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The field of molecular scattering is reviewed as it pertains to gas—gas as well as gas—
surface chemical reaction dynamics. We emphasize the importance of collaboration of
experiment and theory, from which new directions of research are being pursued on
increasingly complex problems. We review both experimental and theoretical advances
that provide the modern toolbox available to molecular-scattering studies. We
distinguish between two classes of work. The first involves simple systems and uses
experiment to validate theory so that from the validated theory, one may learn far more
than could ever be measured in the laboratory. The second class involves problems of
great complexity that would be difficult or impossible to understand without
a partnership of experiment and theory. Key topics covered in this review include
crossed-beams reactive scattering and scattering at extremely low energies, where
quantum effects dominate. They also include scattering from surfaces, reactive
scattering and kinetics at surfaces, and scattering work done at liquid surfaces. The
review closes with thoughts on future promising directions of research.

1. Setting the scene with a little history

The discovery of quantum mechanics™* marks the historical starting point for the
field of chemical dynamics, especially once Born and Oppenheimer conceived of
an approximation for molecules involving an effective potential energy function
created by the average field of the electrons.® Soon, the first potential energy
surface (PES) for a chemical reaction was calculated,” the idea of a reaction's
transition state was conceived and the first theory of absolute reaction rates was
developed.®” With the emerging capabilities of computation,® comparisons of
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experiment and theory became possible, allowing the new theoretical concepts to
be put to the test. Initially, experiments relied on molecular spectroscopy,”™*
made more powerful by the invention of the laser'>** and the growing use of laser-
induced fluorescence (LIF),"*** which provided nascent quantum-state pop-
ulation distributions produced by chemical reactions.”®**

But it was molecular scattering that revolutionized the study of chemical
dynamics, first during the so-called “alkali age”,*>*® then as a tool to study ion-
molecule chemistry,?”*® and especially with the advent of the universal crossed-
molecular-beam method,* which led to the 1986 Nobel Prize in Chemistry.
Experiments were now able to control reactant incidence energy, achieve single-
collision conditions and detect product molecules’ recoil velocities. Product
flux maps gave clear insights into the qualitative nature of a reactions' transition
state, allowing direct detection of steric entrance-channel effects, reaction
complex formation and, through control of incidence translational energy, the
presence of reaction barriers.

In the words of its inventor and chief protagonist: “The idea of crossed
molecular beams experiments is in a sense to ‘visualize’ the details of a chemical
reaction by tracing the trajectories of the reaction products”.* Achieving
a rigorous “visualization” of a reaction required the application and rapid
development of theory. The calculation of PESs evolved from empirical and semi-
empirical models, to Hartree-Fock theory,*" and to wavefunction-based methods
that include electron-electron correlation, and large basis sets such that nearly
exact results are obtained for some reactions. Simulating the atomic motions
governed by PESs has also advanced, from classical mechanics,*** to time-
independent quantum scattering theory,>® to time-dependent wave-packet
motion.*”* Classical mechanics remains the workhorse. In parallel, density
functional theory (DFT)* can often perform a balancing act between useful
accuracy and affordability and it is increasingly common to see on-the-fly studies
that compute the forces as the trajectory proceeds.*'

The state of the field in 1987 was described prophetically in the Nobel lecture
of Yuan T. Lee, from which we extract one quote, where the laureate made
a prediction. “In the near future, ab initio calculations of potential energy surfaces
and exact scattering calculations on...simple...systems will likely provide more
detailed and accurate information...than one could possibly learn in the labo-
ratory”.*® We will show examples below demonstrating that this prediction has
indeed been realized and that from those calculations, astonishing insights can
be obtained.

But a second prediction is of even greater significance to this review: “the
fruitful interplay of theory and experiment will then extend to more complicated
systems, making chemistry a more exact science”.** One of the most important
characteristics of the new directions being established in molecular scattering
relies on a fruitful collaboration of experiment and theory that is far more valu-
able than the sum of its parts. In the same sense that two eyes provide stereo-
scopic vision, these two windows into nature allow fundamental insights to
crystallize. This process of collaboration is bidirectional. Of course, pure theory
can guide experiment by making predictions of unexpected behavior; more
importantly however, where the current gold is to be found is when theory can be
applied to understand what the experimentalist has unambiguously observed, but
cannot understand.

10 | Faraday Discuss., 2024, 251, 9-62 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00015c

Open Access Article. Published on 01 2024. Downloaded on 16.10.2025 13:59:23.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

This cooperation of experiment and theory represents the current state-of-the-
art and provides a framework for new directions and for this review. The review is
organized as follows. In Sections 2 and 3, we provide an overview of, respectively,
theoretical and experimental advances made in recent years that serve as our
scientific tool kit for approaching new problems. Major advances have been made
since the 1986 Nobel lecture and it is important to understand the current tools
we work with, as well as to examine the problems we hope to solve. In Section 4,
we present a few examples of simple gas-phase scattering problems where theory
is so powerful that experiment is perhaps no longer necessary, and in Section 5,
examples of more complex problems where theory and experiment collaborate to
make progress. Sections 6 and 7 present examples in beam surface scattering
analogous to those in Sections 4 and 5, respectively. Section 8 concludes with
a discussion of future perspectives.

2. Advances in theoretical methods

Theory has become a powerful tool for the quantitative description of both gas-
phase and gas-surface collisions. A key factor for this has been the develop-
ment of methods including machine learning (ML), which enable the represen-
tation of full (or at least high)-dimensional potential energy surfaces (PESs),
including multiple PESs that interact via spin-orbit or derivative couplings. These
surfaces are often derived from a large number of high-quality electronic struc-
ture calculations, and they can include all nuclear degrees of freedom for gas-
phase systems with 3-8 atoms. For gas-surface systems, only selected degrees
of freedom are included. Dynamics calculations are carried out with quantum-
dynamics codes that handle the important degrees of freedom (and provide an
approximate treatment of other degrees of freedom), and with classical or qua-
siclassical trajectories as an important alternative for reactions that are outside
the ability of quantum calculations. In the following, we describe the potential
surface and dynamic method development, as well as methods for describing
nonadiabatic effects for bimolecular reactions and gas—surface reactions,
focusing on work published mostly in the last 10 years. A discussion of specific
systems is provided later, in Sections 4-7. To restrict the scope, we omit studies
that did not consider global PESs, and methods concerned primarily with energy
transfer and photodissociation rather than with bimolecular and gas-surface
reactions.

2.1. High-dimensional ground-state PESs

2.1.1 Gas phase. As just noted, there has been tremendous progress in
developing methods for representing gas-phase PESs based on DFT or ab initio
calculations. These developments have transformed the field, as previously it was
the lack of global surfaces that limited progress in modeling chemical reaction
dynamics. The choice of electronic structure method is also an important activity
where one wants to describe the level of electron correlation, basis set, spin-orbit
and other relativistic effects, and multiple surfaces and their couplings at the
highest possible level. The literature on electronic structure methods is very
extensive, and impossible to describe here, but we note a few highly cited reviews
of commonly used codes that are used to determine reactive surfaces.”>*® We also
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note that there has been progress in adapting algorithms to advanced hardware
like parallel computing and the use of graphical processing units as computa-
tional engines.*” As one example of what is currently possible (here for a reaction
of great importance that turns out to have challenging characteristics for
quantum chemistry studies), a recent article that provides a detailed discussion of
convergence issues for coupled-cluster calculations was presented by Sun and
Zhang for the F + H, reaction.*® This study also described representing the PES
using a neural-network-based method and then using the PES to do quantum
reactive-scattering calculations.

Concerning methods for representing potential surfaces, there is a long history
of doing this with analytical functions in combination with least-squares fitting to
determine parameters in the functions. In recent work, the combination of
analytical functions with machine learning to determine parameters has become
quite important. One example of this is the permutationally invariant polynomial
(PIP) approach, as recently reviewed by Bowman and coworkers.**> These papers
describe the development of PIP surfaces via monomial symmetrization. Addi-
tionally, a machine-learning kernel-based approach involving Gaussian process
regression has been combined with PIP to determine parameters. Bowman has
also reviewed the use of a two-level potential fitting process, the so-called A-
machine-learning approach, in which PIP is used to develop a lower-level surface
based on a large number of DFT calculations, and then machine learning (a
neural net) is used to describe the difference between the lower-level surface and
a higher-level surface obtained from coupled-cluster calculations.”® In another
direction with machine-learning potentials, Meuwly has developed surfaces using
the reproducing kernel Hilbert space method.**** A broader discussion of
machine learning for describing global surfaces and many other properties,
including the direct determination of rate coefficients, has been presented by
Meuwly.*® This paper includes a general discussion of the merits of ML and least-
squares-based representations. Another powerful approach that can be used to
directly determine rate coefficients from potentials is ring-polymer molecular
dynamics (RPMD), as recently implemented by Guo and coworkers for the S(°P) +
H, reaction using potentials that were described using the PIP-NN method.*”
However, for that reaction, intersystem crossing dominates the dynamics below
1000 K, which was not included in the RPMD calculation.

2.1.2 Gas-surface. PESs for describing gas-surface dynamics are generally
more complicated to develop than gas-phase potentials, so there has been a range
of levels of sophistication in what has been generated. Of course, the simplest
(but still difficult) activity is to determine barriers for reactions on surfaces using
electronic structure calculations. Typically, this is done with density functional
theory, but since there are many choices of functionals and pseudopotentials,
benchmark comparisons with experiment are essential and, by the way, rare. Two
recent papers where this has been done for reactions on metal surfaces are by
Norskov, Kroes and coworkers.®*® In these papers, barrier heights from the
Vienna Ab Initio Simulation Package (VASP) were obtained for commonly used
functionals for the dissociation of small molecules on surfaces that included Cu,
Pt, Ru and Ni, and including multiple choices of surface structures, with
comparison to experiments that mostly involved molecular beam measurements.
The choice of functional that led to the best correlation between theory and
experiment changed in the second paper compared to the first, with the
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workhorse GGA functional PBE and the MS2 meta-GGA functional showing up as
the most accurate in the most recent study. Here, GGA refers to the generalized
gradient approximation, PBE is the Perdew Becke Ernzhof functional and MS2 is
the Made Simple 2 functional. The mean absolute error in the PBE barriers was
2.4 keal mol ™. Furthermore, the results for functionals with parameters trained
on adsorption thermochemistry were not superior to functionals with no training.
This reveals the complexity of developing methods that properly cover a wide
range of bonding interactions (covalent, ionic, and dispersion).

For the global PESs, we mention a recent review by Guo, who discusses
machine-learning methods for both gas-phase and gas-surface reactions,* and
a paper by Stark et al. that examines hydrogen on metals.®* The Guo paper
considers neural-network and Gaussian process regression approaches—as well
as the PIP-NN mentioned above, including an application of this approach to gas—
surface systems—that incorporate permutational symmetry in the “gas” part, and
periodicity in the surface part. If the surface is rigid, this method works well.
However, if it is not, an attractive alternative is to use the atomistic NN method of
Behler and Parrinello, in which the PES is expressed as a sum of atomistic
contributions, each encoded by mapping functions that describe the local envi-
ronment. Another useful paper is by Zhang et al. concerning the Shepard inter-
polation method as applied to molecule-surface systems.®* Here the “Grow”
method® for combining BOMD trajectories that include local Hessians with
potential energy interpolation based on the Shepard method is generalized to
include periodic boundary conditions, so that the underlying symmetry of the
crystalline surface is included. Applications of this method to the H, molecule
interacting with fce(111) and hep(0001) metal surfaces were considered.

