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Abstract
This review surveys quantum scattering calculations on chemical reactions of
polyatomic molecules in the gas phase published in the last ten years. These
calculations are useful because they provide highly accurate information on the
dynamics of chemical reactions which can be compared in detail with experimental
results. They also serve as quantum mechanical benchmarks for testing approximate
theories which can more readily be applied to more complicated reactions. This
review includes theories for calculating quantities such as rate constants which have

many important scientific applications.
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l. Introduction

A bimolecular chemical reaction occurs when one reactant molecule collides with
another to produce new product molecules. Chemical reactivity is essentially a
process of the breakage of an old chemical bond and the formation of a new chemical
bond. Characterizing chemical reactions at the microscopic scale has been an
important and fundamental goal of modern physical chemistry, which can provide
essential mechanistic information on chemical reactions in the gas phase. The
development of quantum mechanics and quantum chemistry has provided the
fundamental theoretical bases for interpreting reactive collisional processes with
quantum state resolution.’ 2

In the Born-Oppenheimer (BO) approximation a single potential energy surface
(PES) is defined as a function of nuclear coordinates. The electronic energies
calculated by solving the Schrddinger equation at fixed nuclear configurations for the
motion of the electrons only, constitute the PES that governs the motion of the nuclei.
In the early days, obtaining accurate PESs as well as solving the Schrddinger nuclear
equations accurately, however, was a formidable task, particularly for multiple
electron and nuclear systems. In the past few decades, development of electronic
structure theory and fitting of ab initio electronic structure data has made the
construction of accurate global PESs possible for multidimensional molecular
systems.>® In addition, quantum dynamical methodologies have been greatly
advanced along with the fast growth of numerical computing power. This has made
full quantum dynamics calculations of chemical reactions based on first principles

truly feasible.16-2°

Following the development of sophisticated laser techniques and high resolution
crossed molecular beam experiments, state-of-art quantum dynamics studies of a
chemical reaction can be compared with the most detailed experimental
measurements with full quantum-state resolution.®3” This serves as the most rigorous
test of the accuracy of both PESs and quantum mechanical theory for chemical
reactions. The strong collaborations between experiment and theory have provided an

understanding of the dynamics of chemical reactions at an unprecedented level 24 38-42
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Tremendous progress has been made in quantum dynamics calculations on
chemical reactions. Starting from the full-dimensional quantum dynamics study of the
simplest H+H2 reaction*® #* quantum approaches have been extended to larger
polyatomic reactions, such as the reactions of the X+YCZj3 type*°, In particular in
the past ten years, substantial effort has been devoted to developing theoretical
methods and computational algorithms for investigating polyatomic reactions, which
offer much richer dynamics information and complexity. In this review, we will focus
on the recent work on quantum dynamics calculations on polyatomic reactions
beyond three-atom reactions over the past decade. A variety of reactive systems of up
to seven atoms are described in this section.

Quantum reactive scattering (QRS) aims to extract all observable quantities of
chemical reactions by solving the time-independent or time-dependent Schrodinger
equation for nuclear motion. By using hyperspherical coordinate based
time-independent quantum dynamics methods,® %2 state-to-state dynamics
calculations have been accomplished for many direct atom-diatom reactions, often
through the application of the ABC program.® 536 The time-independent quantum
dynamics method based on body-frame hyperspherical democratic coordinates
developed by Honvault and Launay®” was successfully used for complex-forming
atom-diatom reactions. However, partly because the computational costs rise
cubically with the increase of basis functions, it is difficult to extend the
hyperspherical approach to larger polyatomic reactions.>® %° The solutions for the
time-dependent Schrodinger equation are time evolving quantum wave packets. The
wave packet approach provides a promising alternative to the time-independent
methods for large-scale reactive scattering calculations because it is numerically much
more efficient.? 22 23.29.60-62 Basjde, it can also give an intuitive physical picture of the
reaction dynamics, which describes the evolvement of nuclei on a multidimensional
PES. Therefore, the time-dependent wave packet (TDWP) approach has become the
most widely used method in multidimensional quantum dynamics studies on

polyatomic reactions.



The dynamical information that can easily be obtained from the applications of
the initial state-specific wave packet (ISSWP) method is the initial state-selected total
reaction probabilities and cross sections, which can be used to further evaluate the
thermal rate constants, if desired. The reactant Jacobi coordinates are used to make
the wave packet propagation simple in practice and the calculation is similar to that
for nonreactive problems. The ISSWP method deals with an initial value problem, and
all numerical effort is concentrated on a specific initial state of interest. The
calculation of the action of the propagator can be done very accurately and efficiently
either using the time or the Chebyshev evolution operator.? 515364 The wavefunction
is absorbed at the edges of the grid to avoid boundary reflections, which is
accomplished by simply multiplying the wavefunction by an exponentially decaying
function of a coordinate near the boundary at the end of each propagation step. The
total reaction probability is obtained by integrating the flux over time.

The lack of optimal coordinates for simultaneous description of the reactant
channel, strongly interacting region, and product channel is the major problem for the
wave packet approach, in particular for state-to-state dynamics calculations. Large
numbers of grid points and basis functions are needed to represent the global
wavefunction if all the state-to-state dynamical information has to be calculated with a
single set of either reactant or product Jacobi coordinates. Both reactant and product
coordinates were used to investigate the state-to-state dynamics for atom-diatom
reactions, where the reagent to product coordinate transformation is carried out at one
time step around the transition state region.®>"* However, this methodology is very
difficult when applied to larger polyatomic reactions. The reactant-product decoupling
(RPD) approach, which was proposed by Zhang and coworkers in 199672, has been
successfully employed in recent state-to-state calculations beyond three-atom
reactions.?* "7 In this approach, the wave packet is first propagated in the reactant
channel, and the no-return part entering the product channel is extracted by an
adsorbing potential and transformed into the product coordinates, and further
propagated into the product asymptote. In addition, it is actually not necessary to

absorb the wavefunction in reactant coordinates at every propagation step, instead one
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can perform such an absorption after multiple propagation steps, which makes the
RPD approach more appealing for state-to-state dynamics studies.”’’ The RPD
method solves, to a large extent, the problem of the choice of coordinates, in
particular for direct activated reactions with barriers. A TDWP method was developed
based on the RPD scheme to efficiently calculate the fully converged differential
cross sections (DCSs) for four-atom reactions with all six degrees of freedom treated
exactly. The computed DCS for the HD+OH — H+HOD reaction are in excellent
agreement with a crossed-molecular beam experiment, representing a milestone in
qguantum dynamics studies because of the first complete state-to-state treatment
beyond three-atom reactions.?

A new transition-state wave packet (TSWP) approach to study the reactive
quantum scattering at the state-to-state level has been proposed by Manthe and
coworkers’® 7 which is based on the quantum transition-state theory of Miller®. In
this approach, a few transition-state wave packets, defined by the eigenfunctions of
the thermal flux operator located near the transition state, are propagated into the
asymptotic regions of the reactant and product channels separately using the
corresponding Jacobi coordinates. The entire S-matrix for all energies can be
assembled from the corresponding cross-correlation functions for all arrangement
channels. The propagations are essentially of the inelastic type, within one set of
coordinates, which alleviates the coordinate problem. The transformation from the
initial transition-state wave packets into the appropriate Jacobi coordinates is
performed only once. The grid/basis for the propagation is expected to be smaller than
that demanded in conventional wave packet state-to-state calculations. The TSWP
method has been successfully applied with both the multiconfiguration
time-dependent Hartree (MCTDH)*® 881 and traditional grid/basis framework®284 in
exploring the state-to-state dynamics for atom-diatom reactions and some reactions of
beyond three atoms. Nevertheless, the number of TSWPs can increase very rapidly
with energy, particularly for heavy systems.

In Sections I1-V of this review we will discuss TDWP calculations on polyatomic

chemical reactions beyond three-atom reactions published in the last ten years. We
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first consider four-atom reactions and then describe calculations on reactions of up to
seven atoms. Approximate methods for reactions beyond six atoms are then discussed
in Section VI. We conclude in Section VII with a brief discussion of future prospects

for quantum dynamics calculations on chemical reactions.

Il. Four-atom reactions

1. OH+H; & H+H,0

The reaction of OH with H> is a prototype reaction for H atom abstraction by an
OH radical to form water as a product. It is important in combustion chemistry,
especially in that of hydrogen, as well as in the chemistry of the atmosphere.® 8 The
reverse reaction H+H>O has been studied widely as a prototype system for
mode-specific chemistry.®”-92 As three of the four atoms in the reactive system are
hydrogens, the OHsz system and its isotopically substituted analogs are ideal
candidates for high quality electronic structure calculation of the PES as well as for
accurate QRS study.

