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ABSTARCT

Gas-surface scattering involves the conversion of energy in different forms in the
impinging molecule, possible bond breaking and forming, and the energy transfer across gas-solid
interface. Possible energy dissipation channels include adiabatic energy transfer to the motion of
surface phonons and non-adiabatic interactions with surface electron-hole pairs. A complete
understanding of the interplay of energy dissipation and physical/chemical changes in the molecule
is vital for many important applications such as materials fabrication and heterogenous catalysis.

Gas-surface encounters may occur where non-adiabatic effects are negligible. Two such
systems were investigated, both with ample experimental data. One is concerned with the
scattering of small molecules, i.e., H2O, CO and glycine, from a highly ordered pyrolytic graphite
(HOPG) surface. Molecular dynamics (MD) simulations revealed that each of the three molecules
scattered from the surface via three mechanisms: impulsive scattering, extended impulsive

scattering, and trapping. The results showed that the scattering dynamics are heavily dependent on

v



the strength of molecule—surface interaction. Molecules with a stronger attraction tend to have
longer residence times on the surface and consequently experience more translational energy
dissipation and vibrational excitation. The other work investigated the interaction of the N atom
with the HOPG surface, including the adsorption, diffusion of the N atom and the formation of N>
through different mechanisms. While N> recombination does not have a barrier with Eley—Rideal
(ER) pathway, the Langmuir—Hinshelwood (LH) pathway is limited by the diffusion barrier of the
adsorbed N atom. The N> molecule formed by recombinative desorption is found to be bother
translationally and internally hot. These possible pathways and mechanisms are helpful for
understanding the hyperthermal collision experiment of atomic nitrogen from HOPG.

We also studied adiabatic and non-adiabatic mechanisms in O atom scattering from HOPG.
DFT results suggest that the excited O('D) binds stronger with HOPG than its ground state
counterpart OC’P). As a result, the impinging O(*P) could either stay on the triplet state or crosses
over to the singlet state via spin-orbit coupling, leading to different scattering outcomes. To
understand the adiabatic and nonadiabatic pathways, two spin fixed potential energy surfaces
(PESs) were developed for interaction of the triplet and singlet O with HOPG. The experimental
results on O(’P) scattering agree well with MD calculations performed on the triplet PES, which
implies that spin conversion is not likely to happen. However, experimental data indicated that the
incoming O('D) beam scatters as O(*P), implying facile spin flip. Our theoretical simulations
suggest that O('D) needs to dissipate enough kinetic energy before it reaches the crossing seam
and scatters. The comparisons with experiment help us to gain insight into the nature of interaction
of the atomic oxygen with graphene.

In another investigation, we explored the scattering of atomic hydrogen from a semi-

conductor surface. Recent experiments on H scattering from the reconstructed Ge(111)-c(2x8)



surface, which is a semiconductor with a band gap of 0.49 eV, found that there are two kinds of
scattered H atom in terms of final kinetic energy. The fast channel originates from scattering of H
which loses a small amount of energy during the collision, while the slow channel experiences
much greater energy loss. We attributed the fast peak to the adiabatic scattering of H atom with
surface Ge atoms and MD calculations indeed reproduce the experimental distribution
quantitatively. As for the origin of the slow peak, its origin is likely to be related to electronic
excitations across the band gap. Indeed, the large energy dissipation only appears when the
incidence kinetic energy is larger than the band gap of the semiconductor (~0.49 eV). Hence, it is
speculated that this channel is due to nonadiabatic creation of surface electron-hope pairs across
the band gap. For such nonadiabatic transitions, the electronic friction model fails to capture the
dynamics, as shown by our simulations. These results pose a challenge to the current theoretical

models to describe energy transfer from fast nuclear motion to electronic motion.
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CHAPTER 1

INTRODUCTION

Gas-surface interactions play an extremely important role in many industrial applications
such as heterogenous catalysis, semiconductor fabrication, and corrosion, which are of great
technological relevance.! Through gas-surface interactions, different forms of energies are
constantly converted into each other, which consequently influences the reaction dynamics such
as rection rates.”> Consider a case where an impinging molecule hits the surface, there are various
relative or nonreactive paths, as shown in Figure 1. Even with the simplest outcome where the
molecule is directly scattered from the surface, there is possible energy transfer between the
surface and molecule. The translational and vibrational/rotational energies of the impinging
molecule could potentially be transferred to the surface and converted to the vibration of the
surface atoms.* If the molecule dissociates as it approaches the surface, the released reaction
energy will immediately be converted into the kinetic energy of the newly formed atoms, which
results in ‘hot” atoms that have kinetic energy much higher than the surface temperature. This will
further bring interesting problems like hot atom diffusion and reaction on the surface.®’ If instead
of dissociation, the molecule adsorbs on the surface and traps there for a long time, most of its
kinetic energy and vibrational energy will transfer to the surface, which leads to thermal desorption
at surface temperature.® Other than surface phonons excitation, the non-adiabatic electron-hole

pairs may also serve as an important channel for energy dissipation.”!°
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Figure 1. Various elementary processes and energy dissipation channels in gas-surface dynamics,

reproduced from Ref. !

As mentioned above, adiabatic energy transfer channel is crucial in surface dynamics. At
the same time, an increasing amount of experimental work have shown of the importance of non-
adiabatic effects and how they can alter the reaction dynamics.'?"!” On metal surfaces, due to the
dynamical coupling of the nuclear motion of the adsorbate and the continuous electronic states of
metal atoms, the excitation of metal electrons may lead to the breakdown of the most fundamental
Born-Oppenheimer (BO) approximation. While the non-adiabatic effect caused by electron-hole
pairs is studied both experimentally and theoretically on metal surfaces,'® 22!, there are many
phenomena related to non-adiabatic effects that cannot be explained by current theory, for example,
on semi-conductor surfaces.

This calls for the cooperation between experimentalists and theorists. Even if the constantly
developing experimental techniques enable measurements at an astonishingly high resolution, it

remains difficult to pin down the exact behavior of each atom and determine the mechanism. This



is why first-principles-based electronic structure calculations and molecular dynamics simulations
are particularly important in understanding the underlying mechanisms at the atomic level. One
useful approach is to compare calculational results with experimental observations and
validate/modify the hypothesis and conclusions based on how well or how bad they agree with
each other.

For theorists, to study the energy transfer at gas-surface interfaces, ab initio molecular
dynamics (AIMD) simulations based on density functional theory (DFT) is a very useful tool,
especially when considering the vibrational degree of freedom of surface atoms. The methodology
of AIMD, where the trajectories are generated using forces computed ‘on-the-fly’ from electronic
structure (DFT) calculations, has a profound influence in theoretical research. It allows chemical
processes to be studied in an accurate manner. However, as the increase of the size of the system
studied and the simulation time, AIMD becomes seriously limited by computational resources
since requires repeated DFT calculations. In order to be able to compare with experimental
observations, enough trajectories need to be collected to obtain statistical results. This is not
feasible for the AIMD approach because it may take a very long time to have all the calculations
done. An alternative is to construct high-dimensional analytical potential energy surfaces (PESs)
from the DFT data using machine learning. One outstanding advantage of an analytical PES is that
the potential energy and forces do not need to be calculated by ‘on-the-fly’ solving of the Kohn-
Sham equation, which saves a great amount of time and enables much faster trajectory calculations.

This thesis is arranged as followed: In Chapter 1, adiabatic dynamics and non-adiabatic
effects are introduced. Chapter 2 gives the details of calculation methods used in studies mentioned
in the thesis. Chapter 3 and 4 are two studies focusing on the adiabatic dynamics. Chapter 5 and 6

present two projects where on non-adiabatic effects play a decisive role. The thesis finishes with



Chapter 7 which summaries the conclusions of the previous work and provides some outlook about
future work.
1.1 Why gas-surface dynamics is important

Chemical reactions at gas-surface interface usually involve different elementary steps, such
as adsorption of reactants on the surface, diffusion, reaction and description of products, where
molecule-surface interaction and energy flow play important roles. Any detailed understanding of
surface reactions requires fundamental knowledge of dynamics and kinetics. Ample evidence
exists that dynamics has a significant effect on the reaction activity, particularly in collisions. A
good example is the direct dissociative chemisorption of small molecules like CH4 and H>O on
metal surfaces.??>* Experimental evidence demonstrates that excitation in certain vibrational
modes of the impinging molecule can more effectively promote the dissociation than other
vibrational modes or translational mode, which is a clear sign of mode specific dynamics. For these
processes, our knowledge of reactivity is incomplete without an in-depth understanding of
dynamics.

Comparing with gas phase reactions, surface reactions are more complex because the
surface offers multiple impact sites with different reactivities. The site-dependent reactivity has
been reported in CO oxidation® and H, dissociative chemisorption?® with state-of-the-art
experimental techniques. CHs dissociative chemisorption was also found to have site- and incident
angle-dependent activity on Pd(110)-(1x2)?” and Pd(211).25?° Another crucial aspect of surface
reactions is the energy transfer between the molecular species and surface. On one hand, the kinetic
energy of impinging molecule can be mechanically transferred to surface atoms, which results in
surface phonon excitations. This mechanical energy dissipation channel does not include

excitation of surface electrons, thus within the adiabatic Born-Oppenheimer (BO) approximation.



On the other hand, when the surface electrons are excited by the gas-surface collisions which
creates electron-hole pairs (EHPs) on the metal surface, the non-adiabatic energy dissipation

channel gains more importance.

1 ' 1 ' 1 T I ™
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Figure 2. Energy dissipation through surface phonons and electron-hole pairs in the dissociative

chemisorption of N, on Ru(0001), reproduced from Ref. ¥,

Understanding the dynamics of energy exchange and how it affects surface reactions on
the atomic level has been a major goal in the past few decades. The relative importance of the two
energy dissipation channels varier from system to system. For the dissociative chemisorption of
N2 on Ru(0001) surface, for example, energy exchange with surface phonons has a much stronger
influence than EHPs,***! as shown in Figure 2. Energy dissipation to surface phonons also plays
a dominant role in the nonreactive chemisorption of Hz on Pd surfaces.?’* The non-adiabatic
energy dissipation channel through the excitation of EPHs at metal surfaces was reported to
contribute substantially in the inelastic scattering of highly vibrationally excited NO molecules.**
35 Because of the large electron affinity of NO, the process may involve significant charge transfer
and thus be governed by nonadiabatic transitions between the neutral and anionic NO states near
the surface.’®3” Hot H atom diffusion on metal surfaces was found to have their kinetic energies

transferred to EPHs more efficiently than surface phonons.” 2!
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1.2 Adiabatic dynamics

Modern chemistry is largely based on the concept of the adiabatic potential energy surface
(PES). BO approximation, which separates the electronic and nuclear degrees of freedom, due to
the fact that nuclei are much heavier than electrons, makes the concept of PES possible. The PES
establishes a structure-energy relationship so that the potential energy of a molecular system can
be mapped out in terms of nuclear coordinates. For many systems, BO approximation gives rather
good descriptions. Through classical dynamics calculations on the PES, the evolution of atoms as
a function of time gives rise to various measurable attributes such as spectra and reaction
probabilities. Due to this reason, gas-surface interaction and dynamics within BO approximation

have been studied extensively in the past.

1.2.1 Nonreactive scattering
For nonreactive scattering of molecules from surfaces, the outcome can be categorized into
three types, which are single collision, multiple collisions with escape and multiple collisions

without escape,®®°

as shown in Figure 3. These outcomes are often correlated with incident angle,
velocity and the coupling strength between the gas molecule and the surface, which are factors
affect the energy transfer to the surface. Zhou et al. studied the diglycine collision with highly
oriented pyrolytic graphite (HOPG).** As a polyatomic molecule, diglycine has several low
frequency vibrational modes, which results in a strong attraction with HOPG. This leads to a long
residence time on the surface and facile energy loss, particularly along the normal surface. Since
the parallel momentum is partially conserved, the scattering angular distribution is found to be

generally super specular and the final translational energies are much lower than the values

predicted by the so-called hard-cube model.



Single Multiple with escape

Multiple without escape

Figure 3. Three types of gas-surface interaction in the non-reactive scattering of N, on HOPG, reproduced

from Ref. 8.

1.2.2 Eley-Rideal reactions

Bimolecular surface reactions can proceed via two mechanisms, i.e., Langmuir-
Hinshelwood (LH) and Eley-Rideal (ER) mechanism. While reactants are thermalized with the
surface before they react in the LH type of reaction, ER pathway involves a gas phase species and
an adsorbate. It is not hard to see that ER reactions are more dominated by dynamics while LH
reactions can generally be treated by statistical theories. In the ER mechanism, there are direct ER
reactions where the impinging species engages in a single collision with the adsorbate and the so-
called the Hot-Atom (HA) pathway where impinging species hits the surface before reacting.
Studies have revealed that direct and HA mechanisms can lead to distinct dynamics signatures.
For the D + CD3* — CD4 HA reaction,*' because D atom attacks the adsorbed CDs* in different
directions in the direct and HA pathways, respectively, the produced CD4 have very different

distributions in the CD4 umbrella vibration.*?



1.2.3 Recombinative desorption

Dynamics can also be essential for system surpasses the transition state, especially in
recombinative desorption. CO oxidation on metal surfaces is known to be a LH reaction between
adsorbed CO and O. However, experimentalists have observed both thermal and hyperthermal
(translationally and vibrationally hot) CO; from CO oxidation on Pt surfaces, which underscores
the importance of dynamics.?® A recent theoretical investigation shed light on the dynamical origin
of the bimodal distribution of CO.** They found that the initially formed CO has a chemisorption
well on step sites, which does not exist on terrace sites, as shown in Figure 4a. The chemisorption
well on a step site traps CO, for a period of time, which allows energy transfer between CO;
molecule and the Pt surface, leading to low translational energies and a broad angular distribution.
On the other hand, CO» produced on the terrace site desorbs directly after formation with high
translational energies near surface normal. This is illustrated in Figure 4b. Sudden Vector
Projection (SVP) model,*** which predicts the energy disposal into a product mode by the overlap
of the corresponding normal mode with the reaction coordinate at transition state, shows that CO»
desorbs from step site is highly internally excited, which is indeed the case. The inner energy

distribution is given in Figure 4c.
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angular distributions of the CO, product. (c) CO, vibrational distributions. Reproduced from Ref. 4.

1.3 Non-adiabatic effects

Despite the fact that BO approximation works well in most cases, there is emerging
evidence on the breakdown of BO approximation in gas phase atomic and molecular collisions.
The most representative one happens in systems where there are multiple intersecting PESs. If the

states have the same symmetry, the crossing is forbidden by quantum mechanics. Atom-atom



collision is usually the simplest situation since the PESs are one-dimensional curves. Consider the
formation of Nal ion through the collision of two neutral atoms Na and I, e.g., Na + 1 —Na* + T,
whose potential energy curves are shown in Figure 5. When Na and I atom are far away from each
other, the ionic curve is above the neutral curve. The collision process includes two curves, i.e.,
ionic and covalent curve. When the distance between Na and I atom is larger than 6.93 A, they
proceed on the neutral curve. When they reach the distance of 6.93 A, they can either proceed
adiabatically and switch to the ionic curve or proceed non-adiabatically and stay on the neutral
curve. After reaching the inner turning point, they will again cross the avoided crossing at 6.93 A,

facing the same choice.
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Figure 5. Potential energy curves for Nal, reproduced from Ref. 4.

An approximate expression for p, which is the probability of making the non-adiabatic

transition at the crossing point, developed by Landau, Zener and Stueckelberg is given as,*’#
2T .
h H 12 (1)

p =
d/dRIVion - VneutlvR
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where H;, is the coupling matrix element between the neural and ionic curves, V;,, and V., are
the ionic and neutral potential curves, and vy, is the radial velocity. This theory has been proved to

generate consistent results with numerous measurements of charge transfer collisions.*’

1.3.1 Electron-hole pairs

For metal surfaces, which have a continuum of electronic states and can generate electron
hole-pairs near the Fermi level, Born-Oppenheimer approximation becomes questionable. The
interaction between molecules and electron-hole pairs at metal surface results in a continuum of
excited states. This leads to an infinite amount of curve crossings and non-adiabatic effects could
play a key role.

Below in Figure 6 are two examples where the excitation of electron-hole pairs affects
signicantly the gas-surface dyanmics on metal surfaces. The left panel exhibts the results of H
atom scattering from bare (blue line) and Xenon-covered (red line) Au(111) surfaces. In the
experiment, the H atom hits both surfaces with an incidnet enrgy of 2.7 eV, and the enrgy loss
after collision with Xe-covered Au(111) surface is very little while that with clean Au(111) surface
is much greater. This can be explained by the fact that the Xenon—covered surface can only take
up energy in form of phonons, which results in final kinetic energy almost the same as incidence
energy. For the bare Au(111) surface, however, the energy can also be transferred non-
adiabatically to electron-hole pairs, which is proved to be rather strong since a large portion of
translational energy is lost.'°

In the right panel, the hot hydrogen atoms diffusion resulting from the dissociative
chemisorption of H> was invertaiged on single Pt atom embedded Cu(111) surface, and the energy
disspaition of H atom through surface phonons and electron-hole pairs Eenp were plotted.?!

