recent topic of dynamic investigatiomns:2+&°
initiocalculations and the resulting PES. This was illustrated irSémilarly, product branching in neutral reactions has also
recent study of the F + HD HF + D reaction, in whichamore attracted much current atten%f&ﬁ?lﬁmsl 184These dynam-
accurate PES was needed to reproduce experimentally observaldstudies were mostly made possible by global multichannel
resonance peaks.The F + HO/CH ,/CH,OH PESs have PESs.
6,160 16212163 165nd 15 internal DOF$ respectively, and ~ The branching ratio for dirent product channels depends
the agreement with experiment resonance positions isoa energetic factors, such as the corresponding exoergicity and
testament to the high accuracy of these high-dimensionadrrier height for each product channel. However, many other
PESs. These PESs are expected to provide reliable platformslymamical factors can be important. Hydrogen abstraction
future dynamical studies. reactions from the two reactive centers gBEHX + CH,OH
We emphasize in passing that peaks in ICSs are not alway$X + CH;O/CH,OH (X = H/F/CI/OH), exemplify such
associated with resonances. In a recent study of dighvy ~ dynamics. For the Cl + GBH HCI + CH;O/CH,OH
heavy (HLH) reaction, namely Cl + £H HCI + CH;, sucha  reaction, the yield of the HCI + Bl product channel is
peak has been shown to stem from reactivity oscillation of thegligible at low temperatures because its barrid) kal/
HLH system, which has a classical origin, rather than beingrml, while the other channel is barrierless. At room temperature,
quantum resonanc&Again, theory is instrumental in ruling out the calculated branching ratio of the@ldhannel is merely
the resonance by calculating the delay time of scattering andb2>°> consistent with experiment. For the F +;QH
inspecting the scattering wave function. This work als@action, on the other hand, both channels are barrierless and
represents a sigoant advance in quantum scattering theoryexoergic. The calculated value for thgddanching fraction
in that calculating DCSs of a six-atom reaction is now possibie0.40 0.43 within 2001000 K, in reasonable agreement with
albeit in reduced dimensionality. available experimental measuremémstatistical prediction
Roaming denotes a high-energy dynamical phenomenon tinaduld be that the HF + G channel should have only a
involves frustrated dissocialidi’’ In the case of the branching fraction of 0.25, but this is apparently not the case.
prototypical HCO photodissociation near the H + HCO Detailed analysis of QCT results on a global PES attributed the
radical dissociation limit, for example, the roaming H atom camonstatistical branching ratio to the unique stereodynamics in
undergo large-amplitude orientational motion before abstrade entrance channel for the abstraction from the OH fiGiety.
ing H from HCO to form the i+ CO products, leading to At room temperature, the reaction cross section is summed
product internal state distributions tha¢ddramatically from  over contributions from many partial waves, which classically
dissociation through the minimum-energy path and a tightorrespond to derent impact parameters. By lowering the
transition state from 80 to the same products This collision energy, itis possible to reach a regime where one or few
example illustrates the importance of dynamics over thmartial waves contribute. Furthermore, scattering at low and
conventional transition-state theoryndd by energy barriers. ultralow collision energies is strongluenced by quantum
Statistically, the prevalence of roaming in the van der Waalscts, such as tunneling and reson&nhthis pure quantum
region can be understood in terms of an entropit, @vhich regime presents both challenges and opportunities to under-
trumps energetit$’While roaming has been observed in manystand chemistry from a unique perspetiVé&. Experimen-
unimolecular reactiof, evidence of its involvement in tally, cold collisions around 1 K have been realized in molecular
bimolecular reactions has just started to erefge.’°In a beams either by slowing molecules using bruté’fordey
recent study, for example, Fu et al. reported roaming in the Hreducing the relative collisional velocity with small collision
CH, H,+ CHjreaction. Using a QCT method onadn angles®To date, however, there have been relatively few cross-
initichased global PES, these authors found two roamitgam studies on reactive scattering at low tempefatiings.
pathways leading to distinctlyedent product distributions. is because such reactions, which typically involve radicals or
This and other examples suggest that roaming could be quitas, have necessarily no or small barriers. In both cases, it is
ubiquitous in bimolecular reactions involving radicals becausedof cult to create cold collision conditions in molecular beams
the at potentials in the van der Waals regions. Similar largeith su ciently large number densities. Theoretically, it is also
amplitude dynamics have also been noted inmialecule challenging because the numerically moert WP
reactions because of their long-range interdctibfis. approach requires long time propagation because of the low
Most of the existing studies of roaming have been based tanslational energy and large grids to accommodate long de
QCT"® While such studies have captured most dynamiddroglie wavelengths. TIQM methods are ideal, but they su
features, there are serious issues concerningudiecenof  from steep scaling with respect to the dimensionality of the
guantum eects in the dynamics. For instance, ZPE violation iproblem.
the H + HCO channel of the ,BO dissociation could The reaction F+ 1 HF + H serves as a good example for
conceivably &ct the roaming dynamt€sTo date, however, cold (1 10 K) chemistry. Despite a small barridr.§ kcal/
quantum treatments of roaming dynamics have beéf? rare,mol or 900 K) in the entrance channel, this reaction is known to
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Figure 4SQM results for the ultracold KRb + KRb reaction. (a) Comparison with experimentaPgadiEpt 2*) and previous theoretical loss
rate$®>for distinguishable and indistinguishable reactants. (b) Comparison of the losgxates@and 1 KRb reactants. (c) Comparison of the
loss rates fgr=j,=0and 1 KRb reactants. (d) Capture probabilities for the s and p waves. ReproducBirdtmpefmission. Copyright 2020.