In the past decades, a number of PESs, including WDSE, OC,% % WSLFH®,
YZCL2%, XXZ?* and CXZ!! PESs, have been constructed for the reaction system
using different methods. Extensive QRS studies have been carried out on these PESs
to investigate the dynamics of this benchmark four-atom system, and to develop
methodologies to obtain state-to-state DCSs. Zhang and coworkers obtained the first
full dimensional state-to-state reaction probabilities for the total angular momentum J
= 0 on the WDSE PES by transforming the wave packet in the transition state region
from reactant coordinates to product coordinates. In recent years, the quantum wave
packet method based on the RPD approach was used by Althorpe and coworkers to
obtain the state-to-state reaction probability for the H>+OH — H>O+H reaction in full
dimensions for J = 0 on the old WSLFH PES" 76979 Zhang and coworkers reported
the full-dimensional DCSs for the HD+OH — H»O+D reaction on the XXZ PES,
employing the TDWP approach based on the RPD scheme. Excellent agreement was

achieved for the first time for a four-atom reaction between the theoretical DCSs and
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high-resolution crossed-molecular beam experimental results on the system, as shown
in Fig. 1. This achievement indicates it is feasible to calculate complete dynamical
information for some simple four-atom reactions without any dynamical
approximation. It was found that the H.O product is strongly backward scattered with
a large fraction of the available energy deposited into H>O internal excitation, which
is consistent with a direct abstraction mechanism via a nearly collinear transition state.
The RPD scheme based TDWP method was further applied to compute DCSs for
some isotopically substituted reactions, HD+OH — H>0+D, D> +OH — HOD+D and
H2+OH N H20+H.75' 99-101

The TSWP method™ 7 was developed by Guo and coworkers to calculate the
state-to-state S-matrix and reaction probabilities for H2/D,+OH — H/D+H>O/HOD
reactions with J= 0.8 192 Based on a local-mode picture, it was found that the energy
flow along the reaction coordinate into the newly formed OH bond and the
sequestration of the vibrational energy in the OH spectator moiety result in the
vibrational excitation of the H2O product. The detailed analysis provided a unified
interpretation of the seemingly contradicting experimental observations for this
reaction.®® 9! Besides, the reaction-coordinate-based (RCB) method was employed to
extract the state-to-state S-matrix and reaction probabilities for HD+OH and H+H>O
reactions. Recently, a new RCB method for computing S-matrix elements and DCSs
for H,+OH — H+H,0 was presented®. It involves the interpolation of the TDWP,
using a collocation method at selected time intervals on the product grid that naturally
defines the product asymptotic states. This approach was successfully demonstrated in
atom-diatom reactions,'® and was generalized to the calculation of the S-matrix

elements and corresponding DCSs for tetratomic systems.

The H+H>O — H2+OH reaction and its isotopically substituted analogies are
considered as the simplest atom-triatomic reactions. There are three vibrational modes
of the water reagent, i.e., the symmetric stretching (v1), bending (v2), and asymmetric
stretching (vs) modes, respectively. The H+H.O — H>+OH and its isotopically

substituted reactions have proven to be an excellent candidate system for
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demonstrating how the different vibrational modes of polyatomic reagents influence
the reaction dynamics. In addition, this reaction system is sufficiently small to be
amenable to full-dimensional quantum dynamics calculations on accurate PESs.

Crim, Zare, and co-workers carried out a series of experimental studies on the
H+H20 and its isotopically substituted analogies.8”*2 Strong mode specific reactivity
was observed in the H+H>O/D»0 reactions, and strong bond selectivity was also been
demonstrated in the H+HOD reaction with a preferential cleavage of the HOD
vibrationally excited bond. Stimulated further by the experiments, extensive
theoretical studies were carried out on these reactions in the past decades, ranging

from quasiclassical trajectory (QCT) calculations,'%

reduced dimensional quantum
calculations, %111 to full-dimensional quantum dynamics studies.t?114

Recently, the ISSWP method was further developed to calculate the exact
coupled-channel (CC) integral cross sections (ICSs) for H+H20'*® and H+HOD?!¢
reactions on the YZCL2% and CXZ PESs, respectively. The CXZ PES is the most
accurate and smooth PES available for the reaction system,!! constructed by the
neural network (NN) method®® 17 118 hased on 17 000 ab initio points calculated at
the UCCSD(T)-F12a/AVTZ level of theory. The reactivity enhancements from
different initial vibrational states of H,O and HOD were obtained, including bending
excited states, first and second stretching excited states, and simultaneous excitations
of both bending and stretching modes. The strong mode specificity of H+H>O and
bond selectivity of H+HOD as discovered in the experiments were obtained. It is
consistent with the extended Polanyi rules, suggesting the vibrational excitation is
supposed to be more efficient than the translational motion in promoting a reaction
with a late barrier, such as the H+H>O abstraction reaction.

The thermal rate constant and the contributions to this coefficient from individual
vibrational states of H>O were also obtained and compared with the available
experimental data. A Sudden Vector Projection (SVP) model was recently proposed
in an attempt to predict mode specificity and bond selectivity from the coupling of
reactant modes with the reaction coordinate at the transition state.!'®!2! The SVP

model is capable of qualitatively predicting experimental and full dimensional
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guantum dynamical results and has been successfully applied to many reactions
including the H+H>O reaction.

Very recently, the first full-dimensional quantum DCSs for the H+H.O —
H2+OH reaction with initial nonrotating H20 in the (000), (100) and (001) vibrational
states were reported to investigate the initial vibrational excitation influences on the
product state distribution and DCS.1?2 123 The full-dimensional state-to-state quantum
calculation is carried out on the CXZ PES by using the improved RPD scheme based
TDWP method.” " The total DCSs for the H+H,O — H,+OH reaction with H,O
initially in the (000), (100) and (001) vibrational states at three collision energies and
three total energies are shown in Fig. 2. As seen, the vibrational excitations
dramatically enhance the DCSs, and one quantum in the symmetric or asymmetric
stretching excitation of H>O has nearly identical effects on the DCS. The energy
initially deposited in stretching vibrations is much more efficient than the translational
energy in promoting the reaction, but has rather similar effects on product angular
distribution as the translational energy. In addition, the full-dimensional state-to-state
calculations reveal that the reaction from (100) and (001) initial states of H.O
produce vibrationally “cold” OH as the ground initial state, in agreement with the
experimental observation of Zare and coworkers.®* This observation can be explained
clearly by the local mode picture of H>O vibration, and reveals that the non-reacting

OH does act as a spectator in the reaction.

2. H+H20 — H'OH+H

Most of the studies of the OH3 system were done on the basis that the one of OH
bonds in the H>O reactant is basically a spectator bond that will not be cleaved or
highly excited during the reaction. Consequently, one could use a very limited
vibrational basis function for the bond, or sometimes just simply freeze it in some
approximate studies in order to simplify the calculations. It has been found in
previous studies that one OH bond in the H20O reactant can be treated as a nonreactive
bond for the H+H.O — H>+OH abstraction reaction and the reverse reaction;

however, both OH bonds should be treated as reactive bonds in order to accurately
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investigate the H’+H,0 — H’OH+H exchange reaction,'?* due to the saddle point
close to a Cay geometry. The ICS of the H+D,O — D+HOD reaction was first
reported in 2000,'!3 in which the reaction probabilities were calculated with one OD
bond treated as a nonreactive bond and under the centrifugal sudden (CS)
approximation.

In 2012, a full-dimensional quantum dynamics study was reported for the
H+D>.0O — D+HOD reaction using the ISSWP approach on the YZCL2 PES, with
both OD bonds in the D20 reactant treated as reactive bonds.*? This is the first work
from which one can obtain CC results with two reactive bonds for four-atom reactions.
Due to the Csy minimum along the reaction path, a clear step-like feature is
demonstrated in the CC cross sections just above the threshold, presenting the
existence of shape resonance in the reaction, as shown in Fig. 3. The CC cross
sections show very good agreement with the experimental results, and are a bit larger
than the previous theoretical results, which confirms that the one reactive bond
approximation and CS approximation together used in the previous study**® did not
lead to substantial errors in the ICSs. Similar behaviors for the CC cross sections were
found in later quantum dynamics studies for the H+H,O/HOD and D+H,O/HOD

exchange reactions.*?% %7

3. F+H20 < HF+OH

The F+H,O — HF+OH exothermic hydrogen abstraction reaction has recently
become a prototype for understanding the mode specificity and product energy
disposal in four-atom reactions.!?® 12 This reaction has an “early” (reactant-like)
barrier, and is of some importance in atmospheric chemistry and astrochemistry. The
Polanyi rules for atom-diatom reactions reveal that translational energy is more
effective than vibrational energy in promoting the reaction for a reaction with an
“early” (reactant-like) barrier and the reverse is true for a reaction with a “late”

(product-like) barrier.*

It is interesting to test the applicability of the Polanyi rules in
polyatomic reactions, such as the F+H,O — HF+OH reaction.

The ICSs for the reaction in three fundamental vibrational modes of H>.O were
12



calculated both by the ISSWP and QCT approaches on an accurate global PES.? 119
131,132 The PES was fit by permutationally invariant polynomials (PIP)® ° to large
number of MRCI+Q/AVTZ energy points.t®® It was found that the translational
energy is more efficient in enhancing the reactivity than the vibrational excitations for
this early-barrier reaction around the threshold, as shown in Fig. 4. This is consistent
with the extended Polanyi rules. Only at high total energies, the excitations in
vibrational modes of H>O, (100), (010), (001) have higher efficacy in enhancing the
reactivity of the reaction than the same amount of translational energy. The recently
proposed SVP model seems to predict well the mode specificity in this reaction at
high energies, but not at low energies around the threshold, as show in Fig. 4b.°

The mode specificity of the reverse HF+OH — F+H>O reaction was
investigated!®* using the ISSWP and QCT methods on a more accurate
permutationally invariant polynomial-neural network (PIP-NN) PES.1* This PES uses
a set of PIPs instead of pairwise distances as input data in the neural network.
Consistent with the prediction of the SVP model, it was found that the HF vibration
strongly promotes the reaction, while the OH vibration has essentially no effect. The
F+HOD — HF+OD and DF+OH reactions were also investigated using the ISSWP
method with the CS approximation.®® The results indicate that excitation of the local
OH or OD vibrational mode enhances the cleavage of the corresponding bond. The
bond selectivity is very strong at low collision energies.