Specically, Epn= Esct Esp, where Es and Esk are the kinetic energy and potentail energy change
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caused by the lattice distortions, respectively. It clearly shows that the strong interaction with

surface electron—hole pairs contributes signicalntly in the rapid energy dissipation of hot H atom

diffusion.
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Figure 6. Two experiments showing how electron-hole pairs affect the surface dynamics on metals,

reproduced from Refs. %21,

Here I will introduce how to quantify the non-adiabatic effects caused by the electron-hole
pairs using the widely accepted electron friction model.**>! When impinging molecule gets closer
to the metal surface, its kinetic energy can easily excite electrons near Fermi level and create
electron-hole pairs. The energy loss is modeled by a friction force. In this model, the classical
dynamics is represented by the following generalized Langevin equation,’

d?R;, V(R
Mgz T T 9R,

dR,
_ni(Ri)E‘}'Fi (2)

where the second term on the left-hand side is the electron friction and third term is the random
force, which accounts for the thermal fluctuation at the given temperature. As seen from the
equation, the electron friction is controlled by two factors, one is the friction coefficient which is
dependent on the coordinates of a nucleus and the other is its velocity. The atomic friction

) 50, 52-53
b

coefficient was calculated based on the local-density friction approximation (LDFA where
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the electron density at the atomic coordinate decides the coefficient. In the following equation, kp

is the Fermi momentum and p is the electron density of clean metal surface at position R;:

ATp o . :
e = kip’);a + Dsin (5] (ke) = 84 (kr)] G)

The phase shifts were provided in a previous paper.>*

1.3.2 Spin transitions

According to equation (1), if the velocities are low or the coupling is strong, the system
will follow the adiabatic state. Nonetheless, with high velocities or weak coupling, the diabatic
transitions can be significant. The importance of non-adiabatic transitions is not restricted to
atomic collisions. It has been shown that the energy dependence of the initial sticking probability
of molecular oxygen (O2) on the Si surfaces may be explained by a hindered spin-flip from the
triplet ground state of the free oxygen molecule to the singlet ground state of the adsorbed atoms,
because the probability of a change of the spin state, which would be required for an adiabatic
approach to the surface, is very low.>%

In another example, O> dissociation on Al(111) was not well understood for a long time.
Different experimental groups have obtained consistent results that the initial sticking probability
of Oy is rathe low (~2%). In experiment, the measured initial sticking probability distinctly displays
a ‘S’ shape, suggesting that the underlying mechanism is activated.”’ That is to say, possible
pathways that lead to dissociation are energetically hindered by a barrier. Adiabatic DFT
calculations, on the other hand, found that the O dissociation is a barrierless process on Al(111).3

As a result, molecular dynamics studies yield a sticking coefficient of almost 100% based on such

an adiabatic PES, which contradicts experimental observation.
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If we consider the spin change during this process, when the O, molecule and the surface
are separated, they are in an overall triplet state since the ground state of the O, molecule is triplet.
When the surface is oxidized, the overall spin becomes singlet, this means a spin-transition must
occur somewhere when O, approaches the surface. To study the role of Oz spin on this system,
Behler et al. built a triplet PES for this system using a constrained DFT method and found that
there are clear barriers towards dissociation, as shown in the left panel of Figure 7.°° Their
molecular dynamics calculations successfully reproduced the ‘S’ shape of sticking coefficient
based on this special PES by invoking the spin-flipping mechanism. The results are displayed in

the right panel of Figure 7.

1.0 T | T T T 100 | |
VYT Iy singlet , 7

0.8 -4 T, - ¥ ~ o e ooy

—_ . Ve
- Yv . 80 - ¢ s
-~ L - AE v, X . O
2 1AL g v L © 1
E 04 - — @ 60 : o
= L - = o
5 -
2 02} - o ’
Q_:‘ ().._ i ] “ 40 | ’0 o] . . -
() $LREIRITTRRTRRITD s E chcm_y d(':lldbflllc
] & o-otheory triplet
0.2 5] 20F ¢.° + experiment A
= o
&
Vacuum 1 2 3 Surface 0 N ! L ! !
) . 0.0 0.2 0.4 0.6 0.8 1.0
reaction path (A) E (eV)

Figure 7. (left) The minimal energy pathway in the triplet state and the corresponding adiabatic and singlet
potential over fcc site, reproduced from Ref. . (right) The sticking coefficient calculated from molecular

dynamics on the adiabatic and triplet PES, reproduced from Ref. *°.

Despite the good agreement with experiments, the spin-flip mechanism has been
challenged by Carter and coworkers.®' They found that, by applying embedded correlated electron
wave functions, the physics of the interaction of O, with the metal surface can be correctly
described and the correct barriers arise naturally on the adiabatic PES. With semiempirical

potentials, it has been shown that there is non-adiabatic charge transfer from the surface to O,.%
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However, the intrinsic deficiencies within the generalized gradient approximation (GGA), such as

the self-interaction error and the lack of derivative discontinuities,®%*

produce over-delocalization
of electrons and leads to an inaccurate description of the charge transfer between O> and Al surface.
To better describe the charge transfer process, the correlated wave function methods need to be
employed for the entire system, which is too computationally demanding. Consequently, an
embedding theory was prosed,®® where the interaction between O, and nearby Al atoms at possible
adsorption sites, which is noted as ‘embedded cluster’ in the left panel of Figure 8, is treated by
complete ab initial calculations, and the rest surface Al atoms, noted as ‘extended surface’, are
treated by Kohn—Sham DFT. The correct evaluation of charge transfer with a correlated wave
function theory manifests that there is no need to introduce a spin-flip model.

Following the static analysis of reaction pathways, dynamics study was carried out on the
dissociative chemisorption of Oz on Al(111) surface.®® A full-dimensional PES was constructed
with the embedded correlated wave function (ECW) method. The right panel of Figure 8 elucidates
that the sticking probability generated from ECW method match well with experiment. In detail,
they reproduced the observed translational energy dependence and the steric effects of O> molecule.
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Figure 8. (left) Scheme of O,/Al(111) system within ECW method. (right) The sticking probability from

calculations using different methods and from experiment. Reproduced from Ref. .
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CHAPTER 2

THEORY AND METHODS

2.1 Force Field

A major task for computational chemistry is to calculate the electronic energy for given
geometry to build a potential energy surface (PES). Depending on the properties of the system, the
level of accuracy desired, and the computational resources available, different methods were used
to study the problem. The force field methods simplify this process by representing the PES using
a parametric function of the coordinate of each atom in the system. Therefore, the basic units in
force filed methods are atoms, rather than electrons, which means all the electronic quantum effects
are neglected. To simulate atoms and the bonds that hold them together, a “ball and spring” model
was employed.®”®® Force fields are thus also called molecular mechanics (MM) methods.

The foundation of the force field method is the transferability of atom type, which
originates from the fact that same chemical unit generally acts similarly in different molecules. For
example, all C-H bonds have roughly the same bond length and the same stretch vibrational
frequency in any molecules. For this reason, parameters for the same element in same chemical
environment can be transferred in different molecules and do not need to be refitted every time a
new system is studied, which saves a great deal of time and computational resources. The idea of
molecules consisting of some suturally similar combinations of atoms which perform similarly is
implemented in force field methods as atom type.

The force field energy of a system can be described as followed,

Esystem = Estr + Ebend + Etors + Evdw + Eel + Ecross (1)
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where Esy, Evend and Eiors are the energy function with respect to the stretch of a bond, bend, and
rotation around a bond, Evqw and E¢ are non-bonded interactions, and the last term describes the
coupling between the first three terms. The stretching and bending terms are often expressed as a
Taylor expansion at the equilibrium bond length and bond angle, terminated at second order, as
seen in the following equation. Take the stretching energy as an example, the energy function can

be written as,
1
Esr (RY® — R§®) = E(0) + kjip(R*? — R§®) + Ekfm(RAB — R§P)? )

where R48 is the bond length between two atom types A and B, R{? and E (0) are the bond length
and potential energy at equilibrium position, respectively.

Similarly, the bonding term can be expressed as,
1 3)
Ebend(eABC - 96436) = EkABc(eABC - 96486)2

This harmonic form is probably the simplest but most time sufficient to characterize the stretching
and bonding properties of atoms at low temperatures. If significant error exists between
calculations and experimental measurements, higher orders of Taylor expansion can be included
to increase the accuracy and make up the gap.

For the torsion term, because molecular rotations often lead to periodic change of energy,

Fourier series are often used to provide the periodicity,

Epena(w) = ) Vicos (1) @

n=1
where n = 1 represents a rotation that is periodic by 360° and n = 2 represents a rotation periodic
by 180° and so on. V}, determines the barrier for rotating a certain degree around a certain bond.
Take the ethane molecule as an example, there are two possible conformations in terms of internal

rotation along the central C-C bond. One is staggered conformation, where the hydrogen atoms

17



are staggered relative to each other, corresponding to an energy minimum, and the other is eclipsed
conformation, where hydrogen atoms from each carbon are overlapped, representing an energy
maximum. For ethane, the n = 3, 6,9 etc., since the three hydrogen atoms from each carbon are
identical.

For the long-range van der Waals interaction, it is zero when two molecules or atoms are
far enough, it starts to become attractive as two molecules or atoms approach each other, because
of the induced dipole-dipole interaction, and then becomes reclusive when the distance is too small,
due to the overlap of electron clouds (Pauli repulsion). A popular function that is suitable for the
dispersion force is the Leonard-Jones potential, which can be written as,

Ey(®) = |1 - 200 ©
where R is the intermolecular distance at the minimum energy &.

The other part of the non-bonded energy is electrostatic energy, which comes from charges
and permanent multipoles. The interaction between point charges is given by the Coulomb
potential, which is modified in different versions of force field methods to better fit the
experimental data.

Finally let us talk about the crossing term, which is common in many force fields. Take
H>O molecule as an example, when the angle is compressed, the optimal bond length will change
accordingly, based on electronic structure calculations. It is therefore necessary to include this
coupling term in the expression of total energy in force field methods. The main component of the
crossing energy is the coupling between starching and bending, which can be written as,

Estrjpena = k4P€(604P¢ — 655) [(R4® — R§®) — (RP“ — R3)] (6)

Reactive force field (ReaxFF)® is used in one of my projects discussed below. Unlike

traditional force fields which are not able to describe the bond breaking and formation, ReaxFF
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overcomes this disadvantage by introducing the concept of bond orders. For ReaxFF, the bond
energy is directly related to the bonder order between a pair of atoms which is determined by the
distance between the two atoms. Thanks to the concept of bond order dependent bond energy,
ReaxFF can be used to describe the formation and dissociation of chemical bonds, where the
bonding energy would not become unrealistically large when the bond distance is stretched apart,
as in many nonreactive force fields where the harmonic oscillator model is used. For the
nonbonded part of the potential, Coulomb and Morse potentials are employed to describe the
Coulomb force and van der Waals force, respectively. When the bond distance is short as in bonded
atoms, the repulsion caused by the two forces is excessively high, a shielded interaction is thus
used at short range to avoid the problem.
2.2 Density Functional Theory

If we want to describe the PES in a global sense, force field methods are not appropriate.
Given that electrons are very light particles, quantum mechanics is needed to describe the electron
structure which determines the chemical properties. Throughout the past few decades, density
functional theory (DFT) has been a powerful and widely used tool in quantum chemistry and
computational physics. DFT computes the ground state energy from the electronic density of the
system, which is a three-dimensional function, greatly reducing the degree of freedom in the

calculation.

2.2.1 Many-body problem
For a molecular system, the main goal is to solve the Schrodinger equation,
HY = EY (7)

where ¥ is the wave function, H is the Hamiltonian operator and E is total energy of the system.
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In atomic units, the total Hamiltonian for a system containing M nuclei and N electrons

can be written as

Briefly speaking, the first two terms represent the kinetic energy of all electrons and nuclei in the
system, and the last three terms describe the potential energy between the particles, which include
the electron-nucleus attraction, and the electron-electron and nucleus-nucleus repulsions.

From the expression of the Hamiltonian operator for a many-body system, it is easy to see
that it is difficult to solve the Schrodinger equation analytically for systems containing more than
two electrons. This is where Born-Oppenheimer (BO) approximation comes into play. The large
difference in the masses of nuclei and electrons results in very different timescales of nuclear and
electronic motions, which enables the separation of nuclear and electronic degrees of freedom. If
we neglect the motions of nuclei and solve the electronic at some fixed coordinates, we get

HoWe (15 R) = E¥We (15 R) )
where H,; is the electronic Hamiltonian, E,; is the electronic energy and W,;(r;R) is the
electronic wave function which depends parametrically on the position of nuclei, R.

The first numerical method to solve this equation used the Hartree-Fock approximation.
Followed by that, there are more advanced wave function based approaches to solve the many-
body problem, such as perturbation theory (MP2, MP4, ...),”° configuration interaction (CI),”!
coupled cluster methods (CC)’! and multi-configuration self-consistent field methods (MCSCF
and CASSCF).”? Alternatively, density functional theory provides a popular and successful

approach to solve the problem.
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2.2.2 The Thomas-Fermi Model

Thomas and Fermi used the electron density to calculate the total energy of a system for
the first time in the 1920’s.”* Different from the wave function, electron density is an observable,
and it contains all the information needed to describe the system. Cusps in the electron density
mean the position of the nuclei, the value of p at nuclei gives information about the nuclear charge,

and the integration of electron density gives the number of electrons, N.

fp(r) dr=N (10)

The idea of expressing the energy of a system as functional of the electron density greatly
reduces the dimensionally from 3N to 3 coordinates. According to Thomas-Fermi model, the
energy consists of non-interacting kinetic energy and the classical terms for electron-electron and
electron-nucleus interactions. By minimizing the energy with respect to density, the ground state
energy of the system can be determined. One problem with the Thomas-Fermi approach is that the
exchange and correlation energy are completely ignored, and the kinetic energy is calculated from
non-interacting electrons where a homogeneous electron gas is considered. Despite of the defects,
this model is historically important since it was the first attempt to establish an energy expression
using only the electron density as the basic variable.

2.2.3 The Hohenberg-Kohn Theorems

Density Functional Theory was proposed on the basis of two theorems of Hohenberg and
Kohn,” who demonstrated that the complex wave-function can indeed be replaced by the ground
state electron density. The first theorem states that “the ground state of any interacting many-
particle system with a given fixed inter-particle interaction is a unique functional of the electron
density p.” As a result, the ground state energy E, can be written as a functional of ground state

density py,
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Eo = E[pol = Telpol + Ecelpol + Enelpol = Enelpol + Fuklpol (11)

where Fyg[p] is called the Hohenberg-Kohn functional. Fyk[p] is a universal functional, which
means that it is independent of the systems, but unfortunately the exact form of Fy[p] is unknown.
Nevertheless, E,.[p] can be considered as the sum of two parts. One is the Hartree energy Ey[p],

where

1 p@p@) ,
EH[p] = Efmdrdr

and the other is E,;[p], which is the non-classical term. To summarize, there is a one-to-one

(12)

correspondence between the external potential and the ground state density of the system.

The second theorem states that, “For any positive definite trial density p;, such that
[ p: (r)dr = N then E[p;] = E,” This enables the use of the variational principle to calculate the
ground state energy if the energy functional is known. Any trial density that is different from
ground state density yields an energy higher than the true ground state energy. It should be pointed
out though that because Fy [p] is unknown and some approximations have to be made.
2.2.4 The Kohn-Sham Equations

Although Hohenberg-Kohn theorems set the foundation of density functional theory, it is
still not a practical tool for calculating the ground state density and energy since an efficient
scheme is missing. This was developed when Kohn and Sham (KS) introduced the concept of a
non-interacting reference system.”> With this approach, the unknown kinetic energy density
functional T,[p] are separated into two parts, one is Ts; which is the kinetic energy of a non-
interacting system, and an unknown component T, which contains the correlations resulting from

the interaction of electrons. The non-interacting system kinetic energy T can be expressed as,
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1
Ty = —52 ¢; V2 (r)dr (13)

where ¢; are single-particle Kohn-Sham orbitals, and they produce the same electron density as
the interacting many-body system. KS orbitals are determined in a self-consistent way from the
KS equations,

fs®i(r) = &¢: (1) (14)

The Kohn-Sham operator f is an effective one-electron operator, given by,

1
fxs = —EVZ + Vestlp] + Vulpl + Vxclpl (15)

where V,:[p] is the external potential caused by the nuclei. In summary, the universal Hohenberg-
Kohn functional is expressed as,

Fuk =T + Ey + Exc (16)
where Ey is the correlation-exchange functional, which contains all the many-body effects and is
unknown.