have signtant reactivity at temperatures as low as®K.  photon scheme from ultracold K and Rb at8h@Gollisions
understand this surprising phenomenon, this reaction whstween these ultracold KRb molecules and K atoms are
recently studied at very low collision energies with crossédbught to contribute the loss of KRb in the trap. To understand
beams at a small angle, which revealed the reactivity the reaction dynamics, a TIQM method was applied to
apparently due to a resonaric&VP and TIQM calculations investigate this barrierless complex-forming re&ttion.
on an accurate PES revealed that the tunneling resonance isAlthough only a single partial wave dominates, such state-to-
Feshbach character formed in the product channel associas¢égte quantum scattering calculations are still extremely
with a HF vibrational quantum number. Hence, the formation afhallenging because of the large number of states jRithe K
HF in cold interstellar media is now recognized as aell. However, the chaotic nature of the wave functions in the
consequence of quantumee&ts. More recently, quantum well also suggests an alternative treatment of the dynamics, in
scattering calculations have been extended to ultralow temp&hich the reactivity is controlled by the capture of the reactants
atures (up to 0.5 mKJ°These quantum scattering calculationsby the KRb complex. This statistical quantum mechanical
were performed with a TIQM methS8which is limited to  (SQM) method®****should oer an e cient way to determine
atom diatom reactive scattering with a relatively small numbeeactivity at ultracold conditions accurately. Indeed, SQM has
of channels. To improve scaling, it is desirable to use a WP-bakedn shown to give a reasonably good approximation of the
method. Recently, some progress has been made by propagaiagt TIQM results for the Li + LiYb reaction in the ultracold
the wave packet on drent grids for derent regions of the regime-®In some other cases, however, it was shown that the
reaction path®®® such that the relativelyat long-range reactivity may not be entirely determined by the long-range
interaction potential allows large grid spacing even whenirgeraction and that features in the strongly interacting region
very large range is needed to support the long de Broglie wasan sometimes be important, even at low tempefattiés.
Further work is highly desirable to formulatéent algorithms Ultracold reaction between two KRb molecules in single
for dealing with cold reactive collisions. guantum states has also been reported to proguc®ls
Chemical reactions have also been discovered in the ultractiicbugh a long-lived,Rb, complex#°°The loss rate of KRb
(<1 K) regime. Ultracold KRb molecules, for example, hawaolecules in the trap was shown to be controlled by quantum
been created in single quantum states through a coherent twtatistics’® The reaction rate between indistinguishable
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Figure 5Di erential cross sections (DCSs) for the H + HH, + D reaction obtained with (GP) and without the geometric phase (NGP) and
comparison with experimentally measured angular distribution (EXP). Reproducetl ffaithrpermission. Copyright 2018.