The quantum mechanical characterization of state-to-state dynamics for the
F+H>O — HF+OH is essential but is much more difficult than the extensively studied
H+H>0 < H>+OH reaction. The full-dimensional quantum dynamics of this reaction
was investigated at the state-to-state level for the first time using the TSWP method
on the PIP-NN PES.® The J= 0 state-to-state S-matrix elements and reaction
probabilities were obtained in that study. It was found that the H>O rotation enhances
the reactivity and the product-state distribution is dominated by HF vibrational
excitation while the OH moiety serves effectively as a spectator for J = 0. These
observations confirmed the dominant role played by the transition state in this

reaction, as both the H,O rotational and HF vibrational modes are strongly coupled to
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the reaction coordinate at the transition state. The transition-state dominance of the
reaction dynamics is also modulated by other features on the PES, such as the
pre-reaction well. However, the overall reactivity should also consider the nonzero
total angular momentum J to discuss effects of reagent rotational excitation of the
reaction. Future extensions to nonzero total angular momentum quantum numbers

will yield accurate ICSs to reconsider the influences of rotational excitation.

4. Cl+H20 < HCI+OH

The ClI+H20 — HCI+OH and its isotopically substituted reactions are of great
importance in atmospheric chemistry and have also served as a prototype for
understanding mode specificity and bond selectivity in reaction dynamics.**¢1% This
reaction is endoergic and has a “late” (product-like) barrier, which is similar to the
endoergic H+H2O reaction.

Recently, the ISSWP approach was employed to investigate the mode specificity
of Cl+H,0 — HCI+OH and its reverse!® 40 and also the bond selectivity of
CI+HOD — HCI+OD!! on the PIP-NN PES. The ICSs of these reactions were
obtained under the CS and J-shifting approximations, i.e., the partial wave
contributions from J > 0 are all obtained from the J = 0 probability by shifting the
energy.!*? The results indicate that the CI+H,O — HCI+OH reaction is enhanced
strongly by excitations of the stretching modes of the H>O reactant but only weakly
by bending excitations. For the CI+HOD — HCI+OD reaction, it was found that
excitation of the local OH vibration in the HOD reactant renders the reaction strongly
bond selective, with the OD/OH branching ratio in quantitative agreement with the
experiment.’¥” The observed mode specificity and bond selectivity is consistent with
the predictions of the recently proposed SVP model, which attributes the promotional
effects of the reactant modes to their couplings with the reaction coordinate at the
transition state.!'® Furthermore, it was found that the vibrational excitation of the HCI
reactant greatly enhances the reactivity while the OH vibrational excitation has little

effect for the reverse HCI+OH — CIl+H2O0 reaction.
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The state-to-state quantum dynamics of the Cl+H2O — HCI+OH reaction was
recently investigated for the first time in full dimensionality using the TSWP
method.*® The state-to-state reactivity and its dependence on the reactant internal
excitations for J = 0 were calculated and found to share many similarities with the
H+H,O — H>+OH reaction. The strong enhancement of reactivity by the H.O
stretching vibrational excitations in the reaction is attributed to the favorable energy

flow into the reaction coordinate near the transition state.

5. O(P)+H,0 — OH+OH

The mode specificity of the O(P)+H,0 — OH+OH reaction with a late barrier
was investigated using the ISSWP method with the CS approximation,*® using the
PIP PES fitted to UCCSD(T)/AVTZ energy points.1** Strong promotional effects by
the stretching vibrational excitation of the H>O reactant were found, which is
consistent with Polanyi rules. In addition, the symmetric stretching mode has a higher
efficacy than the antisymmetric stretching mode and the bending excitation only

enhances the reaction slightly.

6. H+H2S < H2+SH/H+H>S

The reaction of hydrogen atom with hydrogen sulfide is a prototypical
multi-channel reaction. As discussed above for the H+H>O reaction, there exist two
reaction channels in the moderate energy range: the abstraction channel H + H.S—H>
+ SH and the exchange channel H* + H,S—H’SH + H. The H + H2S abstraction
reaction plays an important role in sulfur combustion. Due to the lack of accurate
global PESs of this reactive system, the dynamics was seldom investigated.

Recently, an accurate global PES for the H+H>S reaction was calculated by the
PIP-NN fit to roughly 34 000 high-level ab initio points at the level of frozen-core
UCCSD(T)-F12a/AVTZ*®, The 6D ISSWP method was employed to study the
mode-specific dynamics of the H + H2S reaction on the PIP-NN PES!, in which the
reaction probabilities for J>0 were obtained using the CS approximation. The H +

H>S reaction prefers the abstraction channel to the exchange channel over the energy
15



range studied, in sharp contrast to the findings in the H + H2O reaction. In addition,
the vibrational excitation is less efficient than the translational energy in promoting
the reaction except at high energies. This is in sharp contrast to the mode specificity in
the H + H2O —H> + OH reaction, in which excitations in the stretching modes
promote the reaction much more efficiently than the translational energy!®®. This is
understandable according to the barrier locations of the two reactions. The H +
H20—H: + OH reaction has a late barrier, while the H + H.S — H2 + SH reaction
has an early barrier. As a result, the finding of the mode specific reactivity of the
reaction is consistent with the naive extensions of Polanyi rules.

Furthermore, the 6D ISSWP approach was used to investigate the mode
specificity of the Ho+SH—H+H:S reaction'*’. The quantum dynamics calculations
revealed that the vibrational excitation of H2 substantially enhances the reactivity and
indicates a higher efficacy than translational energy, at least at relatively high energies.
In contrast, the vibrational excitation of SH has a negligible effect on the reaction,

indicating the reactant SH is a good spectator.

7. OH+CO — H+CO2

Because of its crucial role in the conversion of CO to CO., the OH+CO —
H+CO: reaction is considered as one of the most important reactions in combustion
chemistry and atmospheric chemistry.*® 4% This exothermic reaction proceeds via
two pathways with the formation of a HOCO intermediate complex in trans and cis
deep wells. The further decomposition of the HOCO species over significant barriers
leads to the production of CO> and H. It represents a prototype for complex-forming
four-atom reactions.?®

Both kinetic and dynamical measurements, reveal that this reaction proceeds via a
complex-forming mechanism on the ground state of the HOCO system.!®%-1% The
measured thermal rate constants are nearly independent of temperature under 500 K,
but increase steadily with temperature at higher temperatures % ! This strong
non-Arrhenius behavior has been attributed to the near-isoenergetic barriers in the

entrance (OH+COQO) and exit (H+CO2) channels. The molecular beam experiment
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found the products are scattered in both forward and backward directions, but with a
forward bias!®> 1%, This indicated that a reasonable HOCO intermediate exists in this
reaction, but its lifetime is not very long, supporting the importance of the dynamics.

Theoretically, the OH+CO reaction presents a great challenge to both PES
construction and quantum dynamics. There are some old PESs for this system 5415,
but they failed to provide a faithful representation of the complex potential
topography. Thus, the previous PESs are not sufficiently accurate for detailed
dynamical studies. The situation has been greatly improved, thanks to new PESs
based on large numbers of high-level ab initio points and accurate fitting procedures.
In 2012, Li et al. developed a global PES'®® and its modified version'®! using the PIP
fit to roughly 35 000 UCCSD(T)-F12a/AVTZ data points. In 2013, Chen et al.
reported another global PES*2 using the NN method®2, with data points spreading in a
more complete configuration space and computed at essentially the same level of
theory. It was found that the NN PES fits the ab initio points much better than the PIP
PES. Recently, Li et al. reported a new full-dimensional global PES based on the
same ab initio data set generated by Chen et al.?%3, This PES was fit using the PIP-
NN method 3 %* which can be considered as the most accurate PES so far for the
HOCO system.

Extensive quantum mechanical studies were carried out mainly for the J = 0
reaction probabilities and rate constants on different PESs 164166 The reaction
probabilities increase with the collision energy, and demonstrate strong oscillatory
structures, underscoring the involvement of HOCO resonances. Liu et al. performed
full-dimensional ISSWP calculations'®” on the Lakin - Troya - Schatz - Harding
(LTSH) PES™® for many J partial waves using the CS approximation. It was found
the initial OH vibrational excitation considerably enhances the reactivity, while initial
CO excitation has little effects on the reactivity. The CS approximation was shown to
provide reasonably accurate total reaction probabilities for J > 0. The agreement with
experimental rate constants is only qualitative, further underscoring the possible
inaccuracies of the LTSH PES. Subsequently, the rate constant calculated on the PIP

PES indicated a much better agreement with experiment than that obtained on the
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LTSH PES!®. The contributions from J > 0 partial waves were estimated by the
J-shifting approximation. Furthermore, the rate constants computed using the
J-shifting approximation on the PIP-NN PES and NN PES are much closer to

experimental results than those on the previous PESs'®?

, as indicated in Fig. 5. The
overall agreement between the results obtained on the two PESs is quite satisfactory,
although small differences at low temperatures exist. The rate constant from the
PIP-NN PES is slightly closer to experimental results at low temperatures, but the
discrepancy between the theoretical and experimental results still remains.