2.2.5 Exchange-Correlation Functionals
2.2.5.1 Local Density Approximation

Within the KS framework, the only term that is not clear is the exchange-correlation
functional, which is critical for the obtaining reliable DFT results. Although approximations have
been proposed in order to describe the exchange-correlation energies, there are no systematic ways
on how to achieve more accurate results, as in wave function-based methods.

Homogenous electron gas was first used to find an explicit expression for Ex-[p]. Because
electrons are charged particles, in order to maintain the charge neutrality of the system, positive
charge is included through the Jellium model. Through this model, the positive charge is smeared

out uniformly through the system, forming a positive background, which maintains the charge
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neutrality but does not exert any field on the electrons. The basic assumption is that the exchange
and correlation only depend on the local value of electron density, it is therefore called the local-

density approximation (LDA). The exchange-correlation functional is given by,

ELRA[p(r)] = ] () exc(p(r))dr (17)

where exc(p(7) is the exchange-correlation energy per particle of the homogenous electron gas.

The analytical form of exchange part can be obtained from the homogenous electron gas,

ERRA[p(r)] = j P~ [ (r) ar (18)

On the other hand, the analytical form of correlation energy is unknown and can only be

parametrized using results from quantum Monte Carlo calculations.

2.2.5.2 Generalized Gradient Approximation

Although local-density approximation performs well for many systems compared with
Hartree-Fock, it usually overestimates the binding energies and underestimates the bond lengths.
It also becomes a poor assumption for systems with less homogenous electron densities.
Improvements were made based on LDA by including the first gradients of the electron density,
which yields the generalized gradient approximation (GGA). Under GGA, the exchange-

correlation functional is given by,

ESSA[p(r)] = j (o), Vp(r)dr (19)

Including the density gradients gives much reliable binding energy than LDA, which makes GGA
the most popular class of functionals in DFT calculations. Nowadays the development of more

accurate exchange correlation functionals is still an important field of research.
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2.2.6 Plane-wave DFT
According to Bloch’s theorem,’® plane-wave basis set are a convenient way to represent

the wave function of systems with periodic boundary conditions.,
Yi(r,k) =N Z Cigr €U+ OT (20)
G

where j runs over the KS orbitals, k is a vector in the first Brillouin zone, G is a reciprocal lattice
vector defined through G - R = 2mm, where R is the real space lattice vector and m is an integer,
Cjgk are the plane-wave expansion coefficients, and N is a normalization factor. In order to have a
tractable number of plane waves, the Brillouin zone is discretized with a k-point grid and equation

(19) is truncated with a kinetic energy cut-off for the plane waves,
1 2
§|k+G| <E.. (21)

Each of the coefficients for the plane waves has a kinetic energy, and the ones with higher
kinetic energies usually conation less important information than those with lower kinetic energies.
As a consequence, an energy cutoff of the plane-wave was introduced to reduce the basis set to a
finite size. It can be imagined that the kinetic energy cutoff will lead to some error in the
calculations, it is thus important to test the convergence of the cutoff energy and choose an

appropriate value for the system studied.

2.2.7 Pseudopotentials

Although plane wave basis used to expand the electron wavefunctions in the KS equations
can be truncated, the inclusion of all electrons and the full Coulombic podetial with nuclei make
the computation very expensive, especially for large systems with transition metals. Considering
the chemistry most relates to the valance electrons while core electrons are much more tightly

bound to nuclei and are almost independent of the environment, pseudopotential approximation
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was proposed. In this approximation, a pseudopotential is used to replace the core electrons and
ionic potential, which significantly reduces the computational cost.

A main drawback of pseudopotential method is that all information on the full wave
function close to the nuclei are lost. This can influence the calculation of certain properties. The
projector-augmented wave (PAW)’’ method was proposed to provide more accurate results, in

which the rapidly oscillating wavefunctions near cores transformed into smooth wavefunctions,

and all-electron properties can be calculated from these smooth functions.

2.2.8 Optimization Algorithm

Guess initial charge density
n(7)

y

Generate
Veff =Vy+ Vi

Solve KS eq.
ﬁz
= 2—mvz¢i + (VerrtVer)® = &9y

Calculate new charge density

() = ZIM‘?)F

n(r)
converged
?

Figure 1. Flowchart of the self-consistent KS-DFT method, reproduced from Ref. 7%,

The ground state density energy is determined in a self-consistent manner. As shown in
Figure 1, it starts with an initial guess for the electron density, which can be used to solve the KS

equations. This generates a set of new KS orbitals which corresponds to a new electron density.
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By repeating this process, the new electron density gets closer to the exact ground state electron
density. When the difference between the old and new electron density is less than the numerical
convergence limit, the calculation can be considered converged, and the ground state energy can
be obtained. The local minimum is usually located based on the conjugate gradient scheme.”3
2.3 Nudged Elastic Band Theory

An important and common problem in theoretical chemistry is to find the transition state
of a chemical reaction. Among the methods available, the most popular technique is known as the
“nudged elastic band” (NEB) method.®! The reaction pathway is constructed by a set of images
between the initial and final states. Each image is optimized by finding its lowest energy possible
while maintaining equal distance to neighboring images. The force on each image depends on its
neighboring images: at each step the forces parallel to the reaction path are eliminated and a so-
called spring force is added that tries to keep each image in the middle between its neighbors.

In the improved Climbing Image Nudged Elastic Band Theory (CINEB) method,** the
highest energy image is driven up to the saddle point. This image does not feel the spring forces
along the band. Instead, the true force at this image along the tangent is inverted. In this way, the
image tries to maximize its energy along the band, and to minimize in all other directions. This
ensures that the image will be at the exact saddle point when it converges.

2.4 Neural Network Potential Energy Surface

Nowadays neural networks (NN) have become a promising method to construct PESs for
a wide range of systems. NNs are means of doing machine learning, in which computer learns to
perform some tasks by analyzing training examples. Below I will give a brief introduction on the
general structure of NNs and the embedded atom neural network method used in the work

mentioned in the thesis.
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2.4.1 Neural Networks

Inspired by the structure of human brain, the basic unit in an NN is a neuron (or node),
through which inputs and outputs are connected together. Figure 2 shows a simple feed-forward
NN defining a relationship between the inputs, which are coordinates G; to G4 describing the
atomic configuration, and the output, which is the potential energy E. Layers in between input and
output layers are called hidden layers, where all the computations are done. Each node in one layer
is connected to all the nodes in adjacent layers by weights and biases, which are the fitting
parameters. Like in human brains, where neurons are activated when enough stimuli are
encountered, an activation function is applied to the nodes to determine whether the node is fired,
or in other words, whether the information the node carries is important enough for the fitting. If
the weighted sum with some bias adding to it is below a threshold value, the node passes no data
to the next layer. If the results exceed the threshold value, the node is activated and will pass the
data to the next layer. The activation functions are usually nonlinear, aiming to introduce some
non-linearity to the fitting to make it capable to learn and perform complex tasks.

The initial weights and biases are randomly given so they are not likely to produce very
good results. The process where the weights and biases are optimized with respect to the difference
between the value predicted by NN and true value is called training. To access the fitting error,
there are different types of loss functions, and they have their advantages and disadvantages. One

of the most commonly used loss function is the root mean squared error (RMSE),

N
1 2
RMSE = NZ(EWf —E;nn) (22)
i=1

where in this case E; . is the energy calculated from ab initio methods and E; yy is the energy

fitted from the NN.
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Figure 2. Scheme of a feed-forward neural netwok, reproduced from Ref. 3¢,

There are many algorithms to minimize the error, one that is frequently used is
backpropagation. By defemination, backpropagation means that the error is propagated backwards
through the network so the weights and biases can be updated.®® The backpropagation is performed
iteratively until the fitting error is within the tolerance and the fitting stops.

One problem occurring commonly in NN training is overfitting, that is, the NN fits the
training dataset very well, but does a bad job predicting the energy of a structure that is not present
in the training set. In order to avoid that, it is necessary to have a validation dataset that is not used
in training the parameters. What people usually do is to divide the training data into two parts, i.e.,
training set and validation set. The latter provides an unbiased evaluation of the NN fit on the
training data, which can then be used to terminate the training thus avoid overfitting.

2.4.2 Embedded Atom Neural Network

PESs in this thesis were fitted using embedded atom neural network (EANN),% which is

explained in Figure 3. Developed from the well-known embedded atom method®”*® EANN

assumes the energy of an impurity in a host is a functional of the electron density of the host
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without impurity. The total energy of a system containing N atoms is the sum over the energy of
each atom, written as,

E = 2 E = 2 NNi(p") (23)

N N
=1 =1

For simplicity, the electron density of embedded atoms p' can be described by the square

of the linear combination of Gaussian-type atomic orbitals (GTOs) centered at adjacent atoms,

lx+ly+lz=L Natom (24)
; L! ars 2
PLars = L1l ( ijplxlylz(rij)ﬁ(rij))
ol ©YE 3

where ng¢om, 1S the number of neighboring atoms within the cutoff radius 7,. f is a frequently used

cosine type cutoff function to decay the interaction to zero smoothly when approaching 7,3

_ {05+ [cos(nrij/rc) + 1] forr;<r
fc(rij) N { 0 for T > 1 (25)
where 1;; s the distance between atom i and j.
The expression for Gaussian orbital GTOs can be written as
o, (@) = xlxybzlzexp (—alr — i[?) (26)

where r = (x,y, z) is the cartesian coordinate of the embedded atom, r is the norm of the vector
1, Ly, 1, and [, represents the components of the angular momentum in x, y and z direction, and
ly + 1, + I, = L determines the orbital angular momentum. @, 7; are parameters relevant to radial
distributions of atomic orbitals. This EANN approach has been proved to be computationally

efficient and successfully applied in the study of several representative gas-surface reactions.”*!
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Figure 3. Scheme of the embedded atom neural network, reproduced from Ref. 8¢

2.4.3 Protocol for NN Fitting of PESs

The construction of a PES using machine learning tools such as NNs often proceeds in an
iterative manner, as depicted in Figure 4. First, we need electronic energies from ab initial
calculations (such as DFT) for many different configurations, which cover the space where
chemistry happens. The initial dataset can be obtained from AIMD trajectories or manually
generated configurations. One common problem with the original dataset is that the points could
be rather dense and not evenly distributed, which may influence the performance of NN fitting. To
remove points that are too close to each other, the generalized Euclidean distance (GLD) is

employed to determine the difference between two geometries:

die= | ) @ =1y @7)

In the equation above, ny,,4 represents the number of intermolecular bonds, rij and rik are the jth

and kth points, respectively.
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After screening the initial dataset, a rough PES can be trained from that. MD trajectories
performed on the preliminary PES can be used to find out if there is any ‘holes’ in the PES and the
points there are the current PES does not cover will be added to the initial dataset. A refined PES

is built from the new dataset until the completeness is reached.

AIMD

calculation

@Select

Preliminary
data set

H NN fit

Vv

Prelimi MD traj.
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D -

MD results
converged

Converged
PES

Figure 4. Fitting process of a potential energy surface, reprocured from Ref. *2.

2.5 Molecular Dynamics
2.5.1 Integration Algorithm

In this thesis, the classical dynamics is described by solving Newton’s equations of motion.
In AIMD calculations using the Vienna Ab initio Simulation Package (VASP),”**** the equation
of motion is integrated with leapfrog algorithm. In quasi-classical trajectory calculations using

analytic NN PESs, it is integrated with velocity Verlet algorithm.
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2.5.1.1 Velocity Verlet
In the velocity Verlet algorithm,”® which is introduced below, first the velocity is updated
every half a timestep and then the position is updated every full timestep. Finally, the velocity is

updated at another half timestep.

v(t +At/2) = v(t) + a(t)At/2 (28)
x(t+At) = x(t) + v(t + At/2)At (29)
v(t + At) = v(t + At/2) + a(t + At)At/2 (30)

2.5.1.2 Leapfrog
While the leapfrog algorithm is similar to the velocity Verlet algorithm, the velocity and
position are updated at staggered time points in the leapfrog algorithm. The advantages of leapfrog
over velocity Verlet algorithm are that it requires only one energy evaluation per step, requires
only modest memory and allows a relatively large timestep to be used.
v(t + At/2) = v(t — At/2) + a(t)At 31
x(t + At) = x(t) + v(t + At/2)At (32)
2.5.2 Initial Condition Sampling
The initial velocities of surface atoms at a given temperature are generated according to
the Maxwell-Boltzmann distribution. When the surface does not start with an equilibrium
configuration, the kinetic energy of the surface converts to potential energy as minimized structure
changes to the equilibrium structure, which results in a change in temperature. To maintain the
desired temperature, the velocities of surface atoms need to be adjusted appropriately. Some

t97

temperature-control mechanism, such as velocity rescaling® and Berendsen thermostat®’, needs to

be employed.
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The gas atom or molecule is initially placed far above the surface where the interaction is
considered weak and can be neglected. The initial translational energy is given based on the
experimental conditions, more specially, incidence energy and angle.

2.5.3 Final State Calculation

The final state of scattered gas atom or molecule contains important information about the

dynamics. Commonly used indicators are the angular and energy distribution. The scattering angle

8¢ is defined as,

o =" (33)

JVE+ V5 +v2
where v, , v), and v, are the velocity of the center of mass in x, y and z direction, respectively. The

translational energy is simply obtained from the equation below,

1 34
Etrans = Em(vag + U; + UZZ) 39

The internal energy is calculated as,
Eint = Eetec + Evip + Evor (35)

where E, .., Eyip and E,.,¢ are electronic, vibrational and rotational energy, respectively.
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CHAPTER 3

CO2, H20 AND GLYCINE SCATTERING FROM HOPG SURFACE

The materials discussed in this chapter is based on the publications: Murray, V. J.; Zhou, L.; Xu,
C.; Wang, Y.; Guo, H.; Minton, T. K. Scattering dynamics of glycine, H,O, and CO, on highly oriented
pyrolytic graphite. J. Phys. Chem. C 2019, 123, 3605-3621; and Zhou, L.-s.; Wang, Y.-q.; Guo, H.
Dynamics studies of diglycine scattering from highly oriented pyrolytic graphite. Chin. J. Chem. Phys.

2020, 33, 196-202.

3.1 Introduction

The characterization of neutral compounds in rarefied atmospheres is a challenging
endeavor that is complicated by the extremely low number density (10!°-10° cm™) for molecules
of interest, which include life-signature organic molecules. Mass spectrometry has been used in
the past to study the composition of tenuous atmospheres around planetary bodies;”*1% however,
low concentrations result in poor signal-to-noise ratios, which can make the determination of the
atmospheric composition both imprecise and inaccurate. A neutral-gas concentrator designed for
the purpose of identifying tenuous atmospheres has been proposed to mitigate the challenges
arising from low number densities.!’! This device, referred to as a concentrator, is composed of a
funnel-shaped inlet with a large entrance and small exit, which is coupled to a spherical
accommodation chamber that has a large exit leading to a mass spectrometer. The geometry of the
concentrator is such that it approximates a unidirectional valve. Incoming molecules that scatter
down the length of the concentrator will accumulate in the accommodation chamber, which

increases the density of the gas that is sampled by the mass spectrometer.
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The details of the gas—surface interactions between the incoming molecules and the
concentrator surfaces will ultimately determine the flux of molecules that enter the accommodation
chamber. It was determined that impulsive collisions that result in specular, or even super specular,
angular distributions will lead to the largest number of molecules arriving in the accommodation
chamber and yield a higher concentration factor.!®" Surfaces that promote broad angular
distributions or trapping desorption reduce the concentration factor of the device. A test particle
model that utilized the experimental results of molecular beam-surface scattering experiments,
referred to as the Statistical Program for Aerodynamics and Radiation Pressure Coefficient
Simulation,'? pyrolytic graphite (HOPG) will perform well because O, Oz, and Ar undergo nearly
elastic collisions and scatter from the surface with well-defined angular distributions that are
directed beyond the specular angle.!! Subsequent experimental work has shown that methyl
formate and nitromethane survive collisions with HOPG without dissociating during the
gas—surface interaction despite having a relatively high average incidence energy, (E;), near 100
kJ mol!.!% However, the details of the scattering dynamics of life-signature organic molecules,
for example, the amino acid glycine (GLY'), must be better understood before the concentrator can
be considered as a viable mass spectrometer inlet for the analysis of tenuous atmospheres.

The scattering dynamics of polyatomic molecules are more complicated than those for
atoms and diatomic molecules, because the incidence energy can be transferred into vibrational
and rotational modes as well as into the surface.!** Studies of the impulsive scattering of NH3 from
Au(111) demonstrated that the amount of vibrational excitation increased with the normal
incidence energy of the molecule (E,; = E; cos*0;).! In addition, large organic molecules can
break apart if too much energy is transferred to internal modes during the collision, a process

referred to as shattering.!°® Even if the molecule does not dissociate during its interaction with the
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surface, its electron impact (EI) ionization fragmentation pattern can change with increasing

internal excitation,'?”!1°

which could lead to the misidentification of molecules when using a mass
spectrometer that employs an EI ionizer to analyze tenuous atmospheres. Energy transfer to the
internal modes of the molecule can be reduced by maintaining a large (grazing) incidence angle,
6;, between the molecule and the surface so that £, is minimized.''!-!1?