One difficulty with machine learning arises when training data are limited.
Here, the neural network may produce unphysical values of the PES that must be
searched for and retrained. An alternative to ML is the use of physically realistic
fitting functions, for example effective medium theory, which has been success-
fully applied to generate full-dimensional potentials for H interacting with
metals.®”"* The fitting error is typically larger with this approach, but the PES
remains physically constrained. This is analogous to a Lennard-Jones potential
for a diatomic molecule, which is less accurate than a spline function, but will not
yield unphysical energies.

62-64

2.2. High-dimensional quantum dynamics

2.2.1 Gas phase. General reviews of quantum scattering for bimolecular
systems have been published in many places, including a review of reactive
scattering for the years 2007-2016 by Zhang and Guo,” and a review of studies of
reactions with more than three atoms by Zhang” in 2018. There have also been
reviews of specific quantum scattering methods, including two reviews of split-
operator wave-packet methods by Sun and coworkers;”»”® a review of wave-
packet methods by Balint-Kurti;* a review of wave packets in Jacobi coordi-
nates by Zhang, Sun and Guo;”® and a review of wave packets in hyperspherical
coordinates by Sun.” Also, Clary has reviewed the use of reduced-dimension
quantum scattering methods for reactive collisions,”” and Meyer has reviewed
the MCTDH (multiconfiguration time-dependent Hartree) approach.” Note that
MCTDH and its extensions provide a general method for dynamics calculations
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that describe more degrees of freedom in reactions than can be considered with
other methods in common use in the reaction dynamics field.”

While most of the methods reviewed above were originally developed long ago,
the technology for carrying out scattering calculations continues to be developed.
For example, Zhao et al. have described the use of wave packets that start near the
transition state of a chemical reaction, but which can be used to calculate state-to-
state reaction probabilities,*® and DuPuy et al. have described Smolyak repre-
sentations with absorbing boundary conditions for use with a reaction-path
Hamiltonian model of reactive scattering.®*

2.2.2 Gas-surface. Theoretical studies of the collisions of atoms or small
molecules with surfaces leading to reactions are important to several processes in
catalytic reactions. In spite of the complexity, there has been a lot of activity in this
field, with reviews by Kroes and coworkers that describe methods for carrying out
the calculations,® especially concerning dissociative chemisorption,®® and
including comparisons of quantum and classical descriptions of the reactive-
scattering process.*® Here, the focus of attention has been on collisions
involving metallic surfaces, but there has also been interest in collisions of gases
with organic liquids® and ionic liquids.** MCTDH is also important for gas-
surface scattering—recently, fully quantum scattering calculations were demon-
strated, involving 75 degrees of freedom and using a neural-network PES.*
Another new development in this field has been the emergence of RPMD methods
for describing gas-surface dynamics, such as recent work by Guo and coworkers,**
who have studied H, dissociative chemisorption on Ag(111) and Pt(111), where
this trajectory-based approach provides an easy way to study quantum effects
related to tunneling over the dissociative barrier. Also, Li et al.*® have used RPMD
to determine the rate of desorption of NO from Pd(111), where it is possible to
include anharmonic effects and barrier re-crossing in the dynamics.

2.3. Electronically non-adiabatic dynamics

Nonadiabatic effects resulting from the presence of many coupled PESs are very
common in gas-phase collision processes, as many of these processes involve
atoms or molecules with open-shell character (i.e., that's what makes the species
reactive). As a result, the development of PESs and methods for simulating the
dynamics has often focused on generating multiple surfaces and on determining
their couplings, where the couplings can involve either derivative coupling of
adiabatic surfaces, or spin-orbit coupling that leads to intersystem crossing.
Among the recent studies in this area is a paper by Kendrick in 2018, concerned
with the description of quantum reactive scattering using hyperspherical coor-
dinates that includes many surfaces and nonadiabatic effects.”® Also, Meuwly in
2020 provided an overview of methods for describing dynamics involving multiple
PESs,” including a detailed description of surface-hopping methods for
describing nonadiabatic dynamics.

Studies on the impact of multi-surface and nonadiabatic effects on the
dynamics of gas-surface reactions have mainly been focused on friction models
arising when nuclear motions are coupled to a continuum of electronic states that
are present when a molecule interacts with a metal surface. Recent work includes
studies by Kroes on hot-atom relaxation in the H + Pd(100) system®” and in N,
dissociative chemisorption on Ru(0001).>* Also, Guo has studied frictional effects
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in H, scattering from Ag(111).* The Guo work describes the inclusion of friction
effects in terms of a generalized Langevin equation, in which there is an electronic
friction tensor that is determined by Fermi's golden rule based on derivative
couplings and an empirically chosen delta function to smooth out the k-state
interpolation. In addition, the friction tensor is represented as a function of
nuclear coordinates using a NN approach, which requires special care because of
the dependence of this tensor on the molecular coordinate directions.

In gas-surface interactions, a local density friction approximation is often
used;” this approach often works well for nonadiabatic energy transfer in atom
scattering from metals.”>*® Recently, tensorial electronic friction methods have
been more extensively elaborated.®”*® Friction tensors can also be represented by
neural networks® and show great promise for describing nonadiabatic interac-
tions of molecules with metal surfaces.******

3. Advances in experimental methods

Scattering methods are sensitive probes of the microscopic world, as exemplified
by one of the most famous experiments of the modern era of physics, the a-
particle scattering from gold foil by Rutherford,'”> which helped establish the
structure of the atom, thereby laying the foundation for theoretical chemistry. In
an analogous way, molecular beam scattering methods have been essential for the
study of reaction dynamics in both gas-gas and gas-surface collisions. In such
experiments, the kinetic energy and angular distributions of scattered atoms and
molecules are measured; these distributions contain detailed dynamical infor-
mation that can be used to understand chemical reactions in gas-phase or gas—
surface interactions. The two key capabilities needed for molecular beam scat-
tering methods are: (1) the production of intense atomic or molecular beams and
(2) methods for sensitive detection of atoms and molecules. Over the last few
decades, great experimental advances have been achieved, allowing much higher
energy and angular resolution and more sensitive detection.

Since the development of the original universal crossed-molecular-beams
method*—see above—many improvements have been demonstrated. For
example, dramatically improved vacuum in the universal detector chamber was
achieved using state-of-art vacuum techniques. This further lowered the detector
background and thereby enhanced the detection efficiency.'® Further development
of the crossed universal beams method has employed different ionization methods,
such as tunable VUV synchrotron ionization,'* VUV laser ionization'**"*” and soft
electron-impact ionization.'® These techniques have provided powerful tools to
study the dynamics of both elementary and complex chemical reactions.

Molecular detection based on laser ionization and ion imaging has revolu-
tionized scattering experiments. While resonance-enhanced multiphoton ioni-
zation (REMPI) had been developed already in the 60's and the 70's,'***® it was
only in the mid 90's that it was combined with molecular beams to provide
product speed and angular distributions."™ Ion imaging was quickly applied to
products of both photodissociation' as well as bimolecular reactions***** and
became even more attractive when velocity-map imaging (VMI)*** demonstrated
enhanced resolution, comparable to that of the Lee style rotating mass spectro-
metric detector. With the advent of “slice imaging” in 2001,"* symmetry
requirements for image data analysis could be circumvented, and over time, this
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approach has become the method of choice for many problems in chemical
dynamics.'***” Recently, a two-photon near-threshold ionization scheme for H
atoms was applied in the H + HD reaction, and high kinetic and angular reso-
lution for hydrogen atom product imaging was achieved.”® The most modern
variations of this include covariance imaging® and pixel imaging mass spec-
trometry.”® These techniques allow analysis of complex polyatomic dissociation
events via the identification of momentum-matched dissociation partners. It is
not an exaggeration to say that ion imaging is the most important experimental
development since the universal crossed-beams method.

Another important experimental method developed for crossed-molecular-
beam scattering study is the H-atom Rydberg tagging time-of-flight (HRTOF)
technique, which provides very high kinetic-energy resolution. This technique
was developed by Welge and co-workers,**"**> who also employed laser photolysis
of HI to produce nearly monoenergetic H atoms with tunable kinetic energy for
studying the H + D, reaction,*** and it has been widely applied in the study of
elementary chemical reactions®™**** as well as photodissociation dynamics
studies of molecules with H-atom products.****** The central scheme of this
technique is the two-step excitation of the H-atom product from its ground state
to a long-lived high-n Rydberg state without ionization. The Rydberg “tagged”
neutral H atoms are not influenced either by space charge or stray fields, and after
a certain flight distance, they are easily field-ionized and the time-of-flight (TOF)
spectrum is recorded using microchannel plates. The method's unique combi-
nation of high resolution and high sensitivity makes it particularly powerful in
providing detailed quantum dynamical information on benchmark elementary
chemical reactions and it is able to detect subtle quantum phenomena in
chemical reactions, such as reaction resonances, spin-orbit dynamics effects, and
geometric phase effects.

Great progress has also been made in developing intense and high-quality
atomic and molecular beams for crossed-beams scattering experiments and
gas-surface scattering experiments. These include, for example, photolytic and
discharge radical beam sources of H,"** C,"**'*¢ O(*°P,'D),"*” F,"# C1,*** 'CH,,"
C,,51152 C4,'%% C,H,™* OH,'" CN,'** NCO,"* and CH; and phenyl radicals.'*’”

Our ability to control the beam's translational energy has also improved
enormously. On the low-energy side of things, polar molecules can be brought
nearly to a standstill,””” whereas on the high-energy side, fast O-atom sources with
speeds of more than 8000 m s~ ' can be generated with laser detonation sour-
ces.”*®*° This wide range of beam speeds allows us to study reaction dynamics at
extremely low temperatures near absolute zero or at temperatures of more than
10 000°, extending experimental studies of reaction dynamics to extreme envi-
ronments, such as the interstellar media and hot rocket plumes.

Molecular beams of stable species with vibrational excitation have also been
developed, which allows investigation of the effects of vibrational excitation on
gas-phase chemical reactions as well as gas—-surface reactions.'**'** Oriented
molecular beams of NO,'** and aligned methane'**'*” and hydrogen (HD) mole-
cules'®®'% in vibrationally excited states, can also be prepared for studies of steric
effects in reactive scatterings. The optical preparation of small molecules for
scattering experiments is in itself a broad field that goes beyond the scope of this

paper.
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4. Simple systems in gas-phase scattering

In this section, we provide some benchmark examples of crossed-beams scat-
tering studies of both triatomic elementary and complex reactions. Here, the
simplicity of the systems is such that essentially exact theoretical calculations are
possible; in fact, the experiments are of such high quality that this can be
demonstrated. Combining theory and experiment leads to some remarkable
conclusions about quantum mechanical reactivity.

4.1. The H + H, reaction: searching for the geometric phase effect

The H + H, — H, + H reaction (along with its isotopic variants) has been one of the
most important bench-mark systems for studies of quantum dynamics in chemical
reactions'*****'7*1”> and these reactions have provided a key testing ground for
developing a quantum dynamical theory and understanding quantum phenomena
in chemical reactions. Experimentally, this reaction has been studied using all
three major crossed-molecular-beams scattering methods. Lee and coworkers used
the universal crossed-molecular-beams method to obtain differential cross sections
for the D + H, reaction."”® The Rydberg atom-tagging technique has played
a particularly important role,'3>'3%135137.139,170174 Thjig reaction system has also been
studied using the ion imaging technique.'*>*”>’¢ The recent experimental studies
on this reaction have provided an accurate reactive-scattering picture of this system
for detailed comparisons with quantum-dynamics calculations.