In 2011, the first full-dimensional state-to-state quantum dynamics calculation for
total angular momentum J = 0 on the LTSH PES for OH+CO — H+CO,"* 6% 170 \yag
performed for the ground and vibrationally excited initial states of OH and CO, using
the multi-step RPD method. It was found that the initial CO vibrational excitation
essentially has the same effect on the product energy partition as the reagent
translational excitation, while the initial OH excitation leads to slightly more internal
energy of CO». Recently, the full-dimensional state-to-state quantum dynamics
calculation for total angular momentum J = 0 on the most accurate PIP-NN PES was
also carried out using the multi-step RPD method. The quantum reaction probabilities
for the ground initial rovibrational state on the PIP-NN PES are quite small in
magnitude with many narrow and overlapping resonances. As indicated in Fig. 6, the
CO2 products are dominantly excited in bending and symmetric modes, but
essentially have no excitation in the antisymmetric stretching mode. Quite large
population is also seen from the simultaneous excitations of combined bending and
symmetric modes. In addition, the validity of the QCT method in describing the
dynamics of this reaction was confirmed, except that the QCT calculations ignore

important quantum effects, such as tunneling, zero-point energy and resonances.

1. Five-atom reactions

1. H+NH3 < H>+NH?

The H+NH3 — H>+NH: reaction plays an important role in the chemistry of
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ammonia pyrolysis and combustion at high temperatures. It has become a prototype
hydrogen abstraction five-atom reaction, which offers rich dynamics information
including mode specificity. A total of nine degrees of freedom should be considered
for this reaction and it is extremely challenging to perform an accurate
full-dimensional quantum dynamics study without any approximations. Previous
quantum treatments for this system mostly applied reduced-dimensional models.

Zhang and coworkers employed a four-dimensional (4D) semirigid vibrating
rotor target (SVRT) model'’?, and Yang and Corchado proposed and applied a
seven-dimensional (7D) dynamics model*’> 3, In the SVRT approach, the reacting
NH3z molecule is treated as semirigid vibrating rotors whose spatial motion is
described exactly. In the 7D model for the H+NH3 reaction, it was assumed that the
nonreactive NH2 group keeps its Coy symmetry, the NH bonds are fixed at their
equilibrium values, and the vibration-rotation coupling in the NH> group is neglected.
The same approximations were also used in another 7D model for the quantum
dynamics study of the reverse reaction H>+NH>. These quantum dynamics
calculations were performed with an analytic PES originally developed by Corchado
and Espinosa-Garcia (CE)*",

In 2008, Yang developed a rigorous full-dimensional quantum dynamics method
for the reaction between an atom and a tetraatomic molecule!™ 1%, X+YABC —
XY+ABC. The method was employed to investigate the H+NH3 — H2+NH> reaction
on improved CE-1997 PES'’2 and also on CE-2010 PES'"”. Due to the relatively low
computational power at that time, the relatively small grid/basis was used in that study
and the results should not be fully converged. The total reaction probabilities were
investigated for the ground vibrational state and four excited vibrational states of
ammonia. All the vibrational excitations enhance the reactivity, and the symmetric
stretching excitation is more efficient in enhancing reactivity than the asymmetric
stretching excitation. The ICSs and rate constants were calculated for the reaction
from the ground state with the CS approximation. It was found that the
full-dimensional rate constants are larger than the corresponding seven-dimensional

values and are overall smaller than those obtained from the variational transition state
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theory.

A new full-dimensional PES based on ~103 000 high-level ab initio points was
recently developed using the PIP-NN method by Guo and coworkers!’®, The new
PIP-NN PES provides a faithful representation of the ab initio points with small root
mean squared error (RMSE), and is much more accurate than previous PESs. The
dynamics calculations on the PIP-NN PES can provide more trustworthy results and
predictions. Very recently, the reaction dynamics and mode specificity of the H+NH3
reaction were investigated on the PIP-NN PES using the full-dimensional (9D)
ISSWP method!™. It was shown that the symmetric and asymmetric stretching
excitations greatly enhance the reactivity, and the efficacies are nearly equivalent, as
shown in Fig. 7. The large enhancement can be attributed to their strong couplings
with the reaction coordinate at the transition state, according to the SVP model, and
their equivalence is apparently due to the local mode nature of the stretching vibration.
However, no experimental data is available for comparison, and the equivalence
between the symmetric and asymmetric stretching modes of NHs remains an open
question. The results are different from the previous full-dimensional quantum
dynamics studies of the same reaction on less accurate PESs, where the symmetric
stretching excitation was found to be more effective than the asymmetric stretching
excitation. The difference can be attributed to the relatively small grid/basis used in
the previous quantum calculations, which might not be sufficient for complete
convergence.

A full-dimensional quantum dynamics study of the reverse Ho+NH2 — H+NH3
reaction was first carried out on the accurate PIP-NN PES recently, using the ISSWP
method®®. The ICSs were calculated with the CS approximation or J-shifting
approximation, to investigate the reaction dynamics and mode specificity. It was
found that vibrational excitation of H> enhances the reactivity. The excitation of the
bending mode of NH2 has negligible effect on the reaction while excitation of either
the symmetric or asymmetric stretching mode of NH: inhibits the reactivity. In
addition, all vibrational modes are less effective than translational energy in

promoting the reaction. Due to the high computational cost for a full-dimensional
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quantum study for this reaction, a seven-dimensional (7D) quantum model with two
non-reactive NH bonds fixed at their equilibrium geometry was also tested*®!. It was
found that the spectator-bond approximation works very well in the energy range
studied, while the CS and J-shifting ICSs agree satisfactorily with the
coupled-channel results in the low collision energy region, but deviate at the high
energies. The ICSs indicated that the rotational excitation of H, somewhat inhibits the

reaction while the rotational excitations of NH»> have little effect.

2. H2+CoH — H+C3H>

The ethynyl radial (C2H) plays a key role in the hydrocarbon combustion chemistry
182 1t is one of the most abundant interstellar molecules and has also been detected in
planetary atmospheres such as Jupiter and Saturn’s satellite Titan 83185,

As a full-dimensional quantum dynamics study for this five-atom reaction is rather
challenging, reduced-dimensional quantum models were proposed and employed in
many calculations. The 7D and 8D quantum models were developed by Wang to
investigate the reaction dynamics and mode specificity for the H>+C>H — H +C2H:>
reaction’®®188  The ICSs were obtained with the CS approximation and J-shifting
approximations. The reactant CoH was approximated as a linear molecule in the 7D
model, and the C>H bending mode was included in the 8D model. In 2006, Wang
investigated this reaction with a full-dimensional quantum dynamics method, with all
9 degrees of freedom explicitly treated'®®. However, due to the extremely high
computational cost, only initial-state selected total reaction probabilities were
calculated in that work. Besides, these reduced-dimensional quantum dynamics
calculations as well as the full-dimensional study employed an old WB-PES*, which
was fit using a relatively simple function to limited ab initio data. Sharma et al.
developed a new full-dimensional ab initio PIP PES for vinyl radical HCCH: and the
reaction H+CoHz — H2+C2HM. The large amplitude vibration of HCCH, and
energy transfer in H+C2H. collision were investigated on this PIP PES!% 1%
Although Wang and coworkers later studied the H>+C>H reaction and its isotopic

variants using the 8D quantum model on an improved MWB-PESY¥1% which
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corrected the barrier height problem on the WB-PES, the dynamical features obtained
by a full-dimensional quantum dynamics study on a global accurate ab initio PES are
greatly desired.

Very recently, the reaction dynamics and mode specificity of H,+C2H — H+C2H:»
were investigated using the full-dimensional ISSWP method on a new ab initio
PES'¥. This PES was constructed using neural network method based on roughly 70
000 data points calculated at UCCSD(T)-F12a/AVTZ level and covers H,+C2H <«
H+C,H2, H+C;H> — HCCH_, and HCCH: radial isomerization reaction regions.
The initial-state selected reaction probabilities were calculated for reactants in eight
vibrational states, and the corresponding ICSs were calculated with the J-shifting
approximation. As shown in Fig. 8, the results indicated that the H» vibrational
excitation predominantly enhances the reactivity while the excitation of bending mode
of C2H slightly inhibits the reaction. The excitations of two stretching modes of CoH
molecule have negligible effect on the reactivity. The rate constants over 200-2000 K
were calculated and agree well with the experimental results. The ICSs indicated that
the translational energy has a larger efficacy than vibrational excitations, which is

consistent with the predication made by Polanyi rules for an early barrier reaction.

IV. Six-atom reactions

1. H+CH4 <> H2+CH3

The H+CH4 — H2+CHz reaction and its reverse are of crucial importance in
CH4/O, combustion chemistry®®, and have therefore been extensively studied both
experimentally and theoretically!®-292, It represents a benchmark six-atom reaction to
advance our understanding of polyatomic chemical reactivity. Because five atoms
involved are hydrogen atoms, it is amenable for high-level ab initio calculations of the
PES and quantum dynamics calculations.