Although a grazing 6; reduces the internal excitation of the molecule, it increases the
probability for the molecule to undergo multiple collisions with the surface.’®3 '3 Each
subsequent collision might be expected to increase the translational energy transfer and result in
an increased trapping probability. However, the incident parallel momentum of N> and O> colliding
with HOPG was conserved even though the molecules suffered multiple collisions before
scattering.> '3 Parallel momentum conservation after multiple atom-surface interactions was also
observed for Ar scattering from a hot Pt(111) surface by Head-Gordon et al.!'* and more recently
for methyl formate and nitromethane scattering from HOPG by some of the current authors.!?® The
results of the latter experiments suggest that a portion of these polyatomic molecules transfer a
significant amount of energy during the molecule—surface interaction. However, the nitromethane
and methyl formate scatter before coming fully into thermal equilibrium with the surface,
presumably because the residence times of these molecules are too short for their parallel
momentum to fully dissipate. This scattering mechanism, referred to as quasi-trapping, produced
lobular angular distributions directed beyond the specular angle despite a significant amount of
translational energy transfer. There was some evidence that the molecules became vibrationally

103, 110

excited during this process, which could lead to molecular dissociation or change the EI

fragmentation pattern in the mass spectrum of a particular molecular species.
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The work presented in this article explores the scattering dynamics of H>O, CO», and GLY
on an HOPG surface. The objective was to understand the scattering dynamics of a life signature
organic molecule (with GLY being a simple, experimentally tractable example) from HOPG, the
surface previously chosen for a concentrator intended for the study of tenuous atmospheres. H.O
and CO; were byproducts of the method used to produce GLY, and these smaller molecules may
also be present in planetary atmospheres, so their scattering dynamics were studied, too. Detailed
MD simulations utilizing an empirical reactive force field, ReaxFF, were carried out, and they
provide an in-depth, molecular level understanding of the scattering dynamics observed in the
experiment. H O and CO> were found to scatter from the surface predominantly through an
impulsive scattering mechanism where the molecules experienced a single collision with the
surface; the simulations revealed that only a small fraction suffered multiple collisions with the
surface. Moreover, successive collisions did not significantly affect the scattering dynamics of
these triatomic molecules. While GLY molecules scattered from the surface with narrow angular
distributions, these molecules exchanged a significant amount of energy during collisions with the
surface. The simulations showed that the majority of the GLY molecules interacted with the
surface for several picoseconds before scattering into the vacuum. The long residence time
enhanced the transfer of translational energy and promoted vibrational excitation of GLY. The
diverse scattering dynamics apparent for HO, CO», and GLY can be attributed to the different
interaction potentials between each molecule and the HOPG surface, as well as the different
numbers of internal degrees of freedom in the molecules. A stronger molecule—surface interaction
results in a longer average residence time on the surface which facilitates energy transfer to and

from the molecule.
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Figure 1. (a) Time-of-flight (TOF) distributions and (b) translational energy distributions, P(E7), for m/z =
18 (H,0"), 44 (CO,"), 30(NO"), and 75 (GLY™). The P(Ey) distributions for m/z = 30 (NO"), the dominant
fragment of GLY produced in the electron impact ionizer, were obtained by assuming the mass of the parent
was 75 amu prior to dissociative ionization. The distributions have been normalized to a value of 1.0 for
ease of comparison.

3.2 Experimental methods

The experiments were conducted with the use of a crossed molecular beams machine
reconfigured for beam-surface scattering. A description of this apparatus has been presented in
detail in earlier publications,*® ' and only the relevant information will be presented here. A
continuous molecular beam of H,O, CO,, and GLY seeded in He was directed at a sample of ZY A
quality HOPG (Momentive Inc., mosaic spread of 0.4 = 0.1°). The sample was mounted on a
manipulator that could be rotated to change the incidence angle, 8, between the sample and the

incident molecular beam. When 6; = 0°, the molecular beam is aligned with the surface normal.
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The temperature of the sample surface (7s) was held at 677 K. Previous results from our group
have demonstrated that HOPG is free of contamination at this temperature despite the relatively
high operating pressure (2x107¢ Torr) in the main scattering chamber.!> The extremely narrow

angular distributions observed for GLY, presented in section 4, confirm that the surface is clean.

Source
Mount

Nozzle
Assembly

Figure 2. Schematic diagram of the supersonic glycine (GLY) source

The continuous molecular beam and the products that scattered from the HOPG surface
were monitored by a rotatable, mass spectrometer detector that used an El ionizer,'!® a quadrupole
mass filter, and a Daly type ion counter operated in pulsed counting mode.''® A mechanical
chopper wheel, with three equally spaced slots of 1.5 mm width and rotating at a frequency of 150
Hz, was mounted just in front of the entrance to the detector. This chopper wheel was used to
modulate molecules that traveled toward the detector. A multichannel scaler was used to record
the number density distributions, N(t), of molecules as a function of their arrival time, t, at the
ionizer, 30.4 mm downstream from the chopper wheel. These distributions, referred to as time-of-
flight (TOF) distributions, were collected for the molecules that scattered from the surface, and

such distributions were also collected for molecules in the incident beam by lowering the sample
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out of the beam path and directing the beam straight into the detector (Figure la). The TOF

distributions were used to derive translational energy distributions, P(ET), using the relationship
P(E7) o t> N(t) where Er= %m(%)z, d is the distance from the chopper wheel to the ionizer (30.4
mm), and m is the mass of the molecule. The P(Er) distributions for the molecules in the incident
beam are shown in Figure 1b. The average translational energy, denoted as (£7) for the molecules

scattering from the surface, was determined from the P(E7) distributions. The GLY had an average

incidence energy, (E:), of 149.5 kJ mol!. For H>O and CO in the molecular beam, (E;) = 38.9 and

87.5 kJ mol !, respectively.
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Figure 3. Representative TOF distributions collected at m/z = 75 (GLY") and 30 (NO"), following
bombardment of the HOPG surface by the molecular beam with (E;) = 149.5 kJ mol'. Incidence (6;) and
final (6y) angles corresponding to each TOF distribution are shown. The distributions have been normalized

to a value of 1.0 to facilitate comparison.

The supersonic beam was prepared with the use of a custom built GLY sublimation
molecular beam source (Figure 2) that consisted of a copper reservoir and body attached to a
stainless steel nozzle. Both the reservoir and nozzle were heated with coaxial heaters, while the
body of the source was heated with two cylindrical heaters. The temperatures of the three
components of the source assembly were measured separately with three type K thermocouples.
HPLC grade GLY powder (Sigma-Aldrich) was loaded into the reservoir and heated to a
temperature of 423 K. At this temperature, thermal decomposition of GLY in the gas phase, which
occurs around 523 K, is expected to be negligible.!!”"'"” While a direct measurement was not
possible, it was estimated that GLY had a vapor pressure of less than 1 Torr at the reservoir
temperature employed in this study. 250 Torr of helium (99.9999%) was swept over the top of the
reservoir, and the mixture was expanded through a 150 um pinhole in a small platinum plate at the
end of the nozzle assembly. The body and the nozzle were held at temperatures of 428 and 431 K,
respectively, to prevent GLY condensation. The beam was collimated by a 0.56 mm diameter
skimmer and a 1.3 high x 0.44 mm wide slit that were, respectively, 5.8 and 44.7 mm downstream
from the nozzle. The absence of dimers in the molecular beam was confirmed by the lack of signal
at a mass-to-charge ratio (m/z) of 105 (GLY-NO") when the molecular beam was interrogated
directly by collecting TOF distributions of species in the beam. The molecular beam contained
molecules detected at . While GLY produces daughter ions at m/z = 18 (H,O") and 44 (CO,"), the
beam TOF distributions collected at these m/z ratios were shifted to shorter flight times than the

distributions for GLY, indicating that H>O and CO; were not formed from dissociative ionization
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of the GLY molecule in the EI ionizer (Figure la). It is possible that the majority of the H>O
present in the molecular beam originates from H>O that is adsorbed on the hydrophilic GLY
powder. Attempts to dry the GLY powder were made by gently heating the reservoir at a
temperature of 323 K overnight while pumping through the nozzle of the beam source (base
chamber pressure 1077 Torr). However, H,O was still present in significant quantities in the
molecular beam despite these efforts. Though the source temperature was kept sufficiently low
enough that GLY in the gas phase was not expected to undergo thermal decomposition,'!7-11? it
has been shown that GLY readily dissociates to CO, and H>O in the presence of platinum at the
nozzle temperatures employed in this study.!?° Therefore, the CO, and some of the H,O present in
the molecular beam are assumed to originate from a GLY decomposition reaction mediated by the
metal surfaces of the source. The composition of the molecular beam (excluding He) was
approximately 90.7% H>0, 4.9% CO., and 4.4% GLY. Given that the mass-spectral intensities of
the EI fragments of GLY at m/z =75 (GLY+), 44 (CO,"), and 18 (H,O") are expected to be similar
and the observed intensity of the signal detected m/z = 75 was much smaller than the signals at

m/z = 44 and 18, the TOF distributions for m/z = 44 and 18 were assumed to come from CO; and

H>0 in the beam and were therefore not corrected for the dissociative ionization of GLY.
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Figure 4. Representative TOF (a—c) and P(E7) (d—f) distributions for scattered H>O, with (£;) = 38.9 kJ
mol . Incidence (6;) and final (6)) angles corresponding to each distribution are shown. The yellow symbols
represent the experimental data, and the blue lines represent the shifted, flux weighted MB distribution used
to fit the IS component. The gray bars in the right column represent the simulated P(E7) distributions
obtained from the MD simulations, where the trajectories were averaged over an angular range of £3° in 6y

and £3° from the scattering plane.

The dominant ion formed when GLY is ionized is m/z = 30 (NO"). The flux ratio of the
GLY parent ion, m/z =75 (GLY™), to the daughter ion, m/z = 30 (NO"), was 0.04. While NO has
not been observed as a reaction product for either thermal decomposition or surface reactions of

GLY,!?* measurements were performed to confirm that m/z = 30 (NO") was formed in the EI

ionizer and not from a shattering mechanism or gas— surface reaction occurring when the GLY
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molecule collided with the HOPG. TOF distributions for selected combinations of incidence and
final angles (6; and 0, respectively, where 6ris located on the opposite side of the surface normal
from 6;) were collected for m/z = 75 and 30. The TOF distributions for m/z = 30 and m/z = 75
were identical for these selected sets of angles (Figure 3), suggesting that NO" is indeed a daughter
ion of GLY. The experimental scattering dynamics for NO* suggest that the GLY molecules do
not shatter on the surface, similar to our previous results for nitromethane and methyl formate
scattering from HOPG.!® This result is not unexpected, considering that the dissociation energy
for the various bonds in GLY are between 307.9 and 330.5 kJ mol '.!*! Even if all the incidence
energy were partitioned into internal modes of the molecule, there would not be enough energy to
dissociate the molecule. Furthermore, the HOPG surface is relatively inert and is not expected to
catalyze the dissociation of GLY. Hence, the scattering dynamics observed for m/z =30 (NO") are
an accurate representation for the scattering dynamics of GLY. The TOF distributions collected
for m/z = 30 were corrected for the ion flight time and were analyzed assuming that the detected
molecule had a mass of 75 amu. For the remainder of the paper, when we discuss results pertaining
to GLY, we are referring to the scattering dynamics derived from TOF distributions collected at
m/z = 30. The scattering dynamics for H.O, CO», and GLY were interrogated by collecting TOF
distributions over a range of accessible 8 angles corresponding to 8; = 70, 45, and 30°. For 6; =70
and 45°, Oy was varied from 5—80°. When 6;=30°, the range of 8y was constrained to 20—80° by the
geometry of the machine. For GLY, angular distributions were collected for only ; = 70 and 45°
because of the low signals and the rise in He pressure in the detector that occurred during long data
acquisition times. Long-term drift during the experiment was accounted for by incrementing 6y
from low to high and then high to low, until two TOF distributions were collected for m/z = 18

(H20") and 44 (CO,") and six TOF distributions were collected for m/z = 30 (NO") for each 6.
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Prior to analysis, the individual TOF distributions were summed together and corrected for
electronic offsets associated with the chopper wheel and the ion flight time of the molecules
through the quadrupole mass filter. Angular distributions were obtained by appropriate integration
of the TOF distributions collected at each 6rand plotting the flux of the scattered molecules as a
function of 6. The average post collision translational energy, (E7), of the scattered molecules was
also derived from the TOF distributions as a function of 6y.
3.3 Calculational methods

We used the ReaxFF force field in the MD simulations for both the molecule and the

graphene substrate,® 122

which describes bonded and nonbonded interactions determined by bond
orders calculated from interatomic distances that are updated at every MD step. The ReaxFF
parameters used in the present simulations for Ho O and CO, were obtained from Chenoweth et
al.!?? for hydrocarbon combustion and hyperthermal collisions of atomic oxygen with graphene.!?*
The ReaxFF parameters for GLY are from Rahaman et al.!?> The HOPG surface was modeled by
the (0001) surface of graphite, which was simulated with a periodic slab consisting of 6 graphene
layers with a (8x8) surface cell that contains 128 carbon atoms per layer. The surface model
employed in this study was used recently to study the scattering of N> from HOPG.*® The
experimental surface temperature (75 = 677 K) was simulated with the initial conditions that the
velocities of surface atoms, except for the bottom layer, is assigned with a Maxwell-Boltzmann
distribution at 677 K, followed by 20 ps equilibration with an isobaric—isothermal (NPT) ensemble,
in which the periodic cell was held at a constant pressure of 1 atm using the Berendsen barostat
with a damping constant of 50 fs and a Berendsen thermostat with a coupling of 10 fs.°” This

equilibration step was followed by an extra 30 ps microcanonical (constant number, volume, and

energy, NVE) MD simulation. During the last 10 ps of the NVE simulations, 1000 snapshots of
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the slab were taken at every time step (10 fs), which provided the initial configurations of the

thermalized slab in the subsequent MD simulations.
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Figure 5. Representative TOF (a—c) and P(E7) (d—f) distributions for scattered CO,, with (E;} = 87.5 kJ
mol . Incidence (;) and final (6)) angles corresponding to each distribution are shown. The yellow symbols
represent the experimental data, and the blue lines represent the shifted, flux weighted MB distribution used
to fit the IS component. The gray bars in the right column represent the simulated P(Er) distributions
obtained from the MD simulations, where the trajectories were averaged over an angular range of +3° in 6y

and £3° from the scattering plane.

The trajectories were initiated with the gas molecules located far above the surface (Zo =

12.0 A for H,0 and COz; Zo = 15.0 A for GLY), where the molecule—surface interaction energy
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is zero. The initial lateral (X and Y) position of the incident molecules within the surface unit cell
was randomly chosen, and they were assumed to be in their equilibrium positions with the zero-
point vibrational energy of the molecules ignored. The initial polar incidence angles, where the
polar angle is defined as the angle between the initial velocity and the negative Z axis, were
identical to those used in the experiment (6; = 30, 45, and 70° for H,O and CO», 6; = 45 and 70°
for GLY). In addition, the incidence energies, E; = 38.9, 87.5, and 149.5 kJ mol ™! for H,O, CO»,
and GLY, respectively, were the same as the average incidence energies in the experiment. The
incidence azimuthal angle was sampled randomly in the [0, 360°] range. The propagation time
step was selected to be 0.2 fs for CO, and H>O and 0.1 fs for GLY. Most trajectories conserved
total energy within ~40 meV for CO; and H,O and ~60 meV for GLY.

The trajectories were terminated after the scattered molecules reached a distance of Zo
above the surface or after a maximum propagation time of 20 ps for CO, and H>O and 40 ps for
GLY. At the end of each scattering trajectory, the final translational energy, polar angle (65, with
respect to the surface normal), and the change in azimuthal angle, A¢, of the scattered molecule
were evaluated. The rotational and vibrational energies of each scattered molecule were also
determined. The rotation—vibration coupling was neglected in these calculations. The Cartesian

coordinates 7; and momenta p, in the center-of-mass (c.m.) frame were obtained directly from the
classical trajectories. The angular velocity w, was calculated by w, = I'L , where I is the moment

of inertia tensor at 7; and L = Y7, X p, is the angular momentum. The vibrational energy consists
of kinetic and potential energies. The former was determined by the vibrational velocities ¥™" =

v, — w, X 1, after the c.m. velocities were removed, while the latter was from the ReaxFF force

field.
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Three types of scattering mechanisms were identified and classified by the number of inner
turning points (ITPs),*-3 113 defined as the negative to positive reversal of the normal component
of the molecule’s c.m. motion: impulsive scattering (IS, one ITP), extended impulsive scattering
(EIS, more than one ITP), and trapping (T, still on the surface at the maximum simulation time).
All the MD calculations were performed using the large-scale atomic/molecular massively parallel
simulator (LAMMPS) software.!?® A total of 1000 trajectories were computed for each set of initial

conditions for all three molecules.
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Figure 6. Representative TOF (a, b) and P(ET) (c, d) distributions for scattered GLY, with (E;) = 149.5 kJ
mol ! Incidence (6;) and final (6)) angles corresponding to each distribution are shown. The yellow symbols
represent the experimental data, and the blue lines represent the shifted, flux weighted a MB distribution
used to fit the IS component. The black, dashed lines represent MB distribution with 75 = 677 K. The green
arrow in part b indicates the quasi-trapping (QT) component discussed in the text. The gray bars in the right
column represent the simulated P(E7) distributions obtained from the MD simulations, where the

trajectories were averaged over an angular range of £3° in 6yand £3° from the scattering plane.