Fermionic KRb increases linearly with temperature, followiragtions. Therefore, some of the conservation laws ieldero
the Wigner threshold law. This is due to the fact that there no longer valid, which requiregmint treatments of the
antisymmetry of the Fermionic wave function requires thguantum scatterifid Strong interaction with experimentalists
lowest partial wave to be fhevave (= 1). The reaction thus is highly desirable in thisld.
occurs via tunneling through the centrifugal barrier, which is Although most reactions occur on the ground electronic state,
remarkable given the heavy mass of the reactants. The tunnethgbreakdown of the adiabatic BO approximation has been seen
stems from the long de Broglie wavelength at the ultracold an increasing number of systems. A commonly encountered
temperature. On the other hand, the loss rate betweeglectronic degeneracy is Cls, which forik-ardimensional
distinguishable KRb has no temperature dependence, becaursssing seam for a system Wtlinternal DOF§>¢ A
the reaction is dominated by $heave (= 0). Given the large  de nitive understanding of the reaction dynamics thus needs to
number of states supgorted by the deRBp,Kvell and the tiny  go beyond the adiabatic approximation, which is challenging.
exoergicity (10 cm?),?®itis impossible to carry out state-to- This is typically done within the diabatic representation,
state quantum scattering calculations with the existing algorithvhich avoids cusps in the adiabatic PES and singularity in
and computer power. As suggested in the KRb + K systeserivative coupling, namely, the change of electronic properties
mentioned above, however, the high density of states and lomigh respect to nuclear motion, at the Cl seam. The diabatic
lifetime®%°*in such syster$**°allow an SQM treatment. representation poses no fundamentaldties for dynamics as
Very recently, SQM methods have been developed to investigdte scalar adiabatic PES is replaced by DPEM. As discussed,
diatom diatom capture dynamifé°°® The application of a  there has beenimportant progress in constructing analytic global
full-dimensional SQM method to the KRb + KRb reactionrDPEMSs from high-levab initiodata.
showed excellent reproduction of the experimental observationsn important issue in nonadiabatic reactive scattering is the
(Figure 4), describing accurately the tunneling through the ect of the geometric phase (GP), which arises in the adiabatic
centrifugal barrier in thewave capture=(gure 4).?%* This representation where the electronic wave function in a path
method is also able to predict loss rates for internalfl%hexciteucircling the CI acquires a phase. This phase is geometric
reactantsKigure #,c), as well as product state distributions. because it does not depend on the exact path but on whether or
Advances in treating the dynamics dominated by quantunot the path encircles the CI. It causes the electronic wave
e ects are needed to gain further insight into the emeslling function to be double-valued around the CI, which has to be
of cold chemistry. compensated by a double-valued nuclear wave function to
An important characteristic of cold collision is that the kinetienaintain single-valuedness of the total wave furiétiont is
energy is so small that the details of the intermoleculamportant to note that GP is absent in the diabatic
interaction at the extremely long-range becomes importanépresentation, as the double-valuedness in the adiabatic
This demands an ultra-accurate description of the long-ranggpresentation is removed by diabatization. However, the use
potentials. Conventional procedurettiofyab initigpoints are of the diabatic representation loses the appeal and clarity of the
insu cient because they do not guarantee the corredO PES, as it necessarily requires more than one state. GP can
asymptotic behavior. As a result, a physically inspired functiohave a dramatic impact on dynamics in the adiabatic
form for dispersion and electrostatic interactions is often morepresentatiot**%***A good example is the H + k¢action,
appropriate and they can be parametrized by higdiblénigb for which the ground-state PES forms a Cl with an upper state in
calculation$?*?°° A more accurate representation of the long-Dy, geometry at 2.75 eV above the reactant asymptotes a
range PES, using machine learning approaches such as keresiHt, two dierent reaction paths between the same reactant
based regression with correct long-range bef&vimsld and product arrangement channels form a circle around the ClI
o0 er a promising alternative. A related challenge is to descrided could interfere because of 8P-°The search for the GP
the in uence of externatlds on ultracold collisions, which are in this reaction has led to a recent experiment in which the
capable of overcoming weak long-range intermolecular intarterference pattern was observed in the product DCS ofthe H +
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HD H,+ D reaction above the energy of th&"GAs shown 0.08 ,
in Figure 5this interference pattern is in agreement with WP Bom'?ppenhe'mer
dynamics in a diabatic representation burslifrom that —— GSF(Pyy)
obtained on the ground-state adiabatic PES without the GF |~ ES F*(*Pyp)
included. Here, the WP approach is necessary because of t 06
high energy in the experiment. More recently, oscillations witfg
respect to the collision energy have been detected, reinforcir%
the existence of two topologicallyedként reaction paths 30.04
around the Cl, according to detailed topological an&lzie 5