It is far from trivial to construct an accurate and efficient full 12-dimensional PES,
and substantial efforts have been devoted to constructing accurate PESs for the

reaction. The early semiempirical PESs are not considered quantitatively accurate 2%
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204 “although some ab initio data were used to determine the transition state. In 2004,
Manthe and co-workers used the modified Shepard interpolation method® to construct
a full-dimensional PES based on high level ab initio calculations?®. However, this
PES is limited to the vicinity of the abstraction reaction barrier, and was used in
accurate quantum rate constant calculations, and will not be accurate for global
dynamics studies. A global ab initio PES was first developed by Bowman and
coworkers using the PIP approach?®® 2%, Several versions of the global PES for this
system, namely, ZBB1, ZBB2, and ZBB3, including both the abstraction and
exchange channels were calculated based on RCCSD(T)/AVTZ data points, which are
significantly more accurate than all previous PESs. Later Zhang and coworkers
constructed another global PES (ZFWCZ)?%® using the modified Shepard interpolation
method based on UCCSD(T)/AVTZ data points, which has a comparable accuracy to
ZBB3 PES. However, the evaluation of the PES is extremely slow due to the nature of
the high-dimensional interpolation method. Welsch and Manthe presented the
ZFWCZ-WM PES?®, which is based on the ZFWCZ PES and uses a slightly
modified Shepard interpolation scheme extended to the use of modern graphics
processing units (GPU). Recently, a new global PES (XCZ) for this system using a
neural network fitting method based on UCCSD(T)-F12a/AVTZ data points was
calculated by Zhang and co-workers??, resulting in a very small total RMSE. The
XCZ PES did not enforce the permutational symmetry of five hydrogen atoms
explicitly, which can produce accurate results in quantum dynamics calculations but
may introduce some errors in QCT calculations. An exchange scheme to solve the
problem was proposed, so that the conservation of the total energy can be
substantially improved with the exchange scheme in the QCT calculations. Very
recently, Li et al. reported a new full-dimensional global PES (LCZXZG)?!! for the
reactive system based on the original ab initio data points and also additional more
data points computed at the same level used in the XCZ PES, employing the PIP-NN
fitting method. This PES uses a set of PIPs instead of pairwise distances as input data
in the neural network and guarantees the correct permutational symmetry, but results

in a bit higher RMSE than the XCZ PES.
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An eight-dimensional (8D) model has been employed to perform time-dependent
ISSWP studies of the H+CH4 <> H,+CH3 reaction and its isotope analogies 22213,
This model was originally proposed by Palma and Clary?*#, in which the nonreacting
CHz group was restricted in a Cay symmetry during the reaction. Since the
assumption holds very well in reality, the model has a quantitative level of accuracy.
Furthermore, the CH bond lengths in the nonreacting CH3s group can be fixed, and
thus the number of degrees of freedom was reduced to seven?'2, In 2010, Zhang and
coworkers employed the seven-dimensional (7D) quantum model to perform the
ISSWP calculations for the H+CD4+ — HD-+CD3 reaction on both the ZFWCZ and
ZBB2 PESs, where good agreement was achieved between theory and experiment on
the energy dependence of the ICS in a wide collision energy region®®. The effects of
the CHD3 vibrational excitation for the H+CHD3z — H»+CD3 reaction were also
investigated using the 7D ISSWP method on the ZFWCZ PES, which revealed that
the C-H stretching excitation can promote the reaction dramatically?®®. Besides, a
six-dimensional (6D) state-to-state quantum dynamics study of the H+CHs —
H,+CH3 reaction was carried out using the RPD scheme on the XCZ PES?'®, which
was based on the 7D model by assuming that the CH3 group can rotate freely with
respect to its Cav symmetry axis. The calculation indicated that the 6D treatment can
produce essentially the same reaction probabilities as the 7D results. The product
vibrational/rotational state distributions and product energy partitioning information
were obtained for ground initial rovibrational state with the total angular momentum J
= 0. The first coupled channel (CC) calculation for the H+CHD3 — H2>+CD3 reaction
using the 7D model was performed on the XCZ PES?!" 218 |t was found that the
centrifugal sudden (CS) approximation considerably underestimated the CC results,
and the initial rotational excitation of CHD3 up to Jo = 2 does not have any effect on
the total cross sections. Transition state wave packet calculations were also carried
out?t® 220 with all the eight DOF for the Csy, model included by using the original
Hamiltonian proposed by Palma and Clary?!*. In 2012, Yang and coworkers proposed
a new 8D quantum mechanical Hamiltonian*’ based on Palma and Clary’s model. The

new Hamiltonian is in a simple form and easy to implement, and has become the
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choice of 8D quantum scattering calculations for the X+CYZ3 type of reactions.

Very recently, a 8D quantum dynamical approach based on Palma and Clary’s
model was proposed for the Ho+CHs — H+CHa reaction®?: 222, which is similar to
that for its reverse reaction H+CH4 — H2+CHgs. Total reaction probabilities and ICSs
were calculated for the ground and a number of vibrationally excited initial states to
investigate the effects of vibrational excitations of both reagents on the reaction. The
results indicated that the CH stretching excitation has a negligible effect on the
reaction and the 7D model with the CH bond length fixed works very well for the
reaction, as shown in Fig. 9. The H» stretching and CH3s umbrella modes, along with
the translational energy, strongly promote the reactivity. The mode specificity can be
interpreted by the recently proposed sudden vector projection model, which attributes
the enhancement effects of the reactant modes to their strong couplings with the
reaction coordinate at the transition state. The calculated rate constants were found to
be in good agreement with available experimental measurements and other theoretical
results.

Manthe and coworkers have been developing an efficient full-dimensional
guantum dynamical scheme to investigate reactions such as H+CHs — H2+CHs. In
recent years, full-dimensional quantum dynamics calculations could investigate initial
state-selected reaction probabilities??>-??® and state-to-state reaction probabilities*® 22°
for total angular momentum J = 0 for this benchmark six-atom reaction. These
calculations employed the TSWP approach, which is based on the quantum transition
state concept based on flux correlations functions, to efficiently describe the reaction
process. The wave packet propagation was carried out using the multilayer MCTDH
approach. It was found that the stretching excitation and also umbrella excitation
promote the H+CH4 — H2+CHa3 reaction, but the rotational excitation inhibits the
reactivity. The magnitude of this effect strongly depends on the initial vibrational
state. The contributions of the vibrational states of the activated complex to the
reactivity was analyzed in detail. They also reported the first full-dimensional (J = 0)
calculation of state-to-state reaction probabilities for the H+CH4 — H2>+CH3 reaction

for various initial vibrational and rotational states of CH4*°. It was found that the
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vibrational state distributions of the products are essentially independent of the initial
rovibrational state of the reactants, in which only vibrational excitation in the methyl
umbrella mode was observed, but no excitation in H: vibration or another CHs
vibration was seen (see Fig. 10). The observed loss of vibrational memory can be

explained by the quantum transition-state concept.

2. H'+CH4 — H+CH'H3

In addition to the H+CHs — H>+CHs abstraction reaction, there exists a
substitution reaction, H'+CHs — H+CH'Hs, with a D3y transition state and a static
barrier height of 1.6 eV. It is the simplest reaction proceeding through the back-side
attack Walden inversion mechanism, very similar to the gas-phase Sn2 reactions with
central barriers, except that the Sn2 reactions have pre- and post-reaction wells arising
from strong ion-dipole interaction between reagents and products. Very recently,
Zhang and coworkers reported an accurate quantum dynamics study of the H+CH4
substitution reaction and its isotope analogues, employing the above 7D quantum
model on the accurate ab initio LCZXZG PES®. The calculations reveal that the
reaction exhibits a strong normal secondary isotope effect on the ICSs measured
above the reaction threshold, and a small but reverse secondary kinetic isotope effect
at room temperature, as shown in Fig. 11. The reaction proceeds along a path with a
considerably higher barrier height than the static barrier, as the umbrella angle of the
non-reacting CHsz group cannot change synchronously with the other reaction
coordinates during the reaction owing to insufficient energy transfer from the
translational motion to the umbrella mode. Those investigations provided
unprecedented dynamical details for this simplest Walden inversion reaction, and also

shed valuable light on the dynamics of gas-phase Sn2 reactions.

3. F+CH4 — HF+CH3

The F+CH4 — HF+CHj3 reaction plays an important role in the atmosphere and

stratosphere, and it has become a prototype for understanding the mode specificity
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and bond selectivity in polyatomic bimolecular reactions. This reaction has a very low
reactant-like barrier of roughly 0.8 kcal/mol, and a shallow van der Waals (vdW) well
in the entrance channel. It is very exothermic and there is a relatively deep vdwW
minimum in the product valley.

Many experimental and theoretical studies were performed to investigate the
reaction dynamics of this reaction. Recent crossed molecular beam studies carried out
by Liu and Yang groups revealed the similar influences of C-H vibrational excitation
on the reactivity of the F+CHD3 reaction?2%2, Liu and coworkers observed that the
excitation of the C-H vibration significantly reduces the overall reactivity at low
collisions energies, and the reaction with the vibrationally excited CHD3 favors the
DF+CHD: channel at the expense of the HF+CDs channel®°. The reduction of
reactivity was also reported by Yang and coworkers at a higher collision energy?3:2%,
However, the QCT calculations on global ab initio PESs failed to reproduce the
experimental observations on the influence of the C-H vibration excitation on the
reactivity. It was found in recent QCT studies that the C-H vibrational excitation
enhances the overall reactivity by Czako et al. and Palma et al. on two PESs?33-2%,
The discrepancy between experiment and theory might result from the classical model
used for describing the dynamics, which neglects quantum effects. Therefore, an
accurate full quantum characterization of this reaction is highly desirable in view of
potentially important quantum effects, such as tunneling, zero-point energy (ZPE) and
resonances.