3.4 Experimental results
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Figures 4—6 display representative TOF and P(E7) distributions for H,O, CO,, and GLY,
respectively. For every combination of 6; and 6y, the TOF and P(E7) distributions of H>O and CO»
(Figures 4 and 5, respectively) contain only a single peak at short flight times (100 <t <200 ps).
This feature can be fit by a shifted, flux-weighted Maxwell-Boltzmann (MB) distribution,'*
which is represented by the blue lines in Figures 4 and 5. However, a shifted MB distribution
cannot capture the entire TOF distribution for the scattered GLY (Figure 6), particularly for
distributions collected with 8; = 70°. There is an additional component at long flight times (t > 200
us) that grows in intensity and shifts to shorter flight times as 0y increases (not shown). While this
component represents GLY molecules that transfer a significant amount of translational energy
during their interactions with the HOPG surface, the molecules do not come fully into thermal
equilibrium with the surface and cannot be described by a MB distribution characterized by Ts
(Figure 6, black dashed line). Similar behavior was observed recently for the scattering of
nitromethane and methyl formate on HOPG (75 = 677 K) and was classified as “quasi-trapping”
(QT). In a QT interaction, the molecule’s normal momentum is quickly accommodated to the
surface temperature; however, the residence time of the molecule on the surface is too short for its
parallel momentum to dissipate fully.!'* Consequently, the molecule scatters with a lobular angular
distribution oriented away from the surface normal, and the ratio of average final translational
energy to incidence energy, (E7)/(E:), increases with .. Because (£;) of GLY was high (149.5 kJ
mol 1), the fraction of molecules that scattered via the QT mechanism (roughly 10 and 15% for 6;
= 45 and 70°, respectively) was considerably lower than the fraction of methyl formate and
nitromethane molecules that scattered from HOPG by the QT mechanism (approximately 15 and
30% for 6; = 45 and 70°, respectively, with (E;) = 100 kJ mol '), making it difficult to distinguish

the QT component clearly in the TOF distributions for GLY. The high (E£;) of GLY also resulted
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in considerable overlap between the IS and QT components, further complicating their separation.
Therefore, while there is evidence that some GLY molecules scatter via a QT mechanism, we will

only consider the dynamics of the total scattered flux in our analysis. Thus, the fits shown in

Figures 4—6 are for demonstrative purposes only.
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Figure 7. Ratios of average final energy to average incidence energy, (E7)/(E:), as a function of ; for the

total in-plane flux of scattered HO (a, circles), CO; (b, squares), and GLY (c, triangles), with 8; = 70° (red
symbols), 45° (blue symbols), and 30° (green symbols). The filled and open symbols represent the
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experimental and simulated results, respectively. The solid lines indicate the values of (E7)/{E;) when the
incident parallel momentum of the molecule is conserved with 6; = 70° (red line), 45° (blue line), and 30°

(green line).

The experimental values of (E7)/(E;) as a function of 0yare shown in Figure 7 for H>O (top
panel, circles), CO> (middle panel, squares), and GLY (bottom panel, triangles). The solid lines
represent the values of (E7)/(E;) predicted by the hard cube model (HCM), which assumes that the
incident parallel momentum of the molecule is conserved during the collision.'?” According to the
HCM, the functional form of (E7)/{E;) is sin*0/sin*dy when parallel momentum is conserved. For
H>0 and COa, the angular dependence of (E7)/(E:) follows the values predicted by the HCM at
larger 6y, suggesting that the incident parallel momentum of the molecule is retained during the
collision. The experimental values of (E7)/(E;) for H2O are slightly higher than the predictions of
the HCM, while the experimental values for CO, are slightly lower than the HCM predictions. For
GLY, however, the dependence of (E7)/(E;) on Oy deviates significantly from the HCM prediction.
When 6; = 45°, the experimental (E7)/(E;) values agree with the general shape of, but fall below,
the curve obtained from the HCM. When 6, = 70°, (E7)/(E;) increases with 6y, which is contrary to
the results for HoO and CO». Deviations in the predictions of the HCM were observed for the
scattering of methyl formate and nitromethane from HOPG, which were attributed to scattering
through the QT mechanism. In QT, each molecule—surface interaction likely increases the energy
transfer to the surface, leading to lower values of (E7)/(E;). However, even if the QT component
is removed and only the energy of the IS molecules is considered, the dependence of (E7)/(E:) on
Oy still falls below the HCM prediction (not shown).

Angular distributions as a function of scattered flux for H,O (circles), CO; (squares), and
GLY (triangles) are shown in Figure 8 for 8; = 70 (red symbols), 45 (blue symbols), and 30° (green

symbols). The relative flux of scattered molecules with a given mass, /(molecule), can be

52



determined by integrating the quotient, N(t)/t, where N(t) is the relative number density (measured
in a TOF distribution) and t is the flight time from the chopper wheel to the EI ionizer. To facilitate
the comparison of their shapes, the angular distributions have been normalized to a value of 1.0.
The 6rat which the maximum flux occurs, 8{"%*, and the full width at half-maximum, FWHM, for
each of the angular distributions are listed in Table 1. The angular distributions for H,O have the
lowest 87"** and the largest FWHM, presumably because the (E;) for H>O is the lowest of the
three molecules studied.!?® The surface temperature therefore has a greater impact on the angular
distributions of H>O, shifting the scattered flux toward lower 6ras energy transfer from the surface

into translation of the exiting molecule helps to direct the H2O molecules toward the surface

normal. Still, 87"** is equal to the specular angle (Ospec = 6;) for 6 = 70° and super specular (67" >

Ospec) for 6; = 45 and 30° despite the low (£;). For CO», the angular distributions grow narrower,
and 9}"‘” values are super specular for all three §;. The angular distributions obtained for GLY

have the narrowest angular distributions and the largest 6y max of the three molecules studied.

53



1} a,f | b 0o | C ...'.
e HZO g Hzo F_H! Y ° H;0 30° Hz0
H,0 705|efi 4 245 9fi o[ . o rili® E Iﬂfz_’
o
= 38.9 kJ mol™ -
- ..u ”ﬂn el H}MIHH Ll [l
: i I i 1 1 i L i i A i i i A i i A 1 A AL A 1 A A 1
e
Safd . € Bi [»
.Q. CO; CO; 4570 CO; Cco; 3000' CO,
o Of i (11
< | co 7o| i . W -
% E;=87.5kJ mol” 5 =
=
a i
E | [i
<]
o 41!% o ﬂ"” i I'I"ﬂ”“ Hlmﬂnﬂmr
) | h J | No Data
1 GLY ,ﬁ‘ GLY. GLY ‘Lﬂ‘un
oLy_70° % 45°|0f 1 0= 70° 45° 30°
Surd . ¥ I HO® @ @
E; = 149.5 kJ mol col m lm
GLYA A
MD Sim. ]
of el et
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
0¢/ Deg.

Figure 8. Experimental angular distributions for the total in-plane flux of scattered H,O (a—c, circles), CO»
(d—f, squares), and GLY (g, h, triangles), with 8; = 70° (a, d, g, red symbols), 45° (b, e, h, blue symbols),
and 30° (c, f, green symbols). The gray bars in the right column represent the simulated P(E7) distributions
obtained from the MD simulations, where the trajectories were averaged over an angular range of £3° in 6y

and £3° from the scattering plane.

Table 1. H}Mx and Full Width at Half Maximum, FWHM, of the Measured Angular Distributions Shown

in Figure 8

Q}nax/FWHM
0;=70° 0;=45° 0;=30°
H,O 70/21.2 57.5/34.9 38/33.3
CO; 75/14.7 57.5/26.8 40.0/~23
GLY 75/~14.0 70/~24.1 -/-

“All values are given in degrees

3.5 Computational results
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The interaction potentials between the incident molecules and the surface for different
molecular orientations are shown in Figure 9. For H>O (Figure 9a), the strongest interaction (—15.1
kJ mol™!) corresponds to the two-leg structure with two hydrogens oriented toward the surface at
an O-surface perpendicular distance of 3.01 A. The one-leg structure with a single OH bond
directed at the surface has a smaller adsorption energy of —12.5 kJ mol™! and an O-surface
perpendicular distance of 3.10 A. The O-down structure with two H—O bonds pointing up is the
least energetically favorable (—5.9 kJ mol™!). The adsorption energy and geometry are in good
agreement with a previous DFT calculation.'? The adsorption energy is also comparable to the
experimental water-surface interaction energy of —19.0 kJ mol' measured with
microcalorimetry.!*® The preference for the two-leg adsorption structure is also consistent with
previous calculations using various quantum chemical methods.!?® 13! The preferred H-down
configurations are presumably a result of hydrogen bond-like interactions with the n electrons of
graphene. For CO» (Figure 9b), the interaction is dominated by the adsorption configuration where
CO:z is parallel to the graphene plane. The depth of the interaction well is —19.0 kJ mol ™! for this
orientation, which is consistent with the experimental values of —26.2 and —17.2 kJ mol ! obtained
from temperature-programmed desorption experiments.'**!*3 The parallel structure has a larger
adsorption energy than the perpendicular structure because of dispersion interactions between CO»
and the surface. The interaction between GLY and graphene is more complex, because GLY can
interact via different functional groups including the amino nitrogen (NH>), the methylene (CH>),
the carbonyl oxygen (CO), the hydroxyl oxygen (OH), and parallel structures (PAR1 and PAR?2),
as shown in Figure 9c. The strongest interaction is for the PAR2 configuration with GLY oriented
parallel to the surface and one N—H bond directed toward the surface; this configuration has an

adsorption energy of —37.6 kJ mol™!. This adsorption structure found using ReaxFF is similar to
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the result from a previous DFT calculation, which found a somewhat larger adsorption energy of

—47.3 kJ mol .13 It should be noted that the position of the repulsive wall in the PES is most

important for capturing the correct scattering dynamics; however, the ReaxFF force field was not

extensively tested in such regions. Consequently, we rely on extensive comparison with

experimentally measured attributes to validate this approach.
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Figure 9. (a) ReaxFF interaction energy of H,O with graphene as a function of H,O-graphene distance for

two-leg, one-leg, parallel, and O-down configurations. The Z distance is defined as the vertical distance

between the averaged C position of the upmost graphene sheet and the O atom of the water molecule. (b)
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ReaxFF interaction energy of CO, with graphene as a function of CO,—graphene distance for parallel and
O-down configurations. The Z distance is defined as the vertical distance between the graphene sheet and
the C atom of the CO; molecule. (c) ReaxFF interaction energy of GLY with graphene as a function of
GLY-graphene distance for different configurations. The Z distance is defined as the vertical distance

between the graphene sheet and the c.m. of the GLY molecule.

The molecule—surface interaction potentials have a profound impact on the scattering
dynamics, especially for GLY, whose interaction with the surface is highly anisotropic. As
mentioned in section 4, IS trajectories involve a single collision with the surface, whereas EIS
trajectories correspond to molecules that experience multiple collisions with the surface and escape
before reaching thermal equilibrium. Some of the molecules do not exit the surface before the end
of the simulations, which were run for 20 ps for H,O and CO> and 40 ps for GLY. For the purposes
of the simulations, these molecules are considered to be “trapped” (T) on the surface. Examples of
the three types of trajectories are illustrated in Figure S1 of the Supporting Information for the
three molecules studied. However, the exceedingly narrow experimental angular distributions for
all three molecules are not consistent with the accumulation of molecules on the surface during
the experiments. Thus, the molecules that are “trapped” on a 20—40 ps time scale would
undoubtedly exit the surface if the simulations were extended to sufficiently long times.
Additionally, the experimental P(E7) distributions show no indication of molecules that desorb
thermally from the surface (with translational energies described by a MB distribution at the

surface temperature), leading to the conclusion that “trapped” molecules do not reach thermal

equilibrium with the surface before they eventually desorb. Nonthermal desorption after loss of
incident perpendicular momentum, or momentary “trapping”, on a surface has been referred to as
QT and has been the focus of earlier studies.!®® Unfortunately, it is too costly to run the MD

simulations beyond the current maximum time limits in order to identify the QT events, especially
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for GLY. Figure 10 shows the percentages of the three trajectory types for H-O, CO», and GLY. It
is clear that the partitioning between the different trajectory types depends on 6. The percentage
of IS scattering decreases with increasing 6;, while EIS and T increase with increasing 6. This
trend is similar to that of N2 and O scattering from HOPG.** For H,O and CO, the IS
mechanism dominates at when 6; = 30 and 45°, and the EIS mechanism becomes important when
6;=70° . In contrast, EIS is dominant for GLY at both 45 and 70°. Within the maximum simulation
time of 20 ps for HoO and CO», and 40 ps for GLY, there are still small T percentages for CO; and

GLY, but no T for H>O even though it has the lowest E;.
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Figure 10. Percentage of molecules that undergo (a) impulsive scattering, IS, (b) extended impulsive

scattering, EIS, and (c) trapping, T, obtained from the MD simulations for H,O (blue circles), CO> (green

squares), and GLY (red triangles).

Table 2. Calculated Average Polar and Azimuthal Angles, (6;) and (A¢), and Full Width at Half Maximum,

FWHM, of the Angular Distributions of Each Trajectory Type®

HO 30
45

IS EIS
(Gp  FWHM  (Ag) (Op  FWHM  (Ag) (O
453 31.6 15.8 56.3 33.7 20.8 48.1
55.6 27.7 10.0 61.9 27.6 13.8 57.6
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Total

FWHM  (Ag)
39.0 17.1
294 11.2



70 67.0 31.2 34 68.4 29.0 8.8 67.8 30.5 6.3

CO> 30 45.0 242 9.8 58.3 19.9 16.6 46.8 25.6 10.7
45 56.6 24.1 4.1 67.7 26.2 53 58.8 28.8 43
70 70.6 18.5 2.0 74.1 18.1 3.0 72.5 20.3 2.6
GLY 45 67.8 279 6.0 67.0 24.8 19.2 67.3 28.2 14.4
70 76.6 15.3 2.7 72.8 19.5 10.7 73.4 19.8 9.6

?All values are given in degrees

The P(Er) and angular distributions calculated for all three molecules are compared with
the experiment results in Figures 4—6. The agreement is good and suggests that the MD models
based on ReaxFF provide a reliable characterization of the scattering processes. It should be noted
that the MD simulations assumed monoenergetic incident beams of molecules, whereas the
molecules in the experimental beams had distributions of incident energies (Figure 2). This
difference is probably responsible for the narrower P(Er) distributions from the calculations vs the
experiments. The average polar angles (6y) and average changes of the azimuthal angle (A¢) for
the scattered molecules are listed in Table 2 for the IS and EIS mechanisms individually, and for
all the scattered molecules, designated hereafter as “Total”. Here A¢ = |¢y— ¢;| is the final azimuthal
angle with respect to the scattering plane. Most of the angular distributions are super specular ((6y) >
Ospec), indicative of scattering events where some normal momentum is accommodated during the
collision with the surface and parallel momentum is retained to some degree. As shown in Figure
8, the experimental angular distributions are well reproduced by theory, further validating the
simulations based on ReaxFF. Because the experiment can only measure the angular distribution
of the scattered molecules within the plane defined by the incident beam and the surface normal,
no information is available for the product distribution as a function of the azimuthal angle.
Nevertheless, such distributions were computed from MD simulations and they can be found in

Figure S2. Most of the flux of the scattered molecules is within 2—20° of the scattering plane.
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The calculated translational and rotational energy distributions of the scattered H-O and
CO are displayed in Figure 11 for different 6;. For the triatomic molecules, there is essentially no
energy transferred into the vibrational modes. Additionally, their rotational excitation is small, as
shown by the black, dotted lines in Figure 11. The minimal rotational excitation is the result of the
flat surface which does not add a torque to the molecules as they collide with it.!3* The situation is
more complex for GLY, the energy distributions of which are shown in Figure 12. Although
rotational excitation in the scattered GLY remains small (black, dotted lines), there is significant
vibrational excitation (blue, dashed lines). From the middle panel of Figure 12, it is clear that IS
scattering of GLY contains relatively little vibrational energy. However, when GLY scatters via
the EIS mechanism, a highly probable event, it possesses substantial vibrational energy. The
vibrational energy of the GLY molecule continually increases while it interacts with the surface
(see Figure S3). The vibrational energy initially increases at a faster rate than the translational
energy decreases, suggesting that some of the vibrational excitation of the GLY originates from
the surface. Indeed, the average total energy of the scattered GLY is larger than its £; (denoted by
the green, dashed-dotted lines in Figure 12), demonstrating that energy can flow from the hot

surface to the molecule during multiple molecule—surface encounters.