Some of the first theories of chemical reactivity were developed based on these
reactions, first employing a co-linear model in the 1970s,”” and subsequently,
three-dimensional quantum-dynamics calculations were performed.**”® Since
then, many dynamics calculations have been carried out and over the years, and
quantitative agreement between theory and experiment has been reached for the
dynamics at low collision energies. This laid the foundation for quantitatively
understanding the quantum reaction dynamics of this reaction, especially the
dynamics of bottleneck transition states in chemical reactions.””'*° Ever-
improving scattering experiments and exact quantum-dynamics calculations
based on highly accurate potential energy surfaces have driven our understanding
of the dynamics of this reaction to new heights.

The interplay between experiment and theory led to the direct observation of
the geometric phase (GP) effect in this reaction,'®" which describes the quantum
influence of the conical intersection on the reaction, ie., including a vector
potential that describes the phase acquired when a quantum state is adiabatically
transported around a conical intersection when calculating the overall scattering
cross section.'® Great efforts in both theory and experiment have been made in
this direction.”7*'#'% Accurate quantum-dynamics calculations helped guide
experiment, showing that the GP effect is negligible at total energies below 1.6
eV but could be significant at high collision energies.

In 2018, a high-resolution crossed-beams imaging study on the H + HD — H, +
D reaction was performed at a collision energy of 2.77 eV. This unambiguously
revealed evidence of the GP effect, which could be found in the H, product state-
resolved angular distributions.'” Fig. 1 shows the experimental image of the D
products from this reaction. Comparison to quantum-dynamics calculations
showed that the observations could only be quantitatively reproduced when the
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Fig.1 (left panel) Experimental image of the D-atom product fromthe H + HD — H, + D
reaction at a collision energy of 2.77 eV. "F" and "B" represent the forward (0°) and
backward (180°) scattering directions, respectively, for the H, co-product in the center-
of-mass frame relative to the H-atom beam direction. Oscillatory structures in the forward
scattering direction are observed for H, product in specific quantum states—these
oscillations reflect interference generated by the geometric phase effect in the reaction.
(right panels) Comparisons between the experimental (EXP) and theoretical product
angular distributions: (a) NGP, not including the geometric phase effect; (b) GP, including
geometric phase effect forthe H + HD (v=10,j=0) — H, (V =0,/ =7) + D reaction at
2.77 eV. Adapted from ref. 175 and used with permission under lic. no. 5744150372346.

GP effect was included. The GP effect could be shown to arise from the quantum
interference between a direct abstraction channel and an insertion type channel
(see Fig. 2) possible at high energy, which is topologically different—that is, it
involves a pathway that passes around the conical intersection. The close inter-
play between theory and experiment was essential, not only to push the under-
standing of the reaction dynamics to an unprecedented level, but also for the
discovery of the geometric phase effect in chemical reactions.

4.2. The F + H, reaction: probing reaction resonances

The F + H, — HF + H reaction has also proven to be one of the most important
systems for studying quantum mechanical reaction dynamics. In particular, it
exhibits reaction resonances, which have attracted great attention over the last
forty years. Reaction resonances were first proposed in the quantum-dynamics
calculation of the F + H, reaction based on a collinear model****** and the first
crossed-molecular-beams study of the F + H, reaction was performed with
product vibrational state resolution in 1984. An unexpected forward-scattering
peak for the HF (V' = 3) product was observed while HF (v' = 1, 2) products
were found to be backward scattered. The forward scattering peak was attributed
to a reaction resonance.” Due to a lack of adequate theory at the time, an
unambiguous determination of the physical origin of this forward scattering was
not possible.””*** In 2000, a clear step-like structure was observed in the collision-
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7i'|2 D

Fig. 2 A cut view through the H + HD potential energy surface with transition states (T)
and conical interaction (X). Two representative reaction pathways are shown: a one-
transition-state reaction path (Path 1) and a two-transition-states reaction path (Path 2).
Adapted from ref. 175 and used with permission under lic. no. 5744150372346.

energy-dependent integral cross section in F + HD — HF + D and assigned to
a quasi-bound quantum resonance.*

Over the last couple of decades, improved experiments have become possible
using the H-atom Rydberg-tagging technique with full product rotational and
vibrational state resolution.”**?* These data provide unprecedented detail and
require a close collaboration with highly accurate quantum dynamical theory.
Through this cooperative approach, a spectroscopically accurate physical picture
for reaction resonances has emerged and shows clearly that they reside in the post
barrier region. The resonance states are quasi-bound quantum states in the
transition-state complex of the vibrationally excited HF molecule bound to an H-
atom (see Fig. 3). Excellent agreement was also reached between the crossed-
beams  scattering experiment and negative-ion  photodetachment
studies.?****?% It is noteworthy to point out that reaction resonances demon-
strated so clearly in the F + H, reaction also exist in many other systems, sug-
gesting that reaction resonance is not a rare phenomenon in chemistry. It is
obviously more general than we have realized previously.

The fluorine atom exhibits two spin orbit states, offering an opportunity to
investigate the spin-orbit effect on this reaction. Recently, high-resolution
velocity-map ion imaging was performed on the F(°P;,) + HD — HF + D reac-
tion and a peculiar horse-shoe pattern in the scattering differential cross section
was observed at a collision energy of 2.10 kcal mol *.2° This was attributed to
quantum interference between spin-orbit split-partial-wave resonances in this
reaction, suggesting that spin-orbit interaction has a significant influence on the
detailed dynamics of this resonance-mediated chemical reaction.

In this section, we have provided examples of dynamics studies of two
important elementary reactions: the H + H, reaction and the F + H, reaction.
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Fig. 3 Reaction resonances in the F + H, reaction. This figure presents the accurate
physical picture of the quantum resonances in the F + H, (j = 0) and F + H, (j = 1) reactions,
resembling a vibrationally excited HF molecule in the presence of an H atom. Two
resonance states reside in the exit channel: the ground resonance state (003) at 5.4 meV is
mainly responsible for the F + H, (j = 0) reaction at temperatures below 40 K, while the
excited resonance state (103) at 17.6 meV plays a more important role for the F + H, (j = 0)
reaction at temperatures above 40 K (adapted from ref. 200).

Many more simple elementary reactions like these have also been investigated,
for example, Cl + H,,>72" C('D) + H,,** O(°P) + H,,*'* O('D) + H,,**** N(*D) +
H,,*"* and OH + H, (ref. 134 and 215), to name a few of the most important ones.
Experimentally, full differential cross sections of the scattering dynamics of these
elementary chemical reactions can be measured over a wide collision energy
range with full quantum-state resolution. Theoretically, the advancement of
efficient quantum-dynamics methods and rapidly growing computing power now
makes accurate calculations of the reactive-scattering dynamics possible. The
close interplay between theory and experiment has greatly enhanced our under-
standing of the quantum dynamics of elementary chemical reactions, especially
for reaction resonances and geometric phase effects.

It is now possible to say with confidence that quantum theory of chemical
reactions has advanced to a quantitatively accurate level, especially for reactions
involving only the ground electronic state. Many simple elementary reactions, like
those mentioned above, can in fact be studied using theoretical tools with high
accuracy. Precise reactive-scattering experiments are often used as the ultimate
testing ground for further developing quantum theory of chemical reactions to
even higher levels of accuracy. The successes of quantum theory in elementary
chemical reactions give us high confidence to seek quantitative understanding of
more complex and challenging problems, to which we now turn.
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5. Dynamics of more complex gas-phase
reactions

In this section, we describe selected studies on gas-gas collision dynamics where
the cooperative interaction of theory and experiment is essential to successful
outcomes. This cooperative approach allows much more complex problems to be
tackled than ever before, providing quantitative outcomes that in some cases can
even be used to support engineering efforts on practical real-world problems.

5.1. Crossed-beams scattering

Although initially used to target the simplest reactions, crossed-molecular-beams
scattering has proven to be a powerful tool for studies of polyatomic reactions,
often providing a deep understanding of the dynamics and mechanisms of
complex chemical reactions.'®®*'® Using sliced velocity-map ion imaging to
measure the state-resolved differential cross section for CD; products from F +
CD, — DF + CDj, Liu and coworkers*”2*® demonstrated that vibrational state-
resolved, pair-correlated information can be obtained. Striking differences in
the correlation between different product state pairs could be detected, indicating
the complexity of polyatomic reactions. An interesting reaction resonance
phenomenon was also observed.**® Crossed-beams reactive-scattering studies on
F+CHD; — HF + CD;,>***'F + CH, — HF + CHj3;,*** Cl + CH, — HCIl + CH;3,>** Cl +
SiH, — HCI + SiH3;,>** and F + SiH, — HF + SiH; *** have also been carried out and
vibrational state pair correlated information could also be acquired. In the study
of the H + CD, reaction, a depression in the reactivity of H + CD, — HD + CD; by
collision energy was observed.>*®

The power of combining experiment and theory could also been seen in a study
on the O('D) + CHD; — OH + CD; reaction.?”” This reaction has long been
thought to be the prototypical example of collision-complex formation that occurs
by direct insertion of the O atom into a C-H bond. Such reactions are expected to
exhibit forward-backward symmetry in the center-of-mass angular distributions.
It was therefore a puzzle to understand why this reaction exhibited strong forward
scattering in state-resolved ion imaging measurements of the CD; products.
Using an accurate full-dimensional PES, quasiclassical trajectories were able to
reproduce the forward scattering and demonstrated that the “insertion reaction”
is essentially a two-step process where abstraction products (OH + CD3) remain
bound to one another long enough to rotate into position to form a C-O bond,
thus producing the hot methanol “insertion” complex. The dynamics discovered
here were called trapped abstraction and are thought to be important in many
reactions currently named insertion reactions.

A major issue in studying the bimolecular chemistry of larger systems is
evaluating the branching between the many possible product channels and
understanding the dynamical mechanisms that produce them. An excellent
example is the reaction of O('D) with CH, studied using an improved universal
crossed-molecular-beams apparatus with an ultrahigh-vacuum detector (~1 x
10" torr).>*® Three different reaction channels have been detected: the OH + CH;
channel, the CH,OH/CH;0 + H channel and the H,CO/HCOH + H, channel. Note
that the crossed-molecular-beams method does not necessarily yield information
about which product isomers are formed. Interestingly, the dynamics of the three
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channels appear to be quite distinctive. The OH + CH; products appear to be
forward scattered, and the CH,OH/CH,;0 + H channel is slightly backward scat-
tered, while the H,CO/HCOH + H, product angular distribution is almost
isotropic. It is interesting to see that the three channels in the same reaction
appear to have quite different dynamical behaviors.

As the reactions involve more and more atoms, the crossed-beams method has
been augmented with important experimental improvements. For example, using
low-energy electrons for electron-impact soft ionization, dissociative ionization
can be suppressed. When this is successful, each measured mass-to-charge ratio
indicates the mass of the detected product. This has proven to be a powerful tool
for analyzing more complex reactions. For example, five different reaction
channels have been detected and studied in the reaction of O(*°P) with C,H,.?*

In the even more complex reaction of O(*P) + C;H, (allene), this approach has
been able to identify and quantify four reaction channels forming C,H, + CO,

°s S
* TS3 9

- 0(P)+CoH4 e TSI 8 .