involves some roaming. The deeper understanding of th
nonadiabatic dynamics in this simplest reaction is not possibl 0.02
without detailed theoretical calculations.

Despite along history in searching for the & an the H +
H, reaction, it has eluded detection until now, because of the

average over many partial wavéstollows that the GP ect 00075 10 20 30 a0
might be more readily detected when only one or a few partia
waves are present. Recent calculations using a hyperspherical
coordinate TIQM methdd®have corrmed this speculationin Figure 6.F + CHD;  HF + CD; reaction probabilities: results of
both the H + H and H + Q reactions at low and ultralow nonadiabatic calculations foifgf) + CHDs and F (%Py;) + CHD,
collision energiéd%?* These intriguing theoretical results are displayed by black solid line (GS = ground state) and dotted blue

Collision energy (kcal/mol)

; : ; g line (ES = excited state), respectively, and compared to results for
challenge experimentalists to verify the predictions. FCP,,) + CHD, obtained within the BorDppenheimer approx-

. Nonadlabatl_c ®cts are also fpund to p'f?‘y an important rOI.Gimation (thin red line). Reproduced from ¥B88 with permission.
in other reactions. An extensively studied class of reactlo(lgxgpyright 2020.

involves hydrogen abstraction by halogen &toms: 2%
Because of thehole in these atoms, three coupled electroniq
states are involved in the reactant channel, and asymptotic

they correspond to tife states of the halogen atoms. With high-dimensional PESs and DPEMs for reactive systems from

relativistic spinorbit coupling, they are split into the ground high-I P : s . :
) : . -levedb initiocalculations with higldelity, often assisted
(°Py) and excitedPy;) spin orbit states. The approach of b ’ machine learning algorithms. 'Ighis hés enabled accurate

the reactant to the halogen atoms lifts the degeneracy, and o culations of dynamical attributes that can be directly

Onﬁ Orf] the thhrﬁﬁ ?cmb!{et tsta}[thes |rs regcﬁvg. ;hﬁ%; anCI n t'&%mpared with experiment, leading to better understanding of
ed' % (t:'e tc a 't'e f"‘et’ﬁ SF +e ech'c:) + Cy a " on- reaction dynamics. It is probably reasonable to conclude that
adiabatic transiions 1n the CH D; reaction on this long-standing bottleneck in reaction dynamics studies,

an ab initioDPEM"" are found to increase the reactivity namely, the construction of highly accurate PESs for reactive

compared to BO theory and are more prominent than i ms. is now laraelv removed. Euture work in this direction
triatomic reactions previously studiédyre §.*°%>* Systems, is now largely removed. Future wo this directio