Due to the vdW well in the entrance channel of the F+CH4 reaction, the reaction
dynamics can be strongly influenced by the resonances, which requires very long
propagation time in the time-dependent quantum dynamics calculations. In particular,
the reaction probabilities are difficult to converge at low collision energies. Earlier
quantum dynamics studies were restricted to low-dimensional quantum models, which
included a maximum of five degrees of freedom?38-241,

Recently, the mode specific reactivity of the F+CHD3s — HF+CD3 reaction was
investigated using an 8D quantum dynamical approach??, which was based on the

model proposed by Palma and Clary?4. A recently developed ab initio based
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full-dimensional PES considering the spin-orbit coupling by Palma, Westermann,
Eisfeld, and Manthe (PWEM-S0)?® 237 was employed. This PES provides a more
accurate description of the reactant channel than the Czakd, Shepler, Braams, and
Bowman (CSBB) PES?®. In the transition-state and product region, the PWEM-SO
PES is smoothly switched to the CSBB PES. The reaction probabilities with the total
angular J = 0 and ICSs with the J-shifting approximation from different vibrational
states were calculated. The obtained results demonstrate dominant resonance
structures at low collision energies and absence of an energy threshold in reaction
probabilities. It was found that the excitation of the C-H vibration in CHDs3
significantly increase the reactivity, which disagrees with the available experimental
data, as shown in Fig. 12. While the excitation of the C-D stretching or CD3 umbrella
mode has a relatively small impact on the reactivity. Possible sources of this
disagreement were discussed both from experimental and theoretical sides. Further
investigations are still necessary both experimentally and theoretically, which can

resolve the discrepancy in future.

4. CI+CH4 — HCI+CH3

Due to its importance in atmospheric chemistry, the CI+CHa4 reaction has been
the subject of numerous experimental and theoretical investigations. The CI+CH4 —
HCI+CHj3 reaction has a product-like barrier (later barrier), and thus according to the
extended Polanyi rules, the vibrational excitation is supposed to be more efficient than
the translational motion in promoting the reaction.

Surprisingly, crossed molecular beam experiments carried out by Liu and
coworkers for the CI+CHD3 reaction observed that the ICS for the CD3(v=0) product
for the initial CH stretch excited state is smaller than that at low translational energies
and becomes comparable at higher translational energies to the corresponding one for
the ground initial state?*® 2*4, Based on their estimation that most of CD3 product
resulting in the ground vibrational state (v=0), they revealed that the stretch excitation
IS no more effective or slightly more effective in promoting the late-barrier CI+CHD3

reaction than an equivalent amount of translational energy, which is inconsistent with
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the Polanyi rules.

In 2012, Zhang and coworkers performed a 7D quantum dynamics study based on
the Palma-Clary model for the CI+CHDs3 reaction to investigate the vibrational
excitation effect on the reactivity®®. A high-quality, full-dimensional global PES
developed by Czak6 and Bowman (CB PES)?*® 24 for the reactive system based on
accurate ab initio calculations was employed in the quantum dynamics calculations.
The ICSs for different vibrational states were obtained based on the CS approximation
on calculating the reaction probabilities for J > 0. The quantum dynamics results
revealed that the vibrational enhancement by the C-H stretch excitation is actually
very significant, except at very low collision energies, as indicated in Fig. 13. After a
careful reexamination of the experimental data, it was revealed that the discrepancy
between the original experimental data and 7D quantum dynamical results arises from
the incompleteness of the measurement?*’. By including more rotational states of
product, they found the CH stretch excitation becomes more efficacious than the same
amount of translational energy in promoting the reaction, which agrees reasonably
well with the 7D quantum dynamics calculation. A later 7D quantum dynamics study
by Yang and coworkers also investigated the rotational mode specificity of the
CI+CHD3 reaction?®8, which reproduced the experimental results that the low-lying
rotational states of CHD3 are more reactive than its rotationless counterpart.

Recently, an 8D quantum dynamics study for the CI+CHs — HCI+CH3 reaction
was carried out on the CB PES?*°. The reaction probabilities for the reactant CH4
initially in its ground vibrational state and low-lying excited states were calculated,
and the ICSs were obtained with the J-shifting approximation. All vibrational
excitations considered enhance the reaction significantly, with the largest
enhancement from the excitation of the stretching modes, indicating that the Polanyi
rules hold well in this late-barrier polyatomic reaction, except for low collision
energies. The thermal rate constant is in good agreement with the experimental results,
in particular in the low temperature region.

Experimental studies®®® 2! showed that the spin-orbit state CI(?P12) also plays a

small but important contribution to the reaction. Nonadiabatic effects in triatomic
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reactions have been well studied®® 22, However, multiple-surface quantum scattering
calculations on polyatomic reactions involving radicals such as Cl, F, Br, O and OH
remain a challenge due to the computational cost in constructing PESs with multiple
electronic states. Recently, Remmert et al.?>® developed a method to study this type of
systems based on reduced-dimensionality (RD) approximation. It has been applied to
study both the CI(?P;)+CHs — HCI+CH3?*® and CI(*P;)+CHD3; — HCI+CD3?**
reactions in selected spin-orbit states. The calculated rate constants and ICSs showed

very good agreement to the experimental results.

5. OCP)+CHs4 — OH+CH3

The O(P)+CHs — OH+CHjs reaction plays an important role in hydrocarbon
combustion?®. It has a more-or-less central barrier, which is neither reactant-like nor
product-like. Extensive experimental and theoretical studies have been carried out for
this prototype of central-barrier reaction. Recent crossed molecular beam experiments
have obtained the excitation function, mode specific reactivity, internal state
distributions of both the CHz and OH product and DCSs for this reactive system?6-2%,
It was found the excitation of the C—H vibration in CHD3 for the O(P)+CHD3
reaction significantly enhanced the reactivity for the OH+CD3 channel. However, the
bending excitations in CD4 slightly inhibit the O(®P)+CD4 reaction.

The theoretical studies were almost based on the QCT? 26! and
reduced-dimensional quantum dynamics?®22% calculations. Recently, an 8D ISSWP
study based on the Palma-Clary model was performed for the O(P)+CHs4 —
OH+CHjs reaction*®, using an ab initio full-dimensional global PES recently
developed with the PIP method by Czaké and Bowman?®. This 8D model includes
representatives of all CH4 vibrational modes, particularly the asymmetric stretching
mode ignored in the 7D model®*3. The calculated ICS for CHy4 initially in the ground
state agrees well with the experimental measurement. It was found that the
translational energy is more efficient in promoting the reaction than the vibrational
excitations. The excitations in the stretching modes of CH3 significantly enhance the

reaction, with the symmetric stretch having a higher efficacy and the excitations in the
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bending and umbrella modes having a smaller impact, as shown in Fig. 14.

V. Seven-atom reactions

1. OH+CH4 — H20+CH3s

The OH+CH4 — H>O+CH3s reaction is a key step in the combustion of
hydrocarbon fuels®’. It also represents the major mechanism for the removal of the
greenhouse gas methane in the troposphere?®. Experimental rate coefficients for the
reaction have been measured over a wide range of temperatures®®®. Crossed molecular
beam experiments were carried out to study the state-to-state dynamics for the
OH+CD4 reaction by Liu and coworkers 279272, The early quantum dynamics
calculations were restricted to two-three degrees of freedom?”® 274 and then more
degrees of freedom up to seven®”>2’" were included to investigate the reaction
dynamics, partly due to the emergence of accurate global PESs. The first global PES
was constructed by Espinosa-Garcia and Corchado based on an analytical function
(PES-2000)?®, which was further refined by them (PES-2014).

Recently, six-dimensional (6D) and seven-dimensional (7D) ISSWP calculations
were performed on the PES-20002"% 2’7, The 6D and 7D Hamiltonians were mainly
based on the Palma-Clary model, which restricted the nonreactive CH3z group in the
Csv symmetry?'4, Further simplification includes the removal of the internal rotation
of CHs and freezing of the C-H bond, which results in the 7D model. The 7D model
can be further simplified by fixing the OH bond length, leading to the 6D model.
The reaction probabilities and ICSs from ground and several excited vibrational states
of CH4 were calculated with the CS/J-shifting and without the CS approximations.
The OH radical can be treated well as a spectator because it has a negligible effect on
the reaction. Excitations of the C-H stretch and/or the CH3z umbrella mode enhance
the reaction, although they are less efficient than the translational energy in promoting
the reaction, at least at low collision energies, consistent with the extended Polanyi
rules for this early barrier reaction. It was found that the CS approximation works

well in the entire energy region considered, but the J-shifting approximation only
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produces accurate results at low collision energies. In addition, the 6D results
indicated that the rotational excitation of CH4 has little influence on the reactivity, but
the rotational excitation of OH inhibits the reactivity slightly.

Since the PES-2000 and PES-2014 were calculated based on a simple functional
form, the dynamical uncertainties result from the two PESs remain unclear. Very
recently, Li and Guo developed a new global full-dimensional PES using the PIP-NN
approach based on large number of high-level ab initio points?’®. This PES is
considered globally accurate based on the small RMS fitting error and preliminary
QCT results. Using this PES, Song et al. investigated the mode specific reactivity for
the OH+CHD3 reaction by the 6D ISSWP and QCT approaches?®. The quantum
dynamical results indicated that the excitation of CH stretch promotes the reaction,
while the excitation of umbrella mode of CHD3 has a negligible effect on the reaction.
It is interesting that the translational energy is more efficient than the CH stretching
mode in promoting the reaction, except at very high collision energies, which were
reproduced by QCT calculations (see Fig. 15). This finding is consistent with the

extended Polanyi rules for this polyatomic reaction with an early barrier.