0OF — g aARATEIEINEY — _M

' TS2

o 4y, "~
S %45, CHy+H,CO
0y, —

O
R

R

CH;CO+H  CH2CHO+H

& H3+CHO
-30 - 3 s ““‘

o)
g = “x“
S 40|
i" I < \“‘
> -50 |-
20
2 i
5 60|
=70 = ‘e i’ . CH,CO+H,
-80 __ ¢ €
& CH,OCH>
90 |-
-100
110 |- % CO+CHy

Fig. 4 Simplified schematic of triplet (red) and singlet (black) potentials of the O(P) +
C,H4 reaction. The electrophilic oxygen atom attacks the C=C bond through a very low
barrier of about 3 kcal mol™ and forms an energetic triplet biradical, *CH,CH,O". The
biradical region, enclosed by the ellipse, is where intersystem crossing (ISC) takes place
with the greatest probability. ISC competes with fragmentation and rearrangement. The
corresponding singlet biradical can isomerize to acetaldehyde (CH3CHO), which subse-
quently dissociates because of its high energy content. The triplet biradical can dissociate
toH + CH,CHO or to CH, + H>CO. The singlet biradical can also isomerize to oxirane via
oxygen migration and ring-closure. The oxirane will finally isomerize to CH3CHO and
further dissociate from CHsCHO into various products, CHz + HCO, and H + CH3CO.
Adapted from ref. 230.
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C,H, + H,CO, C,H; + HCO, CH,CCHO + H, and CH,CO + CH,. Because some of
the observed products can only be formed via intersystem crossing (ISC) from
triplet to singlet potential energy surfaces, the breakdown of spin conservation in
this reaction could be inferred. The product branching ratios indicate that fully
90% of the reactive events proceed through ISC.>*' ISC has since then been
identified as an important aspect of the mechanisms of the reactions of O*P with
ethene,® pyridine**> and 1,3-butadiene.”®® In the simplest of these (see Fig. 4)
surface-hopping trajectory calculations could be performed using two full-
dimensional PESs (singlet and triplet) to investigate the ISC dynamics more
directly. Excellent agreement between experiment and theory demonstrated
theory's ability to describe complex multichannel nonadiabatic reactions.

In general, the application of theory in combination with crossed-molecular-
beams experiments has led to fundamental understanding of quite complex
reactions.”**>** The impact of modern scattering on real systems can be exem-
plified in the studies of O(°P) + C¢H, (benzene). Here, a theoretical statistical
approach could be validated by comparison to the crossed-molecular-beam
results and subsequently used to compute channel-specific rate constants as
a function of temperature and pressure.> Such rate constants are essential to
microkinetic models of combustion and atmospheric chemistry.

Crossed molecular beam scattering experiments have also been applied to
problems in interstellar and planetary chemistry.***>**->5® An excellent example of
this is the reaction of N(*D) with benzene.?® Theory shows that the atom adds to
the benzene ring and after isomerization can form several cyclic and linear
intermediates, which undergo unimolecular decomposition. With the help of
theory, it could be clearly shown that the dominant channel forms the ring-
contracted CsH; cyclic radical along with HCN and that formation of HNC is
negligible. Note that the experiment is incapable of distinguishing HCN from
HNC, as only the mass-to-charge ratio is determined.

Crossed molecular beam studies of reactions of transition-metal atoms with
hydrocarbons is another exciting area of modern scattering research, providing
mechanistic and dynamical information about inorganic reactions.?***”” This has
been made possible by laser vaporization sources for transition-metal atom
beams that have been developed for, among others, Mo, Y, Zr, Nb, and Al.>%°>%
State-selected and electronically excited Mo atoms can be produced by laser
excitation followed by radiative relaxation, resulting in the reaction Mo(S,) + CH,
— MoCH, + H,.”** The competition between C-C and C-H bond insertion was
studied with experiment and theory for cyclopropane®®** and propene®”*
four butene isomers,*”* as well as alkynes.””> When methane was vibrationally
excited with a laser, yttrium atom insertion into the C-H bond was enhanced by at
least a factor of two.”*

and

5.2. Ions and electrons in crossed-beams experiments

The crossed molecular beams method using ion imaging has also been applied to
ion-molecule reactions, providing great insights into textbook reaction mecha-
nisms.*”® For example, the Sy2 mechanisms for ion exchange could be studied in
the reaction of F~ + C,HsCl — Cl” + C,HsF. Measured angle- and velocity-
differential scattering cross sections were compared with quasiclassical trajec-
tory simulations carried out on a full-dimensional PES, and quantitative
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agreement was found. The anti-E2 pathway turned out to be most important, but
the Sy2 substitution pathway became more relevant at higher collision energy.””®

Another interesting direction uses ion imaging to study electron-molecule
collisions. Electron bombardment ionization has long been one of the most
important detection techniques for molecules, yet the underlying physical
chemistry has not been thoroughly understood. Recently, this process has been
studied using ion imaging in a crossed-beams geometry.”**>** The use of pixel
imaging mass spectrometry and covariance imaging allows identification of
fragments arising from the same parent ions and detection of doubly charged
ions on a large background of singly charged ions.*®* This is particularly useful
when analyzing the fragmentation patterns of larger polyatomic molecules and
provides accurate observations of the decomposition channels that occur in the
violent ionization event.

5.3. Cold collisions

In 1997 a rather overlooked paper appeared, describing calculations of the motion
of a dipolar molecule within an electrostatic trap.®® The calculations were based
on precisely measured Stark shifts in fields up to 140 kV em™" for the doubly
degenerate (v = 0, J = 1) level of metastable CO (&°IT). This paper described the
basic physics that launched the emerging field of cold collisions.”*”*** What the
authors had realized and demonstrated with their model calculations was that it
was possible to manipulate the velocities of molecules with external electric fields,
especially if one concentrated on slow-moving dipolar molecules with near-
degenerate low-field-seeking states; that is, those exhibiting a 1st order Stark
effect. This was the secret-sauce added to the original recipe of Auerbach and
Wharton, who had, years earlier, developed ideas to use the Stark effect to
accelerate molecules.”* In a breathtakingly short span of time, deceleration of
molecules was demonstrated in the laboratory,” as was phase-stable confine-
ment in a travelling trap,®* and a storage ring was built and characterized.**
These extraordinary new tools were followed by additional inventions, like
a molecular synchrotron** and a trap on a chip.”®” Meanwhile, other methods for
decelerating and trapping atoms and molecules were being developed, like the
coherent paddle,*® the magnetic coil gun®***** and the Zeeman decelerator.>*****
The lesson had been learned. If one were to choose specific states of atoms and
molecules that exhibited optimal magnetic or electric properties, one might
exploit those properties to produce decelerated beams with tunable velocities.
Such states could be found as the ground state of a few molecules, but with
discharges and laser excitation, even more possibilities came into view in the
form of excited states.

It was clear from the outset that these new techniques would be important for
molecular scattering, promising to reveal subtle nuclear quantum effects that had
never before been seen. Putting Stark decelerated molecules to work for this
purpose was accomplished early on, in a crossed-beams configuration for OH
scattering from Xe,*” D,** and Ar.*** Considerations about how to achieve
optimized energy resolution, with an eye toward seeing collision resonances, were
also reported.*” Another innovation was the merging of two nearly perfectly co-
propagating molecular beams and 3D printing methods were developed to help
fabricate the complex structures needed for the electrodes.’*® Merged beams
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allowed extraordinarily low incidence energies and high energy resolution to be
achieved in collisions. The energy resolution was, in fact, now so high that
optimized VMI detection needed to be developed to take full advantage of it.>"

With all of these wonderful tools in place, new observations were guaranteed.
By scanning the collision energy, reaction resonances were detected for Penning
ionization®**=" and rotationally inelastic collisions.*> A key element of these
observations followed the pioneering work on F + H, reaction resonances seen at
much higher energies;**»*'* as in that work, by obtaining the incidence-energy
dependence of a small angular fraction of the differential scattering angular
distribution, the resonances could be directly seen. While this was not the first
observation of resonance behavior in molecular scattering, these new methods
allowed resonance line shapes to be measured with unprecedented (~1 cm ™)
energy resolution, from which resonance lifetimes could be experimentally
derived.** With the help of theory and by comparing integral to differential
scattering cross sections, the contributions of individual scattering waves could
be determined.*" In analogous work, HD rotational energy transfer with H, and
D, was examined at low collision energy with bond axis orientation and evidence
of resonances sensitive to the anisotropic interaction between molecules was
found.**® First-principles simulations of these experiments identified the L = 2
partial wave engaging in a shape resonance as being responsible for the obser-
vations.*” This showed once again how valuable it can be to resolve partial waves
when searching for evidence of scattering resonances.

Other fascinating quantum phenomena have since been observed in molec-
ular scattering. This includes diffraction scattering®'***° and the transition at low
incidence energies from Langevin capture scattering to Wigner scattering.***
Taking advantage of the high energy resolution, quantum-state correlated scat-
tering could also be achieved.®* Illustrating the analogy to high-precision
molecular spectroscopy, experimental and theoretical comparisons for NO scat-
tering with H, were able to validate one PES versus another, even though the
binding energies between the two differed by only 2 cm .32

5.4. Low-temperature kinetics

The inspired ideas of this field also led to a creative new approach to study ion-
molecule chemistry at extraordinarily low temperatures, where the reaction is
observed within the orbit of a Rydberg electron.*”® Using external fields, the
Rydberg atom's velocity could be controlled®** and when matched to the speed of
another merged beam, reaction conditions that simulate a temperature near 0 K
could be achieved. This provided a special approach to studying state-resolved
capture probabilities. In one example, reactions of He' + CH,F forming CH,"
and CHF" were observed and a large enhancement of the reaction probability was
seen below a collision energy of 1 K. This was explained by a state-resolved capture
model involving low-field-seeking states of the CH3;F molecule becoming favor-
ably oriented for reaction within the electric field of the He'.**® This reaction
model was also able to explain the more complex behavior exhibited by the
reaction of He" with NH; forming NH," and NH".** Using isotopic labeling, it
could be shown that the reactivity of high-field-seeking states of ammonia
exhibiting a 1st-order Stark effect increased dramatically at low collision energy.
High-field-seeking states with a 2nd-order Stark effect were less strongly reactive,
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while the reactivity of low-field-seeking states became suppressed. State-resolved
electrostatic influences on the reaction He" + CO — He + C" + O were also seen;
here, CO's negative quadrupole moment suppresses reaction at low collision
energy.*® Other interesting insights were derived from studies of the reactions of
He" with CH, ** and N, *** and NO.?*

Understanding quantum effects in chemistry has importance far beyond the
field of cold-collision physics. For example, quantum mechanical tunneling can
be important in astrochemistry taking place in cold dense interstellar clouds.**
This conclusion now supersedes the traditional viewpoint that reactions are
unimportant in astrochemistry if they possess significant activation barriers. This
is due to the fact that barriers can be overcome by tunneling, especially when gas-
phase collisions first lead to reactant complexes bound by even weak van der
Waals forces, as was shown first to be the case for the reaction OH + CH;OH —
H,0 + CH30*" and later for many other reactions.**® Here, Laval nozzle expan-
sions are ideal for producing low-temperature thermal conditions.**

For ion-molecule reactions, other methods are required—for example the
tunneling contribution to the reaction of H, + D — H~ + HD could be deter-
mined via rate measurements at 10 K in a cryogenic 22-pole ion trap.**® These are
some of the smallest reaction rates ever measured and comparison to theory was
essential to the conclusions of the work. It is however unusual that such accurate
calculations of tunneling rates can be performed. Normally one relies on the
observation of unusually large kinetic isotope effects to identify tunneling.
Recently, it has been pointed out that more accurate multi-dimensional
tunneling®* and resonance enhancement*** models of tunneling are needed to
accurately characterize quantum mechanical rates in condensed phases.