61



0 - o
7 w 1t €
= =
c c |
= = \ E; = 87.5 kJ mol”’
= 2 H P(Etrans)
g < ' | ememee- P(ERot)
‘:‘ : \ S P(ETolal)
X X [
w w L
S S \
o o
e 0 =

Seaa

0

S an ==a] 0
L L 'l Il L L 'l

0 10 20 30 40 50 60 70 80 0

Energy / kJ mol™

L L 'l L ‘ 1 ' 1
20 40 60 80 100 120 140
Energy / kJ mol™
Figure 11. Simulated translational, P(E7), rotational, P(Er.), and total energy, P(Erow) = P(ET) + P(ERor),

distributions, averaged over all scattered molecules, for H,O (a—c) and CO; (d—f), with 8; = 70° (a, d), 45°
(b, e), and 30° (c, f). The gray dash lines denote the incident energies of the impinging H,O and CO»

molecules. No vibrational excitation was observed for H,O or CO, that scattered from the surface.

In Table 3, the average translational energy (E7), internal energy (Ein) of the scattered

molecule, and average energy exchange between the molecule and surface (Eex = Ei — E7— Einf)
are presented as percentages of £;. Note that when considering average energies, brackets are used
to indicate average incidence energy in the experiment, (£;), and average final translational energy,

(E7), at a given final angle, 0 (see Figure 7, for example), whereas symbols with a bar overtop
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indicate quantities that have been obtained by averaging over all the scattered molecules for all
polar and azimuthal angles (e.g., Er, Eins, Eex). A positive E.y indicates that the molecule has
transferred energy to the surface, while a negative E., indicates that the surface has transferred
energy to the molecule. E7 increases rapidly with the increasing 6;, while the Ej, depends weakly
on this angle. For IS, as discussed above, most of the incidence energy remains in translation. Er
for EIS is much lower than that for IS and more energy is partitioned into the internal modes of
the molecule. Interestingly, some E.. values are negative for large 6;, particularly for GLY. As
stated before, this result suggests that some energy flows from the surface to the molecule.

The distributions of the surface residence time, defined as the time required for a trajectory
to enter and exit the scattering zone, are displayed in Figure 13. Here, the scattering zone is defined
by the vertical distance of 4.5 A between the molecule’s c.m. and the surface plane (the topmost
graphene layer). For IS trajectories, the typical residence time is a few hundred fs, depending on
the E;. However, the EIS molecules may reside on the surface for an extended time, as shown in
Table 4. The residence time increases with ;, indicating that accommodation of £, ; is important.
Interestingly, GLY has many trajectories that have very long residence times on the surface, up to
30 ps.

3.6 Discussion

The MD results based on ReaxFF are in good agreement with the experimental P(E7),
angular, and (E7)/(E;) distributions (Figures 4—8), giving confidence in the rich details of the
scattering trajectories that are illuminated by the MD simulations. Similar to previous studies, the
simulations have identified three distinct trajectory types for molecules scattering from the surface,

which we designate as IS, EIS, and T.
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The partitioning between the three mechanisms depends on 6; (Figure 10) or, more
specifically, E, ;. As 6; increases, the fraction of molecules that scatter via the IS mechanism
decreases and the probability of observing molecules scattered by the EIS and T mechanisms
increases. This dependence on 6; is linked to the extent to which E,; is retained during a molecule’s
interaction with the surface. Focusing for the time being on the scattering dynamics of the
triatomics, H2O and COx, the calculated average final translational energies, E7, for the IS and EIS
trajectories of both molecules differ by less than 20%, even though the molecules that scatter via
the latter mechanism undergo multiple interactions with the surface before leaving it (Table 3). As
can be seen in Table 5, CO; and H>O that scatter by the IS and EIS mechanisms retain 80—95% of
their parallel energy, depending on 6;, which is indicative of scattering events that tend to conserve
parallel momentum. With the smooth HOPG surface and the consequently weak in-plane forces
acting on an incident molecule, even if it interacts with the surface more than once, conservation
of parallel momentum is not surprising. Therefore, the HCM, which assumes that the incident
parallel momentum of the molecule is conserved during the gas—surface interaction, well describes
the experimental energy transfer data displayed for H,O and CO; in Figure 7. When parallel
momentum is essentially conserved and normal momentum is not, then the angular distribution of
the scattered molecules is expected to be super specular ((6y) > Ospec). Indeed, angular distributions
of IS and EIS H>0O and CO, are super specular, suggesting that these molecules lose a significant
fraction of their E,; during their interactions with the surface. Furthermore, the angular
distributions of H>O and CO; that scatter by the EIS channel are oriented farther beyond the
specular angle than those that scatter by the IS mechanism (Table 2), implying that molecules
undergoing multiple collisions with the surface transfer more normal energy than molecules that

scatter after a single collision. For H,O and CO,, the translational energy and angular distributions
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of the molecules that scatter by the EIS mechanism are not clearly distinguishable from those that
scatter via the IS channel. Consequently, it is not possible to identify these scattering mechanisms

in the experimental results, and we must look to the MD simulations for the details.
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Figure 12. Simulated translational (P(E7), solid red lines), rotational (P(Er.:), dotted black lines), vibrational
(P(Eyip), blue dashed lines), and total energy (P(Erowi) = P(ET) + P(Eror) + P(Eviv), green dash-dotted lines)
distributions averaged over all scattered GLY molecules, with ;=45° (a—c) and 70° (d—f). The gray dashed

lines denote the incident energy of the impinging GLY molecules.

Table 3. Calculated Average Translational and Internal Energies (Er and E;,) for the Scattered Molecules
and Average Energy Exchange (E.x), As Percentages of E;, for Different Scattering Mechanisms?

65



IS EIS Total

0; Er Ein Eex Er Eint Eex Er Eint Eex
HO 30 55.8 17.9 26.3 36.8 34.6 28.6 50.8 223 26.9
45 72.0 152 12.8 57.0 335 9.5 67.4 21.0 11.4
70 101.2 12.9 —-14.1 86.8 32.6 -194 93.4 23.7 -17.1
CO, 30 533 6.0 40.7 334 7.1 59.5 50.6 6.1 433
45 71.4 5.7 229 55.0 6.5 38.5 68.2 59 259
70 97.9 53 -32 88.6 5.4 6.0 929 53 1.7
GLY 45 50.0 309 19.1 324 69.7 -2.1 38.7 55.7 5.6
70 79.9 20.6 —0.5 53.7 65.6 -19.3 574 59.1 —-16.7

g; values are given in degrees and E values in kJ mol .

The experiment is, however, able to distinguish a QT scattering component that would
presumably include trajectories designated in the simulations as EIS and T (see Figure 6). While
some GLY molecules recoil from the surface after a single collision (Figure 10), the majority of
these molecules tumble along the surface for several picoseconds before scattering into the vacuum,
transferring a significant amount of energy in the process. Despite the long residence time, EIS
GLY molecules do not come into thermal equilibrium with the surface, and they scatter with a
lobular angular distribution (Table 2). The average final angles of the angular distributions of the
EIS GLY molecules are 4° lower than those for IS GLY, because the GLY molecules that interact
with the surface repeatedly transfer more parallel energy than those that recoil after a single
collision (Table 5). This result is contrary to the results for H>O and CO,, where (6;) for the EIS
trajectories is larger than those for the IS trajectories. However, even though the energy transfer
for EIS GLY is large, the translational energy distributions for EIS and IS GLY still overlap
substantially (Figure 12), which is probably the reason why two distinct scattering mechanisms
cannot be clearly distinguished in the experimental TOF and P(E7) distributions (Figure 6).
Nevertheless, the angular dependence of the energy ratio, (E7)/(E:), does suggest that the GLY

molecules interact strongly, and presumably repeatedly, with the surface (Figure 7c). Thus, the
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experimental and closely matching computational results both yield (E7)/(E:) ratios that are
significantly below the ratios predicted by the HCM. As indicated by Table 5, the parallel energy
of GLY is not conserved during the molecule—surface interaction, particularly for the EIS channel,
which is the dominant scattering mechanism for GLY. The energy loss in the parallel direction is
likely the result of the strong anisotropy of the GLY molecule, which interacts with the HOPG
through different functional groups, as shown in Figure 9c. Clearly, the scattering dynamics of
GLY on HOPG are more complex than those for H>O and CO,.

The angular dependencies of the (E7)/(E;) ratios for H2O and CO; roughly follow the
predictions of the HCM at larger 6y, while those for GLY are qualitatively different than the HCM
prediction at all 6. H>O retains the most translational energy of the three molecules, and its
(E7)/(E;) ratios slightly exceed the ratios predicted by the HCM when 6y is large (Figure 7a).
Moreover, the calculated E7 exceeds Ei for HO when 6; = 70° (Table 3). Similar results have also
been observed for H,O scattering from graphite ((£;) = 3.38 kJ mol'; 6; = 40°; T, = 300 K) and
N: scattering from HOPG ((£;) = 30.3 and 67.9 kJ mol™'; 6; = 30, 45, and 70°; T, = 677 K).*® This
unusual result arises because the normal incidence energy of H2O is low (E,,; = 4.55 kI mol !; 9, =
70°) in comparison to the energy of the surface (2RT; = 11.3 kJ mol!). Consequently, energy is
transferred from the hot surface into the translational energy of the molecule along the surface

normal as is evident by the £, > 100% in Table 5. The significant normal energy transfer to

scattered H2O with §; = 70° results in the average final angles for both IS and EIS mechanisms
being slightly lower than 6,ec (Table 2). Normal energy transfer from the surface also occurs for
COg. that scatters via the IS mechanism when 6; = 70° (Tables 3 and 5), although the magnitude of
this energy transfer is lower than for H>O because the normal incidence energy of CO: is a higher

fraction of 2RTs. In general, the (E7)/(E;) ratios for CO; are slightly lower at large values of 6y
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than those predicted by the HCM (Figure 7b). In contrast to the (E7)/(E;) ratios for H>O and CO,,
these ratios for GLY are significantly lower than those predicted by the HCM (Figure 7c) even

though the angular distributions are still super spectacular.
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Figure 13. Distributions of residence times for (a) H>O, (b) CO,, and (c) GLY scattering, with 8, = 70° (red
bars), 45° (blue bars), and 30° (green bars). Molecules that scattered by the IS and EIS mechanisms are

included.

Table 4. Average EIS Residence Times (ps) for H,O, CO,, and GLY

6;=30° 6;=45° 6;=70°
HO 0.89 1.12 1.87
CO, 0.47 0.72 1.40
GLY - 5.68 8.53

Table 5. Average Normal and Parallel Translational Energies (kJ mol™!) As Percentages of Incidence

Normal and Parallel Translational Energy, Respectively, for CO», H,O, and GLY*

IS EIS Total

0 EL Ej EL b EL b
H,O 30 399 94.9 18.1 93.4 342 94.6

45 52.0 89.3 30.2 84.0 452 87.6

70 165.1 90.9 125.1 78.5 1433 84.2
COz 30 59.5 933 15.1 88.7 36.4 92.7

45 50.2 929 19.8 90.3 443 924

70 113.0 959 71.3 90.8 90.7 93.1
GLY 45 18.6 81.6 11.5 54.4 14.1 63.7

70 49.1 84.3 45.6 55.0 46.1 59.3

“@; is given in degrees.
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The (E7)/(E;) ratios demonstrate the sensitivity of the scattering dynamics to the interaction
potential of the system. It has been suggested that molecules with a deeper potential well are
accelerated faster toward the surface and subsequently exchange more translational energy during
the collision.!* 136 H,O would thus be expected to experience the least energy transfer because it
has the weakest interaction with the surface. Indeed, Figure 9, Figure 7, and Table 3 show that
H>0O does retain a slightly higher fraction of its translational energy than does CO». Our previous
results also support this simple picture, as the energy transfer for N» scattering from HOPG was
even less than found here for H>O, presumably because the No—HOPG potential has a very shallow
well depth of only 0.605 kJ mol'.*® GLY has a much stronger interaction with the surface than do
H>0 and CO; and would thus be expected to transfer more energy than either of these smaller
molecules. This prediction is also supported by the data presented in Figure 7 and Table 3. While
the correlation between the increased energy transfer and a stronger molecule—surface interaction
provides an intuitive approach for predicting relative energy transfer, it oversimplifies the energy
transfer mechanisms revealed by the simulations. The simulations show that scattered H>O has the
highest translational energies relative to E; because the normal energy of the incident molecule is
low in comparison to the energy available from the surface and energy is transferred from the
surface to the exiting molecule. The energy difference between the E,; and the energy available
from the surface thus impacts the energy transfer dynamics significantly. Additionally, the
simulations show that the high degree of translational energy transfer observed for GLY occurs
because the molecule cannot escape the potential well immediately after the initial
molecule—surface encounter and tumbles along the surface, increasing the likelihood of energy

transfer before the molecule eventually scatters back into the vacuum.
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Previous work conducted by the Hase group found that the residence time of O» colliding
with HOPG decreased with increasing (E:).!'*> The MD simulations performed in the present study
extend the results of Hase and co-workers and show that for a given (E;) the residence time
increases with 0;, suggesting that the residence time is a function of the E,; of the impinging
molecule (Table 4). However, contrary to the findings of the Hase group, GLY has the longest
residence time despite having the highest (E;). This observation is a direct result of the
molecule—surface interaction potential, which determines the residence time (t) through the

relationship T o< exp(e/RTs),'*” where ¢ is the depth of the attractive well. Thus, for a given T, a

stronger molecule—surface interaction will result in a longer residence time. However, H>O has a
longer residence time than CO; despite having a weaker attraction with the surface, most likely
because it has a lower E;. It is reasonable to assume that there is a competition between the E;
dependence reported previously by Hase and co-workers and the influence of the interaction
potential on surface interaction time.

The extended interaction time has interesting consequences for the energy transfer
dynamics of the GLY-HOPG system. Internal excitation of the scattered molecule is more efficient
for EIS vs IS GLY; nevertheless, internal excitation is only weakly dependent on é;, as shown in
Table 3, indicating that it is mediated more by the surface than by the E; of the beam. In our
previous studies of nitromethane and methyl formate scattering from HOPG, vibrational excitation
was suggested to be more efficient for the quasi-trapping (QT) mechanism, where the molecule
interacts with the surface for an extended period of time, than for the IS mechanism. Likewise, the
current MD simulations show that vibrational excitation is more efficient when the molecule has
a long interaction time with the surface (Figure 12 and Table 3). Such energy transfer has been

reported for gas phase collisions between peptide ions and rare gas atoms at low impact parameter,
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which deposits some energy in low frequency backbone bending modes of the peptide ions.!*® In
our case, it is possible that the low frequency vibrational modes of GLY are excited by the phonon
modes of the graphene surface, which extend to ~1500 cm'.!3 It has been suggested that this is
possible when the vibrational modes of the molecule have similar frequencies as the phonon modes
of the surface.!** However, if energy transfer from phonon modes were the dominant mechanism
for excitation, we would expect to see vibrational excitation of CO», which has a relatively low
frequency bending mode, yet vibrational excitation of CO> was not observed in the simulations.
From Figure S3, it can be seen that the vibrational energy of GLY continually increases as the
molecule interacts with the surface. The longer the molecule is in contract with the surface, the
higher the probability that energy will flow from the surface into the internal modes of the molecule.
Therefore, it seems that the residence times of EIS H,O and CO; are too short for vibrational
excitation. Because the triatomic molecules are weakly attracted to surface, they have short
residence times, which would thus be expected to limit energy transfer into internal modes.

The large energy transfers for both the translational and vibrational degrees of freedom in
GLY that scatters by the EIS mechanism arise because the graphene surface is soft and the
adsorption energy is large. The extended residence time of the EIS channel allows the GLY to
dissipate its hyperthermal translational energy into both molecular internal modes and surface
phonons. Additionally, the vibrational modes of GLY gain energy from the hot surface, as the
internal energy of the molecule increases faster than its translational energy decreases (Figure S3).
However, the energy transfer processes are unclear, as it is impossible to track precisely where the
energy flows in the system. To complicate matters further, it is possible that the EIS GLY is excited

directly during its initial interaction with the surface. Thus, the normal component, and possibly
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even the parallel component, of E; can play a role in excitation of GLY that scatters via the EIS
mechanism.