2. F+CH30H — HF + CH30

The seven-atom F+CH30OH—HF +CH30 reaction was recently investigated by a
joint high-resolution photoelectron imaging and theoretical quantum dynamics
study?®!, based on the photodetachment of the stable CH3OHF  anion. The
measurements reveal spectral features associated with a manifold of vibrational
Feshbach resonances and bound states supported by the post-transition state potential
well. To simulate the photoelectron spectrum, wave-packet-based quantum dynamics
was investigated with a reduced 6D model by freezing the methyl moiety, based on a
global PIP-NN PES obatined by fitting a large number of UCCSD(T)-F12a/AVDZ
points in full dimensionality. The remaining six coordinates were represented by the
diatom—diatom Jacobi coordinates. The photodetachment process was simulated
within the Condon approximation, where the anion wavefunction was placed on the

neutral PES in a vertical transition. The subsequent dynamics calculations were
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followed by propagating the initial wave packet in the Chebyshev order domain and
the photoelectron spectrum was computed by a discrete cosine transform of the
Chebyshev autocorrelation function. The experimental spectrum was assigned with
the help of 6D quantum dynamics calculations, and the resonances were fully
reproduced by theory, which demonstrate that the key dynamics of this seven-atom

bimolecular reaction can be captured with a relatively simple physical picture.

VI. Reactions beyond six-atoms with approximate methods

For chemical reactions involving more than six atoms quantum dynamical
calculations currently require some approximations due to the large number of
degrees of freedom involved. Furthermore the lack of suitable PESs has meant the
number of published quantum dynamical studies for these bimolecular reactions in the
gas phase has been small. Approximate quantum dynamical calculations that have
been published in the last ten years on reactions with more than six atoms are

discussed in this section.

1. Reduced dimensionality method

A practical approach is the so-called RD method,?®> 28 in which a RD
PES is constructed instead of a FD PES. It is based on the idea that in systems
consisting of large molecules, some of the atoms in each molecule are far away from
the reaction centre, and hence the vibrational motions involving these atoms
contribute significantly less than the atoms that are close to the reaction centre. In
such an approach, the internal degrees of freedom (DoFs) of the system are divided
into two groups: active modes and spectator modes.?5% 254 284292 The PES is then
constructed according to variations of the active mode coordinates, while the
contribution of the spectator modes to the reaction are included as zero-point energies
(ZPE). For instance, one commonly used 2D mode|?®3 254, 284-286, 288290, 292 treqts two

bond lengths that correspond to the chemical bonds formed and broken in a reaction
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as the active modes. Recently this method has been applied to larger systems, in
particular the H-atom abstraction or exchange reactions, such as H+CH3NH, —
H2+CH3NH/CH2NH2?8, H+CHs — H2+CH3?%* 28%) CH3+CH4 — CH4+CH32%> 2,
CI+CH4/CHD3 — HCI+CH3/CD3%* 2% H+CoHg — H2+CpHs%®’, H+C3Hs —
Ho+n-C3H7/i-CsH7%", H+n-C4Hio — H2+1-C4Ho/2-C4Hoe*®!, H+HCF3; —
H2+CF3%%2, H+cyc-CsHe — Ha+cyc-C3Hs?%?, H+Si(CH3s)a — H2+Si(CH3)3sCH2%,
H+H2CO — H2+HCO?®, and CI™+CH3Br — Br +CH3CI?*,

One approach to construct the RD PES has used quantum chemistry
methods of reasonable accuracy to compute the zero-point energies of the spectator
modes while using highly accurate quantum chemistry to calculate the points on the
2D PES in the bonds being broken and formed. In this way the effective barrier height
at the transition state and energetics for the reactants and products are accurate, which
is crucial for reaction dynamics and kinetics.2%%-2%

A good example of this approach is the direct H-abstraction from the
methylamine (CH3NH2) molecule by an H atom which plays an important role in
atmospheric processes. Two possible reaction routes can take place resulting in either
CH2NH> or CH3NH radicals. The methylamine molecule (CH3NH>) itself has 15
DoFs including internal rotation and inversion motions. Kerkeni et al. 2%constructed a
2D PES for each reaction channel with the H-H and the H-C or H-N bond lengths as
the coordinates. A rectilinear coordinate projection method, was used to project out
the contribution of the active modes from the spectator modes and the post-projection
spectator mode ZPE was added to the single point ab initio energy to calculate the
PES. The 2D nuclear Schrodinger equation was solved with the R-matrix propagation
method in combination with the J-shifting model.?8 2% The resulting rate constants
had very good agreement to the experimental data and also showed clear contribution
of the quantum tunneling effect to the reaction. A similar procedure has been recently
applied to the study of H+H2CO — H+HCO?® and H+Si(CH3)s —
H2+Si(CH3)3CH2% reactions.

This projection of the Hessian matrix in rectilinear coordinates has been

used in the RD PES constructions recently due to its simplicity. However, the
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post-projection frequencies at non-globally optimized geometries in the rectilinear
coordinate representation may have imaginary values, which are not physically
meaningful. Banks et al. 24 proposed the use of a projection method in curvilinear
coordinates to remove this difficulty and applied it to the RD study of the H+CH34
reaction. The method of calculating the projection operator in the curvilinear
coordinates was later simplified.?®® This method was tested on various chemical
reactions, including CH3+CH4% and H+CHi/C2He/C3Hs?®". In addition, better
description of some of the vibrational modes, such as linear bending, can be
achieved?®. The curvilinear corrected ZPE, as expected, has different values from the
rectilinear corrected ZPE. This affects the RD PES. Examples of the differences in
ZPE between curvilinear and rectilinear methods across the grid points for several
reactions were reported.?® The curvilinear corrected PES in the reactant and product
asymptotes are generally lower in energy than the equivalent eigenstate for the
rectilinear corrected PES. Thus the curvilinear corrected RD PES produces a larger
reaction barrier and less tunneling than the rectilinear counterparts. However, the
resulting rate constant has a significantly better fit to experimental data.?®3 285 287

In the studies of chemical reactions involving large molecules, the
reaction rate constant attracts the most experimental interest. Recently, von Horsten et
al.?" developed a (1+1)D model to construct an approximate 2D PES that provides a
good rate constant estimation and saves a noticeable amount of computational cost. In
the (1+1)D model, one calculates the 2D minimum energy path (MEP) of a reaction
with the 2D corresponding to the chemical bonds being formed and broken in the
reaction and performs the vibrational mode projection in the curvilinear coordinates.
This spectator mode ZPE corrected MEP is referred to as the 1D. The remaining areas
on a normal 2D PES are determined by harmonic expansion in curvilinear coordinates
about each point along the MEP. This method is similar in spirit to the reaction path
Hamiltonian model by Miller et al.?® or the harmonic adiabatic approximation by
Lauvergnat et al.?®® However, the similarity is only limited in the 2D PES
construction, the nuclear motion Schrédinger equation for the two DoFs is solved

using quantum scattering calculation. The advantage of this method is the reduction of
35



computational cost for a PES construction. Typically, only ~60 ab initio grid points

are required in a (1+1)D calculation,?®’

while the construction of a 2D PES requires
over 100 grid points. A simplified (1+1)D model based on 1D Morse potential fitting
was proposed and tested on the H+n-CsHio — H+1-CsHoe/2-C4He?*! and
H/D+HCF3/DCF3 «> Ha/D2+CF3%% reactions.

The tests of this (1+1)D method were carried out on several H-abstraction
reactions from hydrocarbon molecules and the resulting reaction rate constants
showed very good agreement with other theoretical works and experimental data.?8”
291, 293 The cumulative reaction probability of the (1+1)D calculation shows good
agreement to the 2D results at low collision energies.?®” The disadvantage of the
(1+1)D method is that it requires certain geometries of the grid points on the MEP. In
particular, the three atoms involved in the formation and breaking of chemical bonds
are assumed to be in a collinear or near-collinear configuration. Systems with van der
Waals (vdW) complexes that breaks this geometrical arrangement, therefore, cannot
be represented in this model. An example is the H+cyc-CsHs—H2+cyc-CzHs
reaction reported by Shan et al. 2% where the reactants forms a vdW complex with the
H-atom sitting on top of the cyc-CsHe ring. Shown in Fig. 16(a), with a carefully
chosen set of internal coordinates, one can easily include both stationary structures in
a fitted 2D PES. The resulting QRS rate constant in Fig. 16(b) shows very good
agreement to experimental data®°% 3%,

More recently, Hennig and Schmatz 2°* reported a RD quantum scattering
calculation on the CI'+CHsBr — CICH3+Br reaction. Because of the low
intermolecular frequencies of the complexes, the heavy mass of Br, and the
long-distance ion-dipole interactions, the PES construction for this system is
computationally very demanding despite consisting of only 6 atoms. In this study, the
explicitly treated DoFs included the lengths of the bonds being formed and broken, as
well as the doubly-degenerated low-frequency bending mode. The results showed that

the most influential DoFs to the reaction rate constants are the 2 bond lengths.

2. Direct dynamics
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As shown in the last example, a key factor that affects the results of a RD
calculation is the choice of the important DoFs to represent a complex reaction in the
RD framework. However, this process can sometimes have an ambiguity in the
chosen DoFs. An alternative method has been proposed which avoids the construction
of a PES. In this “direct dynamics” simulation®*?, the ab initio calculation is only
called upon when the numerical integration at a point in a dynamics calculation
requires the potential energy and, in some case, gradient. This approach is often
referred to as “on the fly” calculation. This method is particularly powerful to study
reactions with multiple completing mechanisms leading towards the same product,
and reactions that do not follow the intrinsic reaction coordinates (IRC) that links
reactants and products to the TS. It has been most extensively applied in a classical
trajectory treatment of the nuclear dynamics with quantum chemistry calculations of
somewhat limited accuracy due to the computational expense. However, the method
does have considerable potential for the future as accurate quantum chemistry
methods inevitably become more efficient and computers become faster. In due
course this ‘on the flight” type of method is likely to become a method of choice even
for quantum dynamics calculations on polyatomic reactions and we thus give some
examples here that illustrate its application in direct dynamics calculations.