This concludes our review of new directions in gas-phase molecular scattering.
In the remainder of the review, we turn to a very different research area involving
gas-surface scattering. Beam-surface scattering has been pursued nearly as long
as beam-beam scattering. However, it has only been in recent years that chal-
lenges associated with instrumental complexity and the physical phenomena
themselves have been slowly overcome. Here again, cooperation of theory with
experiment is essential. Before entering into this broad and fascinating field, we
note several prior reviews on gas—surface scattering dynamics.***3*

6. Simple systems in scattering from surfaces

Applications of ab initio dynamical theory to problems in surface scattering are
nearly always subject to severe approximations, as has been outlined in Section 2.
One is normally restricted to the use of DFT-GGA, and there are many atoms
(degrees of freedom) involved, requiring the dynamics to be computed on high-
dimensional PESs under the classical approximation. This means that in scat-
tering from surfaces, the number of systems is small where the information
gleaned from ab initio dynamical theory surpasses that obtained from experi-
ment. Such systems do however exist.

6.1. H-atom scattering from simple surfaces

In comparison to other possible choices, H-atom scattering is simple and
provides perhaps the best chance for current theoretical methods to be
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implemented with the fewest possible approximations and with the highest
accuracy. This motivated construction of a novel instrument, where nearly mono-

DS 2 PS5 Source Chamber

Fig. 5 Apparatus for scattering H atoms from pristine surfaces. In the source chamber,
a hydrogen halide molecular beam (green) is formed in a supersonic expansion from a pulsed
nozzle, passes a skimmer (red), and is intersected by the photolysis laser (blue) before it hits
a liquid-nitrogen-cooled beam catcher. Some of the generated H atoms (yellow) leave the
source chamber through a second skimmer, pass two differential pumping stages, and enter
the main chamber where they collide with the sample surface. The sample is mounted on
a six-axis manipulator allowing the incidence polar and azimuthal angles to be varied. The
surface temperature can also be varied. The scattered H atoms are excited to a metastable
Rydberg state by the tagging lasers, pass an aperture defining the angular resolution of the
detector, and after a 250 mm flight path are field ionized and the ions are detected by
a microchannel plate detector. The detector is mounted on a rotatable arm to enable variation
of the scattering angle. The ultimate pressure in the scattering chamber can be reduced to
below 1 x 1072 torr. Adapted from ref. 348.
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energetic H atoms could be scattered from clean and well-defined surfaces held in
an ultrahigh vacuum and the incidence and scattering angle-dependent energy
loss distributions could be measured with high resolution.*** The experimental
challenges involved in the execution of such an experiment are the production of
near monoenergetic H atoms—achieved by laser photolysis of molecular beam
cooled hydrogen halide molecules—and achieving high-resolution energy loss
distributions, which is accomplished using Rydberg atom tagging as described in
Section 3. Fortunately, these techniques had been previously worked out for gas-
phase problems™*—it was only necessary to adapt them to a UHV set-up.

A diagram of the H-atom surface scattering set-up is shown in Fig. 5;**° work
performed with this instrument has been recently reviewed.**®* H scattering has
been performed from solid surfaces composed of metals,**?* adsorbate-
modified metals,*® semiconductors®”?**®* and graphene®?**® grown on
a number of substrates.

Agoc  Aegey

T e

02 03 04 05 06 07 08
Translational Energy Loss / eV

—» |«—0.054¢eV

00 01 02 03 04 05 06 07 08
Translational Energy Loss / eV

Fig. 6 Energy-loss spectrum for H scattering from solid Xe. (a) Rydberg tagging experiment
(circles) and MD simulation (solid line). The sharp peak dominating the energy distribution
results from single-bounce line-of-centers scattering and “weak double-bounce scat-
tering”. The shoulder spanning 0.1-0.5 eV results from strong double-bounce and multi-
bounce collisions including subsurface scattering. The inset (b) shows a zoomed in view of
the data with the largest inelasticity and an estimate of the statistical noise in the MD
trajectories. (c) Experimental conditions: £; = 2.76 eV, ¥; = 45°, ¥ = 45°and ¢; = 0°and Ts =
45 K. The spread in the H atoms' incidence energy JE; is also shown. Adapted from ref. 361.
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The simplest example so far studied with this instrument is that of H scat-
tering from a cryogenic Xe solid surface at an incidence energy of 2.76 eV.*** Here,
classical molecular dynamics simulations performed on a full-dimensional PES
constructed from DFT-GGA data perfectly reproduce experimental observations,
when using an effective medium theory to fit DFT data.®® See Fig. 6. This allowed
the simulations to be “unpacked”, providing more information than one could
imagine obtaining from experiment alone.

In fact, it was possible to determine the number of collisions. Here, it is
important to recall that a collision is an ambiguous quantity—for example, high
impact-parameter collisions that lead to an infinitesimal deflection are, in prin-
ciple, collisions; but they result in a negligible energy-loss. Using a definition of
weak and strong collisions that was based on the distance of closest approach
during the trajectory, it was shown that double-bounce trajectories are more
important than single-bounce events, even for specular scattering, where one
might think single-bounce events would dominate. The tendency of each bounce
to direct H atoms out of the plane of detection means that two bounces can
compensate out-of-plane momentum such that the trajectory remains in the
detection plane. These weak double-bounce events exhibit nearly the same energy
loss as that predicted by the single-bounce line-of-centers model.

A large fraction of the observed scattering results from trajectories that visit
regions of space below the first layer of Xe atoms (sub-surface multibounce scat-
tering) before returning to the gas phase. See Fig. 7. Overall, these multibounce and
subsurface scattering dynamics allow as much as 0.5 eV of the incident 2.76 eV
energy to be lost from the H atoms colliding with a solid Xe surface, far exceeding the
predicted energy loss of the binary collision model (0.082 eV) normally considered
the largest energy loss possible. Subsurface penetration is also responsible for
sticking of the H atom, which was computed to occur for 15% of the trajectories.

6.2. H-atom scattering from metals

These studies could be extended to H scattering from Au (111), where electroni-
cally adiabatic MD simulations failed dramatically.>*® However, energy loss
measurements were in good agreement with classical MD simulations with

0.6
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Energyufass Jev
Fig. 7 Subsurface scattering: (a) probability density distribution of the scattering trajec-
tories as a function of distance of closest approach to the surface, z,. The equilibrium
positions of the Xe surface atoms define z.,;, = 0. (b) Probability correlation distribution
comparing the depth of penetration and energy-loss. The numbers on the contour lines
indicate the numbers of MD trajectories. E; = 2.76 eV, ¥, = 45°, J5 = 45°, and ¢; = 0° and
Ts = 45 K. Adapted from ref. 361.
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Fig. 8 H scattering from Au(111) at three incidence energies E;,. Experimental results
(open squares) are compared to theory (solid lines): £, = 3.33 eV (blue), 1.92 eV (red), and
0.99 eV (black). Colored arrows mark the three incidence energies. Also shown are the
average final translational energies, (Egn). The scattering angles are ¢; = 45°, ¥ = 45° and
@i = 0° with respect to the [101] direction. Adapted from ref. 353 and used with permission
under lic. no. 574300005425.

electronic friction applied on a full-dimensional PES.®® See Fig. 8. Here, Effective
Medium Theory (EMT) was fitted to the DFT data®® and a local density electronic
friction approximation was employed.®**¢>*% In the meantime, the EMT formula
(originally derived for fcc metals) was derived for bee metals as well.®”

The theoretical simulations are thought to provide accurate sticking proba-
bilities, which are difficult to measure experimentally. The theory also reveals
a novel sticking mechanism for H atoms, where (as in the Xe case) sub-surface
penetration occurs. The electronic friction is so strong in the subsurface region
that the H atoms resurface within 100 femtoseconds and thermalize to the most
stable binding sites.**® Similar results were found on six metals and on
different surface facets,*** suggesting the generality of the behavior originally seen
for Au(111). This allowed a generalization and determination of a quantitative
formula for computing the incidence angle and energy-dependent sticking
probability of H and D on metals.**"*** The isotope effect is small*** and theory
could explain this as a compensation effect. Lighter H atoms more effectively
excited electron-hole pairs, but D atoms more effectively excited phonons.***
Theoretical simulations of these scattering experiments were also capable of
explaining the isotope effect seen in chemicurrent experiments.***

350-352

6.3. H-atom scattering from graphene

Advancing in complexity, we next consider the H scattering from graphene. H
scattering from graphene grown on Pt was carried out as described above in the
discussion of Fig. 8. When grown on Pt, the graphene layer is polycrystalline with
two rotational domains and is physisorbed to the metal. The scattering distri-
butions are bimodal with a quasi-elastic component and another that exhibits
a large energy loss due to the formation of a transient covalent C-H bond.** The
transient bond formation channel increases in importance as the incidence angle
is scanned from a glancing to a normal direction to the surface, which is evidence
that a barrier to forming the C-H bond must be overcome. These dynamics were
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investigated from a theoretical perspective using DFT calculations on a free-
standing model of the system and fitting with REBO** or NN.** Classical
trajectory calculations also showed bimodal behavior in the energy-loss distri-
butions. Analysis of the trajectories showed that the large energy loss was made
possible by the re-hybridization of the C-atom involved in the transient bond,
which exerts strong forces on neighboring C-atoms as the delocalized m-bonding
network is broken up. In this way, C-atom motion, parallel to the surface, was
excited within about 10 femtoseconds, whereas out-of-plane C atom motion was
only seen after about 20-30 femtoseconds.

Sticking probabilities (Fig. 9) could be derived from the experiment over
a limited range of the normal component of the incidence energy. MD simula-
tions on a full-dimensional PES were in good agreement with those values.
Theoretical predictions of the sticking probabilities at higher energies were also
made and there is no reason to doubt that they are reliable, although they remain
unconfirmed by experiment. RPMD trajectories were run to simulate the ZPE and
tunneling, but quantum effects were found to be small. Strictly speaking, RPMD is
only valid under thermal conditions and its use in this way is not rigorously
correct. To what degree RPMD can be trusted for such applications, would rely on
making comparisons to better quantum-dynamics simulations. Very recently,
MCTDH calculations on H scattering from graphene with 75 dimensions and
using a NN PES have been demonstrated and compared to experiment.?” These
calculations confirmed that quantum effects are small for incidence energies of
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Fig. 9 H-atom sticking probabilities at graphene. Experimentally derived (blue) and
theoretically predicted (black) sticking probabilities for £, = 0.99 eV plotted against the
normal component of the incidence energy (E,,). Theoretically predicted sticking proba-
bilities for E, = 1.92 eV are shown in red. Theoretical simulations used a full-dimensional
EMFT-REBO PES that includes the influence of the Pt substrate with classical molecular
dynamics (solid symbols) or ring polymer molecular dynamics (open symbols). Adapted
from ref. 360 and used with permission under lic. no. 5743000308890.
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1.96 eV, but a marked increase in sticking probability was seen at 0.96 eV inci-
dence energy, due to the influence of quantum effects.