It is interesting to note that IS GLY is also highly vibrationally excited (Table 3 and Figure
12). In addition, the amount of vibrational excitation for the IS GLY increases as 6; decreases

1.1 and was

(Table 3). Such a dependence on energy transfer was first reported by Kay et a
determined to originate from a “squeezed atom” mechanism which resulted in direct translational

to vibrational (T—V) energy transfer.!*! Vibrational excitation of the umbrella mode of NHj

scattering from Au(111) was found to increase linearly when E,; was above a threshold energy
that corresponded to the energy of the vibrational level being excited. The lower the energy of the
vibrational level, the lower the threshold energy.!*! This process was not affected by 7. Direct T

—V energy transfer has also been observed for high incidence energy (E:; > 1000 kJ mol ')

protonated amino acids colliding with diamond and F-SAM surfaces.!** A similar mechanism may
play a role in the vibrational excitation of GLY. There are several low energy vibrational modes

in GLY and the incidence energy is high enough to lead to direct T — V transfer. An exclusively
T — V transition requires the surface to be rigid, or the surface atoms must at least be very heavy

in comparison to the mass of the incident molecule. However, the graphene surface is flexible, and
the GLY and carbon atoms of the surface have similar masses. Therefore, vibrational excitation in

GLY might not be exclusively the result of direct T—V transfer, as the surface certainly

participates in the energy transfer. Although direct excitation of the vibrational modes undoubtedly
occurs when GLY strikes the surface, it cannot be easily separated in simulations where the surface
is allowed to move. This difficulty occurs because C is too light and does not participate in the
momentum transfer, even if there is only a single collision. To examine the effect of surface motion

on T — V energy transfer, we carried out a simulation of GLY scattering from a rigid graphene
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surface with E; = 149.5 kJ mol ! and 6; = 70°. The results, presented in Figure S4, indicate that T

— V energy transfer is quite facile, suggesting that direct T — V energy transfer may be important

for GLY scattering via the IS mechanism.

The experimentally validated MD simulations presented here illuminate the subtle details
of the scattering dynamics for a relatively complex organic molecule, such as GLY. This
information adds to our knowledge base of molecule—surface scattering dynamics and can be
applied to the development an efficient neutral-gas concentrator. Previously, it was determined
that collisions that lead to a narrow and specular or super specular angular distribution will result
in a higher concentration factor.'’! However, results from the current study demonstrate that even
if the angular distribution is favorable, the energy transfer experienced by polyatomic molecules
may introduce further complications that can affect the efficiency of the concentrator. Molecules
with a stronger attraction to the concentrator surface will transfer more translational energy, either
into the surface or into internal excitation of the molecules. As these molecules propagate down
the length of the concentrator, they will slow down and trap more easily upon successive collisions,
which will lead to rapid thermal equilibration of the molecules and consequent lowering of their
concentration factor through thermal desorption of the molecules in a cos(6y) distribution. In
addition, partitioning of energy into the vibrational modes of a molecule might result in its
dissociation,!% resulting in a loss of identity of the molecule that entered the concentrator. Even if
the incoming molecules do not dissociate, if they retain high internal excitation up to the point
where they are ionized by electron impact, then the fragmentation pattern would change and further
complicate the identification of a tenuous atmosphere by mass spectrometry. In light of the new

results presented here, a full picture of the scattering dynamics for atoms and molecules, especially
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larger life-signature molecules such as amino acids and polypeptides, needs to be considered when
designing and modeling an effective and efficient neutral gas concentrator.
3.7 Conclusion

The scattering dynamics of H>O, CO, and GLY on an HOPG surface held at 7 = 677 K
have been investigated with the use of a combination of beam-surface scattering techniques and
MD simulations based on ReaxFF. This study was undertaken as part of a larger effort aimed at
evaluating the efficacy of a neutral-gas concentrator intended for the study of tenuous atmospheres
by mass spectrometry. For 6; = 30, 45, and 70°, there was no evidence that the molecules exited
the surface via a thermal desorption mechanism, though a small fraction (~10%) of the GLY
molecules scattered via a quasi-trapping mechanism. All three molecules scattered from the
surface with narrow angular distributions. The angular dependencies of the energy ratio, (E7)/(E),
for H>0 and CO; were well described by the hard cube model at large final angles, suggesting that
the molecules retained their parallel momentum during their interactions with the surface. In
contrast, the energy transfer for GLY deviated significantly from the hard-cube model, suggesting
that its parallel momentum was not retained.

The simulated P(E7) distributions, angular distributions of the (E7)/(E;) ratios, and angular
distributions of scattered flux agreed well with the corresponding experimental distributions, thus
validating MD as a predictive tool for molecular scattering dynamics from HOPG. Analysis of the
individual trajectories revealed that the molecules scatter from the surface via three mechanisms
that can be distinguished by the number of inner turning points: impulsive scattering (IS, one ITP),
extended impulsive scattering (EIS, multiple ITPs), and trapping (T, does not exit the surface
before the end of the simulation). H>O and CO; scattered predominantly by the IS mechanism

when 6; was 30°, and the EIS mechanism became increasingly important when §; went from 45 to
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70°. The EIS mechanism was dominant for GLY regardless of §;. For H>O and CO», the scattering
dynamics of the IS and the EIS pathways were difficult to distinguish without visualizing the
trajectories. By contrast, the IS and EIS mechanisms for GLY were subtly distinct in the MD
simulations. The GLY that scattered by the EIS mechanism resided on the surface for several
picoseconds, which enhanced translational energy transfer from the molecule to the surface and
allowed the molecule to become vibrationally excited. No vibrational excitation was observed for
H>0 and COs that scattered from the surface.

The differences in the observed scattering dynamics for the three molecules studied
demonstrate the importance of the molecule—surface interaction potential to the concentration of
gases for characterization of tenuous atmospheres. A stronger molecule—surface interaction, as
would be expected for larger molecules, will result in more energy transfer during the
molecule—surface interaction and a longer residence time of the molecule on the surface. In the
case of GLY, the molecule generally tumbles along the surface for several picoseconds before
desorbing. Even though GLY retains some parallel momentum and scatters with a lobular angular
distribution, which are desirable scattering dynamics for a concentrator, the increased energy
transfer will ultimately lead to more trapping as the molecule experiences secondary, tertiary, etc.
collisions on the walls of the concentrator. On the basis of the insight gained through the current

38,104 we conclude that designs that reduce

study and other recent gas—surface scattering studies,
the surface residence time of the incoming molecules and the number of interactions they have

with the walls of the concentrator will improve the efficacy of the device and make it more suitable

for detecting a large variety of atoms and molecules.
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3.8 Supporting information
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Figure S1. Representative trajectories displaying the center-of-mass motion along the Z direction for the
three different scattering mechanisms, for (a) H>O, (b) CO, and (c¢) GLY incident on the surface with 6; =
70°.
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Figure S2. Simulated angular distributions for the total flux that is scattered out-of-plane for H,O (a — ¢),
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Figure S3. Average translation and internal energies of GLY molecules that scatter via the EIS mechanism

as a function of the residence time, with 8; = 45° (blue) and 70° (red).
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CHAPTER 4

INSIGHTS INTO ADSORPTION, DIFFUSION, AND REACTIONS OF ATOMIC

NITROGEN ON A HIGHLY ORIENTED PYROLYTIC GRAPHITE SURFACE

The materials discussed in this chapter is based on the publication: Wang, Y.; Nieman, R.;
Minton, T. K.; Guo, H. Insights into adsorption, diffusion, and reactions of atomic nitrogen on a

highly oriented pyrolytic graphite surface. J. Chem. Phys. 2021, 154, 074708.

4.1 Introduction

When a returning spacecraft enters Earth’s atmosphere, its hypersonic speed creates a hot
shock layer above the leading surface of the vehicle, where rich chemistry takes place both in the
gas phase and at the gas-surface interface. Atmospheric oxygen and nitrogen molecules are highly
excited and many dissociate to produce atomic species.'**'** The high temperatures of the shock
layer lead to gas-surface collisions on the thermal protection system (TPS) surface of the vehicle
at relative velocities that exceed 1 km s™!, and the heat transported by the boundary layer gas to the
TPS surface may result in surface temperatures that exceed 2000 K. Carbon and/or polymeric
materials that form a carbon char are often used in for the TPS,!**!% making the reactions of O
and N atoms with hot carbon particularly relevant to hypersonic ablation during atmospheric entry.
In order to optimize the design of a TPSs, much effort has been dedicated to the accurate and
reliable modeling of carbon ablation.!*!¥ The reliability of the models depends on the
understanding of the microscopic mechanism and dynamics of the corresponding chemical
processes. To gain insight into these issues, there have been several recent experimental and

theoretical studies of collisions of the relevant gaseous species with carbon-based materials such
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as highly oriented pyrolytic graphite (HOPG) and vitreous carbon.!*1>* Among these recent
studies, most have focused on the scattering of O and O from carbon surfaces. 4% 134135, 158, 160-161

In this work, we focus on the interaction of atomic nitrogen (N(*S)) with pristine and
defected graphite surfaces, which has received much less attention than analogous atomic-oxygen
interactions. It is well known that N> does not easily react with carbon, but the reactivity of atomic

nitrogen with graphite surfaces has been documented since 1964,16-167

although earlier work
offered few microscopic details on the process. More recently, molecular beam experiments have
been performed to provide detailed information of N(*S) and N scattering from both HOPG and
vitreous carbon.!*’"15% In addition to the expected direct scattering of atomic and molecular
nitrogen, these experiments have identified interesting chemical processes, such as N-atom
recombination to form N> and the reaction to produce CN. Furthermore, there is tantalizing
evidence of atomic nitrogen trapping in the carbon surface at lower temperatures, which is released
at higher surface temperatures.'”® While the adsorption and diffusion of atomic nitrogen on

168-169 170-176 such

graphite or graphene surfaces have been extensively investigated previously,
processes below the top graphene layer, as well as reactive processes involving atomic nitrogen
have been largely unexplored from a theoretical perspective. We recently conducted an initial
theoretical study on this topic,'>® using a direct dynamics method with a semi-empirical electronic
structure theory (density functional tight bonding, or DFTB!””). Related work on the controlled
modification of graphene conducting properties by nitridation, aimed at modifying its electronic
properties,'’® preceded our study.!” While the use of DFTB provided a relatively low-cost
approach to reveal various physical and chemical processes, DFTB theory is not quantitatively

accurate. In addition, the model surface was approximated by a single molecule with edge atoms

artificially anchored, which places a severe limit on the ability of the model to describe energy
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transfer. Thus, we have increased the sophistication of our theoretical approach to the
understanding of N-atom interactions on carbon by using a graphite slab model characterized with
plane-wave density functional theory (DFT) with a non-local functional. We have explored both
static and dynamic processes, and we have used the results to rationalize the observations in the
recent molecular beam-surface scattering experiments on N-atom interactions with a vitreous
carbon surface.!’1%8
4.2 Methods

While interaction potentials based on force fields have been used in many theoretical

studies on the scattering of molecules from graphite surfaces,!80-!183

such approaches are not
expected to provide quantitative information on reactive events such as those investigated here.
As mentioned above, numerically efficient semi-empirical Hamiltonians may also introduce large
errors.'>> 1% 18 Hence, we employ here a first principles method based on plane-wave density
functional theory to explore not only adsorption and diffusion, but also reactive events relevant to
atomic-nitrogen scattering with graphite surfaces.

The (0001) facet of graphite was modeled by four-layer periodic slabs with a p(5%5) unit
cell separated by a 20 A vacuum space. In each slab, the adsorbate and the top three graphite layers
were allowed to move, and the bottom graphite layer was frozen in a bulk-like geometry. The
valence electron density was expanded in a plane-wave basis with a cutoff kinetic energy of 400
eV, and the electron-ion interaction was approximated using the projector augmented wave (PAW)
scheme.'®® The integration of the Brillouin zone was performed using a 1x1x1 Monkhorst—Pack
k-point mesh.'* During optimization, the self-consistent field iteration was considered converged

when the energy difference was less than 10 eV and the geometry optimization was considered

converged when the force on each atom was less than 0.02 eV/A. All DFT calculations were
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carried out using the Vienna Ab-initio Simulation Package (VASP).!87-138 Spin polarization is
taken into consideration in all calculations.

Given that graphene layers in graphite are bound through van der Waals (vdW) forces, it
is essential to accurately describe the long-range interactions in order to obtain reasonable results.
The most widely used electron exchange and correlation functionals in DFT calculations are based
on the generalized gradient approximation (GGA).'®® However, a general drawback of the normal
GGA functional is that it poorly describes the long-range electron correlations which are
responsible for vdW forces. To overcome this limitation, a vdW density functional (vdW-DF)
method can be used,'” in which the exchange-correlation energy consists of two parts involving
local and non-local correlations. In this work, the optB86b-vdW-DF®! was used to include
dispersion forces.

Static calculations were performed in order to determine adsorption energies and transition
states. The adsorption energy of an adsorbate was calculated as

Ead (adsorbate) = Eadsorbate/graphite — Egraphite — Eadsorbate
where Eadsorbate/graphite 1S the total energy of the adsorbate adsorbed on graphite surface, Egraphite 1S
the energy of clean graphite surface and Eadsorbate 1S the energy of the adsorbate in gas phase. To

)192—193 and dimer194

map out the transition states, the climbing image-nudged elastic band (CI-NEB
methods were used. The Hessian matrix of the stationary points was calculated numerically to
obtain the harmonic vibrational frequencies of each vibration mode.

In addition to the static calculations described above, ab initio molecular dynamics (AIMD)
were used to investigate the dynamics of N> formation through both Langmuir-Hinshelwood (LH)

and Eley-Rideal (ER) mechanisms. The trajectories were propagated with a time step of 0.5 fs

using the forces calculated on the fly. For the LH pathway (N* + N* — N»(g)), AIMD trajectories
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were started from the recombinative desorption transition state to shed light on the product energy
disposal. In such calculations, the initial velocity for each atom was sampled from a Boltzmann
distribution at the simulation temperature. For the ER pathway (N(g) + N* — Nba(g)), the
impinging N atom was prepared at Z =4.0 A above the surface, with a direction towards the surface
having an incident angle of & = 60° relative to the surface normal and an incident kinetic energy
of E;=0.3 eV, as in the recent experiment.'*® In both cases, the simulation was terminated when
the distance between the newly formed N> and graphite surface was over 7.0 A, or when the
molecule became stuck on the surface for more than 1.5 ps. Two experimental temperatures, 1000
and 1900 K, were selected to examine the temperature effect on N-N recombination on the graphite
surface, but ER simulations were only conducted at 1900 K. For the desorbed N, the final kinetic
energy, scattering angular, and ro-vibrational energies were extracted from the trajectories. Using
histogram binning, the rotational quantum number was determined by the angular momentum,
while the vibrational quantum number was determined by the total energy in the vibrational
coordinate.

Finally, to rationalize the AIMD results for the LH pathway, the sudden vector projection
(SVP) model, which is a transition-state based model for predicting energy disposal, was used.
The principle behind this model is that, in the sudden limit, the energy disposal in a product degree
of freedom is proportional to the overlap of the corresponding normal mode with the reaction
coordinate at the transition state.!”> The applicability of the SVP model in surface processes has
been demonstrated in many reactive systems.!?17
4.3 Results

First, we assessed the validity of the DFT model in charactering the bare graphite surface.

With the vdW-DF, the geometry of the relaxed graphite is in excellent agreement with experiment:
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C-C bond length is 1.42 A, same as experimental measurement, and the interlayer separation is
3.35 A, with a percent deviation of 1.49 % from actual value.'*

The non-polar nitrogen molecule is expected to physisorb on graphite surfaces, which was
confirmed in our calculation. With the vdW-DF, which is a non-local correlation functional that
accounts for dispersion interactions, the calculated adsorption energy of N> on graphite with a
parallel or perpendicular configuration was —0.28 or —0.24 eV, respectively. In these two minima,
the center of mass of N is 3.27 and 4.06 A away from the surface, which is not distorted. An
image of the most stable adsorption geometry for N adsorbed in the parallel configuration may be
seen in Figure 1. There have been several experimental reports on the N»-graphite/graphene
adsorption energy, with values of —0.10,'” —0.16,2% and -0.27 to —0.37 eV.2"! The latter result was
measured at a low coverage and is thus perhaps more relevant to our model at the near zero-
coverage limit. Our calculated adsorption energies are larger in magnitude than those of most

168,170,172

previous theoretical calculations, presumably due to the different models used to simulate

graphite/graphene.




Figure 1. Top and side views of geometries of the stationary points for N* adsorption, diffusion, and

reactions on the graphite surface. Only the top layer of the graphite is shown for clarity.