One interesting example is the reaction between F~ and CH3O0OH3%3 304
which according to thermodynamic data should yield the IRC predicted most
exothermic products of HF+CH2(OH)O™. However, experimental results showed that
at temperatures as low as 300K3®, the much higher energy non-IRC products
HF+CH,0+0OH™ were formed. The direct dynamics studies by Lopez et al.3%
investigated this behaviour. The analysis of the number of trajectories for the different
reaction channels found that 23% formed HF+CH.O+OH™. The majority of these
trajectories followed the pathway shows in Fig. 17, which provides theoretical
evidence for the elimination mechanism proposed by the experimentalists. The study
also showed that 48% of the trajectories were trapped in the CH3OOH-F vdwW
complex potential well, while the intramolecular vibrational energy redistribution was

inefficient for breaking down the complex and form the most exothermic products and
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motions off the IRC resulted in the non-IRC reaction path.
The reactions between CH3z and HOCO radicals are important in the study
of combustion. In combustion condition, several possible reaction channels are

available. Yu and Francisco 3%

performed direct dynamics calculation over 4 thousand
trajectories at six collision energies. The results showed the long-range attractive
interaction between the reactants played an important role in the reaction as both the
maximum impact parameter and the reaction cross section decreases as the collisional
energy increases. More recently, Preston et al.®® performed direct dynamics
calculation on the CI+C3Hes — HCI+CsHs reaction. It has two competing
mechanisms. The reactants can undergo either a direct abstraction or an indirect
addition-elimination mechanism to form the products. Due to the computational cost,
the analysis was limited to only a few-hundred reactive trajectories, the calculation
nevertheless showed insight into the reaction mechanism. About 90% of the reactive
trajectories were from short-lived complexes, the reaction is dominated by direct
abstraction.

Another type of reaction that is often studied uses the direct dynamics
simulations involves formation of intermediates. For instance, the attacks on the CH3sl
molecule by OH™ 307:308 or F~ 399 anjons. Xie et al. 3 analysed the population of the
possible product channels of the OH +CHazl reactions using direct dynamics
simulations. A total of five reaction pathways and multiple pre- and post-reaction
complexes were observed in the simulation. The trajectories were selected for
collision energies of 0.05, 0.5, 1.0 and 2.0 eV. The calculation showed the shift in
contribution of completing mechanisms. For the Sn2 reaction pathway, the stripping
and rebound direct reaction dominates at all collision energies, while the indirect
reaction becomes more important than either of the direct mechanisms only at low
energies. For the proton-transfer pathway, direct stripping is dominant at 2.0, 1.0 and
0.5 eV, while the majority of the reaction becomes indirect at 0.05 eV. In a later paper,
Xie et al.3%" investigated the effect of OH™ rotational excitation on the dynamics of
this reaction. The results showed that only the probability of the direct rebound

mechanism increased with as OH~ became rotationally excited, while other
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mechanisms were not affected. More recently, the proton transfer reaction of F+CH3l
was studied using direct dynamics simulations by Zhang et al.>*® This reaction is
endothermic, and hence a ZPE constraint of the product was taken into consideration.
The majority of the product CH21" anion was found to be highly rotationally excited.
This was not found for the proton transfer pathway of the OH +CHzI reaction, since it
is exothermic and the product energy was mainly distributed in the relative
translational motions. In the F+CHzl case, with ZPE constraint, the energy
partitioning is statistically the same to the vibrations, rotations of CH2I" and relative

translations of HF+CH2l".

3. Other approximate methods for reaction rate constant calculations

When the reaction rate constant is the main interest, approximate methods
can be used to provide good estimaes. Most of such approaches approximate the
quantum scattering calculation in one way or another. Note that the most widely used
method in calculating reaction rate constants for polyatomic reactions, the variational
transition state theory with multidimensional tunnelling corrections (VTST/MT), will
be reviewed in another article in this volume, and a detailed discussion is therefore
not given here. QRS calculations are very useful in testing the accuracy of these more
approximate methods for calculating rate constants.

One of the simplest and most cost-effective methods for calculating the
rate constant of a reaction which has a relatively large barrier is the semiclassical
transition state theory approach (SCTST).31%320 |n this calculation, the
full-dimensional energy barrier is approximated by a one-dimensional (1D) barrier
constructed using the information of the PES near the TS, in particular the vibrational
frequencies and anharmonic constants. The reaction probability is computed by the
summation of the tunneling probabilities through the state-selective 1D PES barrier.
Recently this method has been applied to the studies of several bimolecular and
unimolecular reactions.?**3% The second order vibrational perturbation theory
(VPT2)31232L was used to calculate the anharmonic constants. Stanton et al.3!* tested

the accuracy of the VPT2 method against higher order vibrational perturbation and
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found that VPT?2 is sufficient for the rate constant calculation in SCTST and the effect
of higher order perturbation theory might be approximated by a rescaling of the
barrier frequency in VPT2 level. The accuracy of the approximations made in a
SCTST calculation were tested by Greene et al.*> The reaction rate constants of
various chemical reactions were calculated using SCTST and QRS on the same PESs.
The SCTST rate constants showed excellent agreement with the QRS results.

One particularly interesting study was the calculation of H-exchange CH3
+ CHy4 reaction, which is a H-L-H system with a light H atom transferred between two
heavy CH3 radicals. In such reactions, corner-cutting effects have been shown to be
important.?®> 322 The SCTST does not include considerations of the concave region of
the PES between the reactant and product channels, however, the corner-cutting effect
is indirectly treated in the barrier calculation with the coupling anharmonic constants
and the coupling terms of the third-order derivatives of the PES. The resulting SCTST
rate constant shows very good agreement to the quantum scattering result.

The latest FD SCTST application was to the previously discussed
OH+NH3 — NH+H-0 reaction®!3, where the rate constants calculation included the
electronic partition function of the OH radical, 1D hindered rotor partition function to
the internal rotation of the NH> at the TS, vibrational partition function of the
umbrella motion in the reactant NH3 and rescaling of the barrier frequencies. The
resulting rate constants showed excellent agreement with the experimental and other
theoretical results. A FD SCTST for systems that consists of more atoms can still be
expensive, especially for the computation of the third and fourth order derivatives of
the PES used in VPT2.

Simplifications to the FD SCTST, in particular RD SCTST, were first
tested out by Nguyen et al.!°, and later by Greene et al.3'> 3% where 1D SCTST rate
constants were compared to multi-dimensional SCTST results on H-abstraction
reactions of H with CH4s and C2Hs. The studies showed that the deep tunneling
correction 324 to the semiclassical barrier is required for the best performance of a RD
SCTST calculation. Greene et al. 3 also suggested the use of the Richardson

extrapolation method 3%° to improve the accuracy of higher-order derivatives obtained
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via numerical differentiation.

The ring polymer molecular dynamics (RPMD) is an approximate
guantum mechanical approach that uses path integrals to calculate Kubo-transformed
real-time correlation functions®? 3. The resulting correlation functions coincide with
the exact quantum mechanical result in the limit as t—0. A major advantage of this
method is that the RPMD rate constant calculation is rigorously independent of the
choice of the TS dividing surface that is used to calculate it 3%, This is highly
desirable for applications to reactions for which the optimum dividing surface is
difficult to determine. The method can be directly applied to systems for which
conventional classical molecular dynamics simulations are applicable including
systems with many atoms and also condensed phases. The RPMD has been applied to
calculate the reaction rate constants of various H abstraction from organic molecules
by atoms and radicals, including H+CHs — H2+CH3 32833 O+CH4 — OH+CH3%%?
883 Cl+CHs — HCI+CH3**, OH+CHs — HO+CH3%% 3¢ ‘4Hep+CH, —
H*Hepu+CH3%" and H+ethane/propane/dimethyl ether®3®. One major computational
cost of a RPMD calculation is the requirement of a global FD PES and a recent study
that used local segmented PESs constructed by the permutation invariant polynomial
neural network approach showed the possibility of reducing this cost. To date the
approach has not been developed to allow for the calculation of dynamical quantities
such as state-selected rate constants of cross sections and this would be an interesting

challenge338.

VI1I. Conclusions

Quantum scattering calculations in the gas phase play an important role as
they provide a highly accurate interpretation of experimental results on the details of
chemical reactions. The calculations also provide essential quantities such as reaction
rate constants which are used in many scientific applications. The calculations can be
done for isotopic combinations and for a wide range of collision energies or

temperatures, which is not always straightforward in experimental studies. As reaction
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dynamics experiments are being applied to more and more complicated systems there
is a clear need for good quantum scattering calculations on reactions involving
polyatomic molecule with more than three atoms. This review has summarized the
recent progress. The advances have allowed for highly detailed comparisons with
experiment and also the ability to test the accuracy of approximate approaches which
can treat quantum aspects such as tunneling with a good accuracy for quite
complicated reactions.

The field couples closely with advances in the theory and computational
efficiency of ab initio quantum chemistry methods and also with new procedures for
constructing PESs for chemical reactions. Indeed, some practical approximate
approaches remove the need for the construction of a global PES entirely. In parallel
with the advances described here there has been progress in performing quantum
scattering calculations on reactions occurring on solid surfaces.®®® In this case it is
more challenging to calculate ab initio PESs of the same quality as achieved for the
gas phase but the computations have still shown themselves to be useful.®* An even
greater challenge is to extend the methods to the study of reactions in liquids. Some of
the recent research using ring polymer molecular dynamics is showing promise in this

direction.34
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