6.4. H-atom scattering from germanium

Most recently, H-atom scattering has been extended to the case of semiconductor
surfaces. Again, the interplay between experiment and theory has been crucial.
Reminiscent of the H scattering from graphene, for collisions of H-atoms at a Ge
(111)-¢(2 x 8) surface, a quasi-elastic peak was seen, as well as a channel exhib-
iting a large energy loss.*” Interestingly, the threshold of the high-energy-loss
channel was coincident with the surface bandgap,*” suggesting the cause of
the bimodal behavior is very different than in the case of graphene. Molecular
dynamics simulations were carried out using a high-dimensional NN PES
computed with DFT within the Born-Oppenheimer approximation. The calcula-
tions matched the quasielastic channel within the uncertainty of the measure-
ments; however, there was no sign of a high-energy-loss channel. This strongly
suggested that the high-energy-loss channel does not arise from transient
chemical bond formation, but rather is due to promotion of an electron from the
valence band to the conduction band. The high-energy-loss channel also
increased in importance with increasing translational energy of the H-atom
beam, a typical sign of Born-Oppenheimer Approximation failure. The authors
concluded that the high-energy H-atom collisions at the surface of the Ge semi-
conductor were able to efficiently excite electrons from the valence band to the
conduction band.**” The isotope effect was later taken as evidence of a site-
specific transition that is related to the electronic structure of the adatoms and
rest atoms present on the surface reconstruction.**

7. More complex systems for molecule—surface
scattering

One of the great successes of gas-phase crossed molecular beams scattering arises
from the single-collision conditions afforded by the method. In these experi-
ments, two continuous beams cross one another, each with a density p ~ 10"
cm >, The crossing volume of the two beams V ~ 0.03 cm?®, as well as the relative
velocity vy ~ 10° cm s~ * and the collision cross-section ooy ~ 10~ * cm?® can be
combined in eqn (1) below to calculate the rate of collisions.

d[collision, 5]

dr = (Gcuvra)pip2V (~3x 10" s™) (1)

When comparing this to the incident flux of one of the beams at the collision
zone, 10"* s, one quickly appreciates that in this experiment, the probability for
a single condition is on the order one in a thousand. Hence, the probability that
two collisions occur is on the order of one in a million. For reactive processes of
complex polyatomic molecules, the single-collision conditions provide an enor-
mous simplification, allowing scientists to observe all of the initially formed
reaction products—that is, the results of the first collision—and characterize

them quantitatively. See for example ref. 232, 233, 252, 259 and 366.
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There is no applicable analogous experiment in surface chemistry, as single-
collision conditions are rarely obtained. It is as if we perform a crossed-beams
scattering experiment where one beam possesses an atomic density of 10**
cm >, While this simple statement glosses over a great deal, the H-atom scat-
tering from Xe presented above confirms the assertion that it is unlikely that
incident atoms and molecules experience a single collision upon encountering
a solid or liquid surface.*** Even more catastrophic to the idea of single-collision
surface chemistry is the fact that when a surface reaction is initiated by an inci-
dent molecular beam, it is typical that these molecules first adsorb and ther-
malize with the surface, possibly while also dissociating to form the first reaction
intermediates. Products are then formed only after these intermediates diffuse—
possibly, they may also isomerize—and react to final products. Often this involves
reaction with other pre-adsorbed molecules. Another key difference is that—
unlike the pristine homogeneity of a vacuum—surfaces are heterogeneous.
Hence, diffusion of intermediates to especially reactive sites of the surface is often
essential to the mechanism. This is even true when carrying out experiments with
nearly perfect single-crystal surfaces.

Despite these critical differences, experimental methods for reactive scattering
on surfaces using molecular beams have advanced dramatically in recent years.
The usefulness of molecular beams for reactive scattering at surfaces can be seen
in the recently obtained results using the “isothermal pulsed molecular beams”
method.**”*%® In this approach, molecular beams deposit reactants at a catalytic
surface within the well-controlled conditions of an ultra-high-vacuum chamber.
Desorbing products are then detected by electron bombardment ionization
quadrupole mass spectrometry. Adsorbates are simultaneously detected using
infrared absorption spectroscopy (IRAS). An apparatus for applying this method
has been described.*® This approach has quite important advantages over the
well-known temperature programmed reaction (TPR) method, where reactants
are deposited at low temperature and desorbing products are detected while
a linear temperature ramp is applied to the surface. Most importantly, the reac-
tions important to the catalysis can be studied at controlled and variable
temperatures in an isothermal experiment.

This method has been applied to answer a variety of interesting questions in
catalysis. Surface accessibility of subsurface hydrogen in palladium nanoparticles
was investigated, and it was shown that diffusion between the surface and bulk is
strongly altered by C atoms that can bind near low-valence step-edges.*”® In other
work, hydrogen recombination®* as well as reaction of hydrogen with adsorbed 2-
butene®”” was found to involve subsurface hydrogen. The “spectator effect”, which
is closely related to ligand-directed hydrogenation,®”® was studied in selective
partial hydrogenation of acrolein.*”**”> Here, the influence of surface crowding by
nonreactive molecules could be shown to have a profound impact on the chem-
istry. In another study, it could be shown that the adsorption of butanal is
accompanied by keto-enol isomerization to form three adsorbed intermedi-
ates,*”**”” whose chemistry controls the product formation.

Also using this method, methanol oxidation to methyl formate was observed
on Au (332).*”#%° Nanoporous gold is an important catalyst for this reaction—its
high surface area and the ability of Ag impurities in this material to activate
oxygen are crucial.*®" Despite the many potential differences to the nanoporous
catalyst, very similar reactivity was observed on single-crystal Au (111) and (332).
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For these pure gold catalysts, the oxygen was introduced as gas-phase atoms from
an effusive molecular beam. The experiments clearly showed the efficient
formation of the desired methylformate product and, using IRAS, the buildup of
adsorbed bidentate formate, which slowly poisoned the catalyst. Due to the well-
controlled conditions of these experiments, insights into the reaction mechanism
could be obtained. A previously proposed mechanism for methylformate forma-
tion involving recombination of two adsorbed methoxy intermediates®***** could
be confirmed. Over-oxidation of the methylformate to undesired side products
was also seen and conditions could be found where it could be suppressed. A
special adsorbed oxygen species was inferred that is capable of oxidizing
methylformate.®*

7.1. Kinetics of reactions at surfaces

These experiments give a glimpse of the power of reactive molecular beam
scattering in surface chemistry, a power that can be amplified when combined
with quantitative measurements of reaction rates. Such experiments were first
developed in the early 1970's, with the advent of the molecular beam relaxa-
tion spectroscopy.****** This method employed a modulated molecular beam
to dose the surface and an electron bombardment ionization mass spec-
trometer to detect products. The temperature-dependent phase shift could be
used to gain information on the reaction kinetics. In one of the successes of
this technique, it could be seen that CO oxidation on a stepped platinum
surface proceeds via a Langmuir-Hinshelwood and not an Eley-Rideal
mechanism.?*®

More recently, a family of related techniques have become possible that take
advantage of modern pulsed molecular beams and pulsed lasers as well as ion
imaging. The velocity-resolved kinetics (VRK) methods**”* now make the
experimental determination of reaction rates much more quantitative. Discov-
ered serendipitously while performing state-to-state time-of-flight measurements
involving molecular beams scattering from Pt,**° VRK relies on laser methods that
simultaneously obtain the densities and velocities of molecules, allowing accurate
determinations of molecular flux. To appreciate this point, consider the units
involved in the simple desorption reaction expressed by the following kinetic
eqn (2):

d[CO],  d[cO]
dt ~ dt

= kdes [CO} sur (2)

Because the concentration of CO at the surface [CO]g,, is in units of surface
density and because kqes is a 1st-order rate constant with units of inverse time, the
rate of production of gas-phase CO has units of flux. Hence, monitoring the
reaction rate via detection of gas-phase CO requires methods to measure flux,
which as just mentioned may be accomplished via a simultaneous measurement
of density and velocity. An additional advantage of measuring molecular veloci-
ties arises as it becomes possible to accurately calculate when the molecule left
the surface on its way toward the detection laser beam. Hence, by using short
pulsed molecular beams to initiate the reaction, the reaction time at the surface
can be determined with less than ~10 ps uncertainty.
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Fig. 10 The first velocity-resolved kinetic data. In this experiment, a short-pulsed CO
molecular beam was incident at a Pt (111) surface at time §, determined in a separate
experiment. The CO molecules leaving the surface were excited to the metastable 3°I1
state <1 mm away from the surface. The metastable molecules were subsequently ionized
~12 mm from the surface using 1 + 1 REMPI via the b3+ state. The delay between the two
laser pulses was fixed, defining the velocity of the molecules being detected. The timing of
the pulsed molecular beam was then varied with respect to both laser pulses to observe
the residence time of the molecules on the surface. Bi-exponential kinetics (solid black
circles) can be clearly seen. The two components are related to (1) desorption from terrace
sites (green dashed line) and (2) diffusion from steps to terraces followed by desorption
(magenta dashed line). The sum of the two components (blue dashed line) matches the
data well. Note the vertical axes are logarithmic. Adapted from ref. 390.

These simple insights, along with the remarkably high signal-to-noise ratio
afforded by VRK, permitted the first bi-exponential desorption traces to be
observed,* from which the role of terraces and steps could be discerned. See
Fig. 10. Here, a rather cumbersome two-laser scheme was employed that relied on
a detailed knowledge of the spectroscopy of CO.

This approach to the kinetics of surface reactions was made more general by
employing non-resonant multiphoton ionization (MPI) in concert with slice ion
imaging."** Here, non-resonant MPI was performed by focusing the output of
a titanium-sapphire laser—available with ~1 m] pulse energies and a 35 fs pulse
duration operating at a 1000 kHz repetition rate. This allows experiments with
many molecules not normally considered suitable for laser detection. For
example, both H,0*' and CO,** products from H, and CO oxidation on Pt,
respectively, could be studied with VRK, as could formic acid (HCOOH),*”* NH3,***
H,,**** CO*” and NO.*** Detection of many other molecules is also possible with
this method.

Accurate desorption rate constants obtained using VRK contain valuable
information on molecule-surface interactions, adsorbate binding energies and
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diffusion barriers, which can be derived using transition-state theory (TST). For
example, NO desorption rate constants from Pd(111) and (332) provided accurate
NO binding energies (1.766 £ 0.024 eV) and diffusion barriers (0.29 + 0.11 eV).>*
Similar results were obtained from VRK measurements of NH; desorption from
Pt(111) and (332). Here, the NH; binding energy to Pt(111) (1.13 4+ 0.02 eV) and the
diffusion barrier (0.71 £ 0.04 eV) could be accurately derived. In addition, NH;'s
binding-energy preference for steps over terraces on Pt (0.23 + 0.03 eV) was ob-
tained. The influence of co-adsorbed oxygen on the NHj-binding energy—it
increases by 0.15 eV—and diffusion barrier—it increases by 0.39 eV—was also
found.**” Formic acid desorption rates measured with VRK also yielded an
accurate desorption energy (0.639 £ 0.008 eV) from Pd(111) as well as the diffu-
sion barrier (0.37 + 0.13 eV) across 111 terraces. In other VRK measurements of
the recombinative desorption rates of hydrogen from Pd, the dissociative
adsorption energy of H, and its isotopic variants to Pd were obtained. In fact, the
kinetic data were even sensitive to hydrogen diffusion between the surface and
the bulk; hence, the bulk absorption energy could also be obtained.*** Where
comparison is possible, the binding energies obtained above compare well with
results from single-crystal adsorption micro-calorimetry.*****

One advantage of VRK (or for that matter any accurate desorption kinetics
measurement) is that, in addition to binding energies, accurate diffusion barriers
can be derived. This is because a TST rate constant has both an energetic term—
the energy needed to reach the transition state—and an entropic term, which
mainly influence the pre-factor. The experiment provides information on both
and since the entropy of the adsorbate is strongly influenced by its propensity to
diffuse, desorption rate constants also reflect the barriers to diffusion. The three
examples above are instructive in several ways. For example, the ratio of the
diffusion barrier to desorption energy in all three was much larger than the
commonly used 12% rule.*” For ammonia in particular, accurate binding ener-
gies and diffusion barriers have significant implications for engineering models
of the Ostwald process, where ammonia is oxidized to NO. Specifically, it was
possible to understand why established rate models of the Ostwald process
incorrectly predict low selectivity and yields of NO under typical reactor operating
conditions. These errors are likely due to a failure of the assumption of mean-field
kinetics, used in those models.**?