. . . . will place an emphasis on large reactive systems and coupled
A future challenge in understanding the nonadialettée b P g Y P

H 6
the characterization of dynamics of a four-atom reaction. 'RU|tIState problens:
prototype is the OH(A) + kbrocess, which can lead to reactive -
quenching (KO + H) or nonreactive quenching (OH(X) + It is probably _reasonable t(_)
H,),>*%** through Cls between the ground and excited state conclude that this long-standing

PESE?%228 Attempts to map out the corresponding full- bottleneck in reaction dynamics

dimensional DPEM have only recently become success- g ;
fulP?® 231 pecause of the existence of several diabatic states, studies, namely, the construction

complex Cl seams, and high permutation symmetry. Dynamical of h'ghly accurate PESs for re-
calculations are also dult because of the approximately 4 eV active systems, is now largely
of energy release. So far, only reduced-dimensional quantum and removed. On the other hand,
trajectory surface hopping calculations have been re- : :
portedz,zgg32 but there exist multiple nonadiabatic pathways pregres L ScatFermg theory has
in this_prototypical system involving breaking airatit been relatively slow.
bonds>**Hence, a complete understanding will have to wait for
a full-dimensional nonadiabatic quantum scattering calculationOn the other hand, progress in scattering theory has been
Interestingly, QCT calculations initiated at the Cl seam on theelatively slow. Apart from small 43atoms) systems, most
adiabatic PES of the ground state found the reactive quenchihymamical investigations have been performed using QCT
is preferred?*?*> in agreement with experimental re- methods. Although inexpensive and insightful, the accuracy of
ports?“*??However, a surface hopping study by Collins et athese methods is not guaranteed because of the intrinsic
on a 3-state DPEM indicated that the nonreactive quenchimgiantum nature of molecular systems. Despite recent reports of
dominates over the reactive quenchitig, stark contrast to  higher-dimensional quantum reactive scattering studies, the
experimental observations. This apparent disagreementeigponential scaling of both memory and CPU costs with respect
expected to stimulate more future investigations. to the dimensionality limits future development. This
Inthis Perspective, we survey the recent advances in scattefigmensionality cursenight be dispelled only with quantum
theory for bimolecular reactions in the gas phase since 2016 aadhputers in the future. However, more pragmatic approaches,

(1I|entify some exciting new challenges in #l$. One
anicant recent advance is our ability to map out global
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preferably with classical trajectories, might be possible. THe worked with Prof. Sheng-Hsien Lin as a visiting student at National
recent attempts using ring-polymer molecular dynamiGssiao-Tung University on photochemistry fa months. After a
exemplied such a strategy.

We expect continuing interest to understand dynamics jhree-year postdoctoral research with Prof. Hua Guo at University of
prototypical reactions involving only a few atoms. These systelNesv Mexico, he joined Chongging University as an independent PI.
provide an ideal proving ground to explore key issues, suchy@gh a Humboldt Fellowship for Experienced Researchers, he worked
mode speccity, nonadiabaticity, resonances, tunneling, and
steric eects. New dynamical calculations on high-accuradyjt" Prof- J@ Behler at Georg-August-Univers@attingen,
potential energy surfaces will continue to shed light oermany. His research interests include potential energy surfaces,
experimental observations made with increasingly mofgaction kinetics, and dynamlcs for gas-phase systems.
sophisticated instruments and in some cases challenge experi-
ment. Future studies might focus more on explorations of
reaction dynamics under nonthermal conditions, such as highly
electronically or internally excited and aligned/oriented
reactants, which ers a potent venue to discover novel reaction
channels and to understand reactions under extreme conditions.
We also anticipate expansion of theoretical studies of reactions
that involve many atoms, which possess additional complexity.
Energy ow in larger systems might start to compete with
reactive channels, particularly when reaction intermediates are
present along the reaction path.
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