Perhaps the most important impact of VRK stems from its high accuracy and
precision. The accuracy of the rate constants derived from VRK could be
demonstrated using the principle of detailed balance. When desorption rate-
constants were directly computed from sticking probabilities and other experi-
mentally available quantities and compared to VRK rates, agreement was within
the signal-to-noise of the VRK experiments—see Fig. 11.>*° Note that this required
no adjustable parameters. This not only provides a striking example of the power
of the principle of detailed balance, it also reveals the strengths and weaknesses
of commonly applied approximations used in TST for surface reactions. This work
helped show that for this reaction, quantum effects are large even at high
temperature. Beyond zero-point energy effects, which are well known, the wave
nature of the light adsorbed atom produces a quantum delocalization and
concomitant high entropy that dramatically reduces its recombination rate
constant.*** The H-atom's spin degeneracy also contributes a factor of four
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Fig.11 Velocity resolved kinetics (VRK) of hydrogen atom recombination on Pt (111) and Pt
(332). Measured reaction rates for Pt (111) (») and Pt (332) (+) are compared to the results of
a quantum rate model based on the principle of detailed balance and experimentally
derived dissociative sticking coefficients (dashed and solid lines). The temperature
dependence and the transient rate of the measurements is quantitatively captured by the
quantum rate model for both facets. The shaded regions of the top three panels indicate
the 2g-uncertainty. Excellent agreement was achieved without adjustable parameters.
Adapted from ref. 395 and used with permission under lic. no. 5743000493441.

reduction in the rate, as combining H atoms to form the ground electronic state of
H, is only possible for one of the four spin combinations.

The high accuracy demonstrated for VRK provides some of the first experi-
mentally derived thermal rate constants that are accurate enough to provide
benchmarks for first-principles rate theories for surface chemistry. The VRK
benchmarks were exploited in a recent theoretical study. Using a 6D PES gener-
ated with machine learning from DFT data obtained at the GGA level, Ring
Polymer Molecular Dynamics (RPMD) was used to directly obtain thermal rate
constants.®® The derived rate constants, which exhibited large quantum effects,
were (only) a factor of two lower than those from experiment when the PBEa-vdW-
DF2 functional was used.

Surface site-specific rate constants for reactive processes like CO oxidation on
Pt can also be obtained with VRK.*® These experiments revealed another
advantage of measuring product velocity—when reactions occur via different
mechanisms, they may lead to products with different speed distributions—see
Fig. 12. In this case, CO oxidation at terraces produced hyperthermal speed
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distributions of CO,, whereas the dominant reaction occurring at steps led to CO,
products with thermal speed distributions. Subsequent theoretical calculations
showed that CO, is bound more strongly at steps than at terraces, due to charge
transfer forming a bent CO, -like adsorbate.***

Combining kinetic data with product velocity distributions can provide addi-
tional information on a surface reaction's energy landscape, as was shown in
a VRK study of the decomposition of formic acid to CO, on Pt (111). Here, the rate
limiting reaction is decomposition of the bidentate formate intermediately
formed after O-H bond dissociation at the Pt surface.

HCO*O* — H* + COz(g) (3)

The asterisks in the chemical eqn (3) indicate the atoms bound to the metal in
the formate intermediate. Temperature-dependent VRK data was analyzed to
obtain the forward reaction's activation energy, which was taken as a measure of
the barrier to the forward reaction, while the maximum measured CO, trans-
lational energy was taken as a measure of the barrier height for the reverse
reaction.**” The difference between these two barrier heights gave an independent

.

0 200 400 600 8001,0001,200
Reaction time (us)

CO, flux (a.u.)
o
[}

T

Pt(332)

-100 0 100 200

0.0

Reaction time (us)

Fig. 12 Velocity-resolved kinetics of CO, from CO oxidation at a Pt surface. The lower left
inset shows an ion image with velocity-space integration windows for a hyperthermal (red
rectangle; 1280-1610 m s~ and a thermal (blue rectangle; 420-590 m s~%) channel. The
kinetics of the two velocity groups are shown as blue and red circles in the upper inset and in
the main figure. The thermal velocity products result from reaction at steps, whereas the
hyperthermal velocities arise from reaction at terraces; note that the hyperthermal channel is
visible for the (111) surface only. The solid red and blue lines are fits using a kinetic model
involving two reactions at steps and one at terraces. The dashed black line represents the
measured CO dosing function. The surface temperature was 593 K. Adapted from ref. 387.
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measure of the heat of formation of the bidentate formate bound to Pt (111),
which was in good agreement with single-crystal adsorption calorimetry.**® This
procedure could be repeated as a function of oxygen surface coverage on both Pt
(111) and (332), providing information on the reaction pathway. While this
investigation made measurements of the decomposition of formate, from the
derived energy diagrams it was also possible to conclude what a Pt catalyst
requires for optimal functionalization of CO, with hydrogen. The results of this
work clearly showed that CO, could be most easily activated to a formate adsor-
bate on a Pt surface with a high defect density and oxygen-lean or oxygen-free
conditions.

Perhaps of greatest future significance, VRK of surface reactions can be used to
identify reaction intermediates, providing critical information on reaction
mechanisms in catalysis (https://doi.org/10.1039/D3FD00174A). In another paper
appearing in this Faraday Discussion, formic acid decomposition on palladium
exhibited a “fast” and a “slow” kinetic channel for CO, production. These
channels are well-resolved—see Fig. 13—by VRK and the branching between
them is easily measured and, moreover, strongly dependent upon isotopic
substitution (https://doi.org/10.1039/D3FD00174A). Here, theoretical
examination of measured kinetic isotope effects makes it possible to assign the
fast and slow channels to decomposition of two reaction intermediates—
carboxyl and bidentate formate, respectively.

Since these studies were reported, additional variants of VRK have been re-
ported. A high-repetition-rate version of VRK drastically reduces measurement
time and may be useful for following nonstationary catalysts, for example,
undergoing poisoning or activation.*®® Laser-induced desorption VRK provides
possibilities to directly detect reaction intermediates. Here, a femtosecond pulse

x @® | Pd(111)] |Pd(332)]
w
S fast L
g 1 TR Y
.GE) slow T
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1 ol i DR
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~
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S_" ¥J LIRS AL ‘-:_ o .o NERTS i
e T A I A A N iyt S Sl i i
0 2 4 6 0 2 4 6 8
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Fig. 13 Observation of two temporally resolved CO, formation channels in formic acid
decomposition on Pd. Typical peak-normalized kinetic traces of CO, on Pd(111) (left) and
Pd(332) (right) at 403 K using HCOOH. The solid lines are a kinetic fit (see https://doi.org/
10.1039/D3FD00174A). The inset in the right panel shows an enlarged view of the slow
component, which decays over several milliseconds at this temperature, whereas the
fast component exhibits a time dependence similar to that of the incident pulsed
molecular beam (dashed line). The insets in the left panel show the reactant, transition
state, and product structures computed from DFT for the fast and slow channels on
Pd(111).
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of laser light is used to desorb reaction intermediates via a DIMET (desorption
induced by multiple electronic transitions) process. These hyperthermal desor-
bates are then detected in the gas phase via laser ionization.**®

7.2. Hot beams

An important opportunity for both gas-phase and gas-surface experiments has
been pursued by Minton and others through the development of hyperthermal
sources of atomic species like O, N, F, and Ar using a laser detonation source.**
This source can produce translational energies in the several-eV range that are
important in upper atmospheric chemistry and space science. It has been
demonstrated for O atoms that only the electronic ground state has significant
population in these sources, which makes it possible to study reactive collisions
involving high barriers and endothermic processes with the reaction dynamics
theories described earlier. This has been demonstrated both for crossed-beams
studies, such as for the O + H, reaction,** and for beam-surface experiments,
such as O + graphite™”** and O + ionic liquids.**® Recent gas-phase reactions have
focused on reactions that are important in hypersonics, including N + O, (ref. 406)
and O + NO,*” where it is possible to use the results to validate reaction dynamics
calculations with high-quality PESs, and then the calculations can be used to
generate rate coefficients that are crucial for atmospheric modelers. The gas—
surface hyperthermal beam studies have also been used to provide insights about
the structure of ionic-liquid interfaces,**®**® and about processes that are
important for degradation of hypersonic and space vehicle components.****!*

7.3. Molecular scattering from liquid surfaces

The scattering of atoms and molecules from liquid surfaces became popular after
the advent of the scraped rotating-wheel method, originally developed by Fenn to
measure evaporation rates from liquid surfaces.*”” Here, a molecular beam is
incident upon a low-vapor-pressure liquid that forms a film on a rotating disk
within a vacuum chamber. A metal or Teflon scraper ensures that the surface
remains clean. Scattered molecules are detected under collision-free conditions;
hence, the observations reflect the fundamental interactions experienced by the
molecule at the vacuum-liquid interface. Pioneering work from the labs of Gil
Nathanson**** used neutral time-of-flight (TOF) mass spectrometry to obtain
velocity and angular distributions of scattered molecules.***** Other labs have
since employed laser-based methods including LIF,*** infrared**® and UV-vis*"’
absorption spectroscopy. Two excellent reviews appeared in 2016,****” outlining
many of the common observations seen in this field. Initially, inelastic scattering
was the focus of the field; here, two channels—trapping followed by desorption as
well as direct inelastic scattering—are often seen. This is not only true for inert
systems like rare-gas atom scattering from liquid surfaces, but also for radical
scattering.*'®

More recently, attention has turned to reactions of incident atoms and mole-
cules at liquid surfaces. This has proven useful, for example, to gain an under-
standing of the structure of liquid surfaces, an idea that has been demonstrated
for pure molecular liquids, for salty solutions, and especially for ionic liquids. For
example, Al atom beams could probe the surface content of fluorine in ionic
liquids through a reaction forming hyper-thermal AlF, which could be detected by
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LIF.** Similar ideas were exploited for OH reactive scattering from ionic liquids,
where the surface structure of several ionic liquids was found to be independent
of the ionic head group and rather dominated by the alkane side chain.***
Reactions of solvated electrons initiated by Na atom adsorption at a glycerol
surface were also reported.***

The cylindrical, liquid micro-jet of Faubel, Schlemmer and Toennies** is an
innovation that has raised the ambitions of this field and, since its invention,
efforts have intensified to study the vacuum/water interface. For example, with the
ability to introduce liquid water into a vacuum chamber, photoelectron spec-
troscopy became possible, for example using core-level photoelectron spectros-
copy**® to measure work functions of liquid-water surfaces.***

However, methods for scattering molecules from surfaces of high-vapor-
pressure liquids like water are not yet fully mature. A recent review discusses
many of the “lessons learned” in developing liquid microjets for scattering
experiments.**® Here, an important potential pitfall must be attended to; rapid
evaporation from the surface of liquid microjets is a stark reality of introducing
a high-vapor-pressure liquid to a vacuum. There is a danger that molecules
scattered from the surface of liquid water may be re-scattered by gas-phase water
molecules evaporating from the jet. The evaporation rate depends on the radius of
the cylindrical microjet; the smaller the radius, the less dense the vapor sheath
around the liquid.**” Salts and/or surfactants may also be introduced to further
lower the vapor pressure of the liquid. In addition, water evaporation is strong
enough that the liquid's temperature drops with distance from the nozzle, an
effect that of course also lowers the evaporation rate. The temperature of the
liquid can be determined from the velocity distribution of evaporating Ar that has
been pre-dissolved in the water. This distribution is then fitted to a Maxwell-
Boltzmann function and a temperature is obtained. Of course, this relies on an
assumption that the sticking probability of Ar to cold liquid-water surfaces is
velocity-independent.

While the technical challenges are formidable, the future appears promising,
especially for reactive scattering from aqueous surfaces. Reactions of solvated
electrons at a water interface (similar to those described above for glycerol) have
been demonstrated.**® Uptake of gas-phase molecules has also been studied by
comparing scattering from the glass nozzle to that from the aqueous surface. It
could be shown, for example, that HCl is efficiently taken up by the solution and
experiments with DCI showed no isotope exchange, strongly suggesting that only
the molecules that undergo direct inelastic scattering fail to dissolve.*® In
another example of the potential of this approach, Br, was found to emerge back
to the gas phase after a beam of N,Os collided with an aqueous microjet with
a large concentration of dissolved LiBr.*”” These experiments reflect chemistry
thought to be important in sea-water aerosol droplets.

One specific problem with cylindrical microjets that may ultimately limit their
usefulness is their small size—they are typically on the order of 30 um in diam-
eter. Direct comparison of scattering signals from rotating-wheel and cylindrical-
microjet geometries shows at least a two-order of magnitude loss of scattering
signal when using the microjet.*** It would, of course, be a tremendous practical
advantage to develop flat liquid jets. In fact, it has been known since the 1960's
that colliding cylindrical jets of water form flat leaf-like structures, which may be
many mm in size—see Fig. 14.**®
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Fig. 14 Planar sheets of water are formed by collisions of cylindrical jets. Such leaf-like
structures can be many mm in extent. This is an original figure based on a figure from ref.
428.

Inspired by this, molecular beam scattering from flat liquid jets has been
recently achieved for dodecane,****** which has a vapor pressure about 1% that of
water. Extending these successes to aqueous interfaces will doubtless still be
challenging, in particular because the flat-jet geometry is markedly less favorable
for the formation of a gas-sheath than is the cylindrical jet. Furthermore, flat jets
exhibit temperature gradients;*** however, this does not appear to be an insur-
mountable problem. There is every reason to believe that this approach will bear
fruit in the near future.

8. Perspectives

The purpose of this review has been to present highlights of recent work using
molecular scattering for the study of basic chemical reactivity in the gas phase
and at surfaces. We have emphasized emerging laboratory methods that allow
new types of measurements to be made and the fruitful cooperation between
experiment and theory. In this final section, we claim an ability to see the future
and point out new directions that we deem to be especially ripe for study.
Unfortunately, this section may read like a laundry list of half-baked research
proposals, which it is. Nevertheless, we hope that it may still provide value by
inspiring readers to think more deeply along certain lines that lead them to
concrete new work.

The study of nonadiabatic processes is becoming more and more common in
both gas-phase and gas-surface collision processes, with a broader and broader
range of processes being considered, including species that are generated in
highly excited states and that have many possible product channels and elec-
tronic states. At the most fundamental level, full quantum calculations are per-
formed. These are primarily restricted to gas-phase processes, but provide
valuable insight concerning quantum interference, including the geometric
phase effect, and concerning spin-forbidden processes that can sometimes be
crucial, even if they are rare. Trajectory surface hopping is gradually becoming
available in public-domain codes (along with the ability to calculate nonadiabatic
couplings), and has already proven important in studying a variety of gas-phase
and gas-surface processes. It will be important to carry out further theory
development in this field, as well as to extend the range of problems that can be
studied.
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For experimental crossed molecular beams scattering studies, the develop-
ment of new atomic and molecular beams and detection methods is essential.
Development of high-quality atomic and molecular beams, especially highly
intense beams with narrow velocity spread, are important in the study of reactive-
scattering experiments. This allows us to measure detailed differential cross
sections for reaction products at specific quantum states, providing most thor-
ough dynamics information for a specific chemical reaction. New laser photolysis
techniques and other methods, such as discharge and thermal dissociation, etc.,
can be applied to generate high-quality atomic and radical beams for future
crossed-beams scattering studies.

In addition to new atomic and molecular beams, development of low-
background, more universal and highly sensitive detection methods are
certainly desirable. For neutral reactive-scattering experiments, an efficient ioni-
zation detection scheme is the key. Therefore, a better ionization scheme, espe-
cially efficient soft VUV ionization, is important for further development of
crossed-beams methods. One promising direction is the VUV ionization detec-
tion based on free electron laser (FEL) light sources, such as the Dalian Coherent
Light Source, which can provide intense VUV laser light. Direct VUV FEL ioniza-
tion can provide universal and efficient detection schemes for atomic and
molecular species. Higher-repetition VUV FELs, which are based on super-
conducting accelerator technology, will certainly become a more powerful tool for
universal detection of reactive-scattering products for complex chemical
reactions.

More powerful and accurate quantum-dynamics calculation methods will be
further developed; thus, the dynamics of more complex reactions can be inves-
tigated accurately, especially when accurate potential energy surfaces for complex
reactions become available. This will enable us to acquire more accurate
dynamics and kinetics information for both elementary and complex chemical
reactions. Further development of dynamics theory, in concert with the devel-
opment of advanced crossed-beams scattering experimental methods, will surely
drive the field of chemical reaction dynamics to become a more exact science.
Looking to the future, accurate calculations and predictions of both dynamics
and kinetics for all chemical reactions may soon be a reality, with the help of Al
technologies.

For gas-surface dynamics, there has been an explosion of interest in adding
friction-based methods to incorporate energy transfer involving degrees of
freedom that are not explicitly included in the dynamics. We expect this to
continue, such that friction will become a standard feature in dynamics calcu-
lations, enabling the connection between dynamics and reaction-kinetics studies.

The field of cold collisions also provides new vistas for exploring quantum
phenomena. Although the possibility that reactive bimolecular collisions at very
low temperatures might access the regime where Wigner tunneling might be
important, which was appreciated long ago and calculations using quantum
scattering have been available for some time,*** experimental studies within this
regime have primarily been a recent phenomenon due to interest in Bose-Einstein
condensates involving diatomic molecules, and in interstellar kinetics. This will
stimulate further work, both experiment and theory, to explore the consequences
of reactions in this regime. We also note the attractive possibilities of using ions
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in cold collisions, for example creating cold plasma by combining negative and
positive ions.

Growing interest in hypersonic flight and in vehicle reentry from lunar
missions and beyond will continue to stimulate interest in future studies of
hyperthermal reaction dynamics. This regime can be effectively studied using
quasi-classical trajectory methods, but with significant challenges in the treat-
ment of multiple electronic states and their couplings.**®

The future of surface chemistry involves understanding reaction mechanisms
under the high temperature and pressure conditions where real catalysis takes
place; both theoretical and experimental reaction kinetics will be essential
(https://doi.org/10.1039/D3FD00174A). Micro-kinetic modeling forms the under-
lying mathematical framework of catalysis, and to establish a fundamental
foundation, existing rate theories must be improved®*” and new ones must be
developed. The aim is to accurately predict reaction rates from theory. Compar-
ison of experiment and theory at the level of elementary reaction rates is an
activity that is rarely undertaken.®® Much more of this will be needed in the future.
Experimental methods for following the kinetics of reactions have been
improving, but we will also need methods to follow the time-dependent
concentrations of reaction intermediates. This calls for new means for sensitive
and specific, yet universal, detection of adsorbates. Laser-induced desorption
followed by gas-phase ionization®° has the potential to provide mass-
spectrometric-like signatures of intermediates, if it can be combined with
a universal means of detection (e.g., electron bombardment ionization or soft VUV
ionization). Multi-mass imaging®® and covariance imaging'*® are two other
excellent experimental methods that are likely to find application in problems of
reactive scattering from surfaces.

Real catalytic conditions give rise to dynamic changes in structures at the
interface*** that may produce transient reactive configurations. Identifying these
reactive configurations is one of the most important goals for future work. Time-
resolved microscopies and other experimental methods promise such observa-
tions, but it remains highly challenging to link observations of reacting systems
under real conditions to fundamental quantities that might allow non-empirical
models to be developed. This is where theoretical discovery of reaction mecha-
nisms in surface chemistry may become much more important. The structure of
such “theoretical discovery” of mechanisms has already been demonstrated for
gas-phase reactions.**>*¢ It is reasonable to forecast that such methods will be
automated®” and enhanced with machine-learning algorithms and eventually
become useful for surface chemistry and heterogeneous catalysis.

Machine learning has great potential for future creative applications; we
believe we have so far just seen the tip of the iceberg. For example, it has recently
been shown that electronic Hamiltonian matrices can be machine learned.**® This
holds out the possibility that machine learning could lead to predictive models, or
at least be much more transferable between related systems.

Quantum dynamics is another frontier; while, especially for surface chemistry,
it is rarely used, here, we acknowledge its common ad hoc use when it is incor-
porated into transition-state theory. High-dimensional calculations have recently
been demonstrated with 75 nuclear degrees of freedom using MCTDH methods.*”
Future application of these methods will lead to a deeper understanding of
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tunneling and reaction resonances as well as the influence of nuclear and electron
exchange symmetry on surface chemistry.**®

The molecular-scattering methods reviewed in this paper have proven to be
extremely useful in revealing the basic principles of gas-phase chemistry, surface
chemistry and even reactivity in liquids. The major opportunity afforded by these
methods, which is not as easily exploited in other types of experiments, is that it
can be combined with first-principles theory and in so doing, much deeper
insight becomes possible. The major reason for this arises from the fact that
molecular-scattering experiments deliver many qualitative and especially quan-
titative observables. These include not only the elementary reaction products’
identity, but also their quantitative scattering properties like recoil angle, speed
and quantum-state population distributions. This large diversity of accurately
determined observations places extreme pressure on theory to come up with the
right answers for the right reasons. Once this high standard has been reached, the
theory may be unpacked to learn aspects of reactivity that cannot be directly seen
in the laboratory. New directions in molecular scattering exploit the fruitful
collaboration of experiment and theory using the improving tools developed by
experimentalists and theorists. While it is unlikely that we will ever reach a point
where everything can be computed from theory, we see an extremely bright future,
where few problems remain intractable, when the creative spirit is applied to, on
the one hand, develop and perfect new measurement methods that make new
observations and, on the other, exploit the advance of computational science to
explain them.
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