There are three high symmetry sites available for N-atom adsorption on the graphite surface,
which are top, bridge, and hollow sites. From our calculations, the adsorption site of the N atom is
the bridge site, as shown in Figure 1. It is clear from the figure that the two carbon atoms of the
top graphene layer pucker above the surface plane, indicating some sp® character. The
corresponding N-C bond lengths are 1.47 and 1.48 A, respectively, while the C-C bond is 1.53 A,
slightly elongated from that in graphene (1.42 A). The adsorption at top and hollow sites was
examined and found to be unstable. This adsorption geometry is supported by previous theoretical
studies on N chemisorption on a graphene or graphite surface.!¢% 17! 173176 The Bader charge of
the adsorbed nitrogen is 0.51 e, signaling significant charge transfer from the underlying graphene.
The adsorption energy at the bridge site is calculated to be —1.10 eV, relative to the gas phase
N(*S), as shown in Table 1. This value is larger than those reported in previous theoretical studies,
ranging from —0.78 to —0.93 eV, 17176 presumably due to the inclusion of the vdW interactions

in our calculations.
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Figure 2. Top and side views of geometries of the stationary points for N* adsorption and diffusion between

the first and second graphite layers, which are represented by thick and thin lines, respectively.

To understand possible trapping of atomic nitrogen underneath the top layer of graphite,
the adsorption of atomic nitrogen between the first and second layers of graphene sheets was
investigated. While the adsorption geometries for interlayer N are similar to those on the top
surface, as shown in Figure 2 (N*;5t and N*2q4), the adsorption energies are significantly smaller
(-=0.12 and —0.19 eV, respectively). The reduction of the adsorption energy can be traced to the
mechanical (vdW) energy cost of distorting the graphene layers,?> which is clearly visible in
Figure 2. The distortion of the graphene sheets is not restricted to the adsorption site, because of
their planar rigidity. As a result, the adsorption energy is expected to increase when multiple N
atoms are adsorbed between the sheets. Indeed, when six N atoms are adsorbed, as shown in Figure
2, the average adsorption energy becomes —1.02 eV, only slightly smaller than the adsorption

energy of an N atom on the top surface. The adsorption energies are listed in Table 1.
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We have also investigated the adsorption of atomic nitrogen at defect sites on the graphite
surface. Specifically, single carbon vacancy (SV) defects, in which a single carbon on the top layer
of graphite is removed, are considered. As expected, the binding energy at the defects is much
larger than that on a pristine surface, as the carbon atoms at the defects are unsaturated and highly
reactive. The N* atom can replace the missing carbon atom and form a planar and three-
coordinated structure, as shown in Figure 3. This nitrogen species, denoted as N*sy, has a large
adsorption energy (—11.9 eV). The adsorption of an N atom at a bridge site near the SV defect,
denoted as N*sy.g in Figure 3, has an adsorption energy slightly larger than that on the pristine
surface (—1.39 eV). We also found a Stone-Wales (SW) defect formed by adsorbed nitrogen,
denoted in Figure 3 as N*sw. The N atom is again three-coordinated, and the adsorption energy (—
7.26 €V) is somewhat smaller than for N*sy. Again, the adsorption energies are listed in Table 1.

Addition of a second N* atom to bridge sites around the defect in N*sy gives two structures,
2N*sv1 and 2N*sy» as shown in Figure 3, each with similar adsorption energies relative to free N
of —2.05 and —1.99 eV, respectively. Finally, a second N* atom will form C-N and N-N bonds
when added to the defect in N*sy gives 2N*sy3, also shown in Figure 3, where the adsorption

energy decreases in magnitude to —1.32 eV. These adsorption energies are listed in Table 1.

Table 1. Adsorption energies (eV) for N atom on both pristine and defect graphite, referenced to a N(*S)

atom in the gas phase.

Top layer of graphite
N* N*sv N*sv.p N*sw 2N*gvy? 2N*gv)? 2N*gy3?
-1.10 -11.9 -1.39 -7.26 -2.04 -1.99 -1.32
Between the two top layers of graphite
N* Ist N*an 6N*2ndb
-0.12 -0.18 -1.02

a: for the N adsorbate on the N-substituted graphite layer.
b: averaged value per N atoms.
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Figure 3. Top and side views of geometries for stationary points of one and two N* adsorbed to the single

vacancy (SV) graphite defect site.

The diffusion of N* from one bridge site to a neighboring bridge site on the (0001) surface
of graphite was investigated. The diffusion barrier was calculated to be 0.88 eV, as shown in Figure
3 and listed in Table 2. The diffusion transition state (TSp) features the N atom at the top of the C
atom shared by the two bridge sites, with an N-C distance of 1.47 A, as shown in Figure 1. Previous
theoretical studies on N-adatom diffusion on graphene/graphite suggest an activation energy of
1.1' and 1.0 eV.!™ The difference can presumably be attributed to the different exchange-
correlation functionals and different sizes of supercell used in the calculations. Such a barrier
implies that the mobility of adsorbed atomic nitrogen is /imited at room temperature but elevated
at higher temperatures, above 1000 K.

The diffusion barriers for N* trapped between the two top graphene sheets have also been

determined. The barrier for diffusion between two bridge sites on the same sheet is 0.57 eV,
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smaller than that for diffusion on the top surface, while the diffusion barrier for N hoping between
the adsorption sites on different sheets is 1.28 eV. The geometries of the transition states are shown

in Figure 2 and the barriers are listed in Table 2.
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Figure 4. Energy diagram for the diffusion of N* and recombinative desorption of N> on the (0001) facet
of graphene. 2N* denotes the adsorption state of two infinitely separated nitrogen atoms, while N* + N* is
the initial state for TSR. N>* denotes the physisorbed state of the molecule, while MS the metastable N, on

the graphite surface. Geometries of the stationary points are given in Figure 1.

N-N recombination on graphite may proceed through either a Langmuir—Hinshelwood (LH)
or an Eley-Rideal (ER) mechanism, and both mechanisms were studied here. For the LH
mechanism, two infinitely separated N adsorbates at the graphite surface diffuse towards each
other and overcome a barrier for recombinative desorption to form N,. This reactive transition
state was determined to be 0.53 eV above the initial state (IS), shown in Figure 4 as TSg and N* +
N*, respectively. Given that the energy of the IS is -0.06 eV above the infinitely separated limit
(denoted in Figure 3 as 2N*), the overall barrier is 0.47 eV, as listed in Table 2. This barrier is
lower than that determined by Ma et al., which is 0.80 eV.'® As shown in Figure 1, at the transition

state, one N atom largely stays in the initial bridge site, and the other N atom moves to an adjacent
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top site from the original bridge site. The distance between two N atoms is 2.54 A and their
distances to the underlying carbon atoms are 1.46 and 1.48/1.54 A (N atom at top and bridge sites,
respectively). The final state (FS) is the physisorbed N> (denoted as No* in Figure 3) which is 8.98
eV lower than the TSr and 0.28 eV below the energy of the free No.

Further analysis indicated that there is a metastable state between the TSr and physisorbed
No. This species is 4.22 eV lower than TSg, as shown in Figure 4. Its geometry has a much-
elongated N-N distance (1.27 A) and shorter C-N distances (1.53 and 1.54 A) than N>*, which
suggests chemisorption. Indeed, it has a negative ion character, as the Bader charge of the N»
moiety is —0.65 e, reminiscent of the metastable CO»% anion on Pt surfaces.?”> The transferred
fractional electron is expected to partially occupy an antibonding orbital of N», leading to its
elongated bond length. The existence of this metastable state is responsible for the trapping of the
incipient N», as shown in the AIMD results discussed below. The corresponding transition state
(TSR") 1s identified with a barrier of 0.18 eV, as shown in Table 2.

The recombinative reaction between two adsorbed N* atoms leading to physisorbed N> via
the LH mechanism was investigated between the two top sheets as well. The TS structure (TSr inter,
Figure 2) is 0.49 eV above the IS, denoted as N*+N*er. The full barrier height is 1.06 eV, coming
from two infinitely separated adsorbed N* atoms, about twice the value found for the top surface.
The IS is located 0.57 eV above the infinitely separated limit, much higher than the -0.06 eV for
the top layer. The TSgr mer geometry is quite similar to the TSr structure for the top surface with
one N atom at a bridge site and the second bonded to only one carbon, while the two N atoms are
closer together at 2.19 A. The FS (physisorbed N2, denoted No*ineer) is 7.35 €V below TSg iner, 2.69

eV above the energy of free N». These barriers are listed in Table 2.
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Figure 5. Potential energy curve for the NEB calculation of CN dissociating from the graphene defect

surface. Corresponding geometries are shown for each point.

No transition state was located for the ER pathway, in which the approach of a gas phase
N(*S) atom is barrierless and highly exoergic with an energy release of 9.68 eV. The calculated
exoergicity is consistent with the experimental value of 9.75 eV.!’

We have also examined the formation of CN from defected graphene in which a nitrogen
atom is connected to an edge carbon atom, as shown in Figure 5. No barrier was found for the
breaking of the C-N bond between the CN moiety and the substrate, and the energy required to
release the CN radical is 2.75 eV. The energetics of the NEB images and the corresponding
geometries are shown in Figure 5. As the CN group departs from the surface, its bond length
extends slightly from 1.17 A to the final value of 1.18 A.

The AIMD calculations for the LH path were performed by starting the trajectories at the
TSr geometry and sampling the vibrational normal modes orthogonal to the reaction coordinate

with the Boltzmann distribution, as described in our recent work.?* 50 trajectories towards the
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product were run at each temperature (1000 or 1900 K). At the higher temperature (1900 K), all
but one trajectory resulted in the formation of gaseous N> product. However, only 44 trajectories
at the lower temperature (1000 K) did the same and the rest were trapped on the surface at the end
of the 1.5 ps simulation time. No trapping in the physisorption well was observed, resulting
apparently from its small adsorption energy. The translational, rotational, and vibrational
distributions of the desorbed N are shown in Figure 6, and scatter plots of angle and kinetic energy
for all the trajectories are displayed in Figure 7. It is clear that the desorbed N> molecules are
translationally and vibrationally hot, while rotational excitation is limited. The average
translational and vibrational energies are 2.25 (2.39) and 1.37 (1.67) eV, respectively, at 1000

(1900) K. These molecules are ejected mostly along the surface normal.

Table 2. Barrier energies (e¢V) for N atom and N, molecule with both pristine and defect graphite slabs. The
process resulting in the TS is defined below the TS label.

Top layer of pristine graphite

TSp TSr TSk
N*—N* N*+N*-SNy* MS— Ny*
0.88 0.53 0.18
Intercalation of pristine graphite
TS TSp»
N*1st = N*2nq N* = N¥ gt
1.28 0.57

To understand the vibrational excitation of the N> product, we resort to the SVP analysis.
The projection of the N-N vibrational mode onto the reaction coordinate at TSr is 0.40, while the
that for the translational mode along the surface normal (Z) is 0.07. This is due to the fact that the
corresponding reaction coordinate is mostly along the N-N vibrational coordinate as the N»
molecule is formed. These SVP values predict that the energy disposal of this highly exoergic
process goes largely into the vibrational degree of freedom, consistent with the high vibrational

excitation in the N2 product. On the other hand, the projection of the translational mode along the
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surface normal is 0.90 at TSr', suggesting strong repulsion when the chemisorbed N> is converted
to physisorption. As a result, the N> product is expected to gain a large amount of kinetic energy
along this direction as it departs from the transition state.

The SVP values also explain the trapping of the trajectories at the low temperature. As a
large portion of the energy released from TSr is in the vibrational coordinate, the energy in the
translational coordinate is expected to be small as it departs from the barrier. This is similar to the
post-transition state dynamics in the recombinative chemisorption of CO, on Pt surfaces.?* Indeed,
they are likely to enter the chemisorption well at MS because of the large N-N internuclear distance
resulting from vibrational excitation. While the N> is expected to desorb eventually to the gas

phase, our maximal simulation time of 1.5 ps is not sufficient to observe its eventual fate.
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Finally, AIMD trajectories have been calculated for the ER pathway. The initial conditions
feature an N atom adsorbed at bridge site and the gaseous N atom 4.00 A above the surface with a
random x and y coordinates in the unit cell and a polar angle of 60° from the surface normal. The
initial kinetic energy was 0.30 eV, and the graphite surface was simulated at 1900 K. Many
trajectories led to direct scattering of the impinging N because of the large impact parameter with
the adsorbed N, and these trajectories were ignored. The N> product distributions for 50 reactive
trajectories with small impact parameters are given in Figures 6 and 7. It is clear that the ER
pathway results in lower translational energy but higher vibrational excitation than the LH pathway.
Note also that the angular distribution of the products is peaked significantly away from the surface
normal, suggesting that the product retains some memory of the incident angle and energy. These
are typical characteristics of ER reactions.?+2%

The exothermicity during N-N recombination can impact the heat flux to a TPS surface;
therefore, the energy that was transferred to the graphite surface during N-N recombination was

calculated and the results for the two different mechanisms were compared. From Figure 8, it is

clear that the majority of the energy released from N-N recombination through the ER pathway
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goes to the nascent N> molecule, especially into vibrational and rotational modes. On the other
hand, a much larger amount of energy is transferred to the surface in the LH pathway. While
similar trends were observed at both 1000 and 1900 K, more energy is transferred to lattice motion
at 1000 K. This is understandable because the residence time of newly formed N> on graphite is
longer at 1000 K than at 1900 K, which gives more time for the energy transfer process and

explains the larger fraction of trapped molecules at 1000 K.
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Figure 8. Distributions of energy transferred to the graphite surface in N-N recombination through LH (left)
and ER (right) pathways.

4.4 Discussion

The theoretical results on the adsorption, diffusion, and reactions of atomic nitrogen on a
graphite surface offer insights into observations in the recent molecular beam experiments.!7-15
Apart from non-reactive scattering, these experiments established that nitrogen atoms recombine
to form N> molecules, which are then emitted into the gas phase. The formation rate of N> was
observed to increase with temperature, implying an activated process. Our calculations confirm
the existence of barriers for the N> formation via the LH mechanism and suggest that the rate-
limiting step is the diffusion of N atoms adsorbed at the bridge sites of the graphite surface. The

calculated diffusion barrier of 0.88 eV is significant, but at the experimental temperature of ~2000

K, the Boltzmann factor is non-negligible (~1%). This is presumably why our previous direct
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dynamics study found no recombinative desorption, as the relatively short simulation time did not
allow the diffusion of N atoms.'>® Once the N adsorbates encounter each other, the recombinative
desorption can take place with a barrier that is lower than that for diffusion. Unfortunately, there
is no experimental report on the apparent activation energy for the N> formation on graphite. In
addition, our calculations also indicate a non-thermal ER pathway, which is barrierless. This ER
mechanism could become important at high coverages of adsorbed N atoms as the chances for N(g)
+ N* encounters increase with the coverage. The competition between the ER and LH pathways
at higher coverages is a future research topic, as the barrier for the LH pathway is likely to decrease
with the N coverage. Our AIMD calculations indicate that the desorbed N> products formed
through both the LH and ER pathways are vibrationally highly excited. This internal excitation in
the ER mechanism is a manifestation of the abstraction nature of the reaction. For the LH
mechanism, vibrational excitation can be explained by the SVP model, which suggests that a large
overlap between the reaction coordinate at the transition state and the N-N vibrational mode
facilitates facile energy flow from the former to the latter. Our results further predict trapping of
the incipient anionic N> in a metastable well at low temperatures. These predictions are to be
verified by future experiments.

Apart from the formation of N, the recent experiment of Murray et al. also found
significant CN product.!>’-13® This radical has long been speculated as the nascent product in
atomic nitrogen ablation of graphite, because the CoN» species was observed in earlier
experiments.!6216% 165 n sharp contrast to N2, which is likely a physisorbed species on graphite,
the CN radical is chemisorbed. The activation energy for the CN formation was estimated by
Murray et al. to be 1.78 eV."*® This product has also been found in our previous simulation as a

minor species when the incident energy was 4.77 eV.!> DFT calculations reported here indicate
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that the elimination of the CN radical from a defected graphite surface is endoergic by 2.75 eV,
but with no barrier. This activation energy is significantly larger than those reported
experimentally. There might be a number of factors that can contribute to this experiment-theory
discrepancy in the binding energy of CN on graphite. Apart from the uncertainty associated with
the functional in DFT, the binding energy might be significantly affected by the bonding site,
bonding pattern, nature of the defect site, and the presence of nearby adsorbates. These questions
require more detailed investigations in the future. However, it is clear that the formation of CN
requires more activation energy than the recombinative desorption of N». This difference explains
the order of magnitude smaller CN signal.'*8

The experiment at low collision energy (0.36 eV) found that the N, N> and CN products
can all be characterized by near cos//angular distributions and Maxwell-Boltzmann kinetic energy
distributions at the surface temperature.'>® Although these results are signatures of a thermal
desorption process, one needs to consider the fact that vitreous carbon was used as a substrate in
these experiments. Due to the extreme roughness of these surfaces, it would not be unreasonable
to assume that desorbing atoms and molecules undergo multiple collisions with on the surface
before escaping to the gas phase. These collisions are expected to dissipate the extra energy to the
substrate, resulting in a thermal distribution, as suggested in our earlier work.!> Interestingly, at
high collision energy (4.8 eV), neither N2 nor CN was found experimentally to have a Maxwell-
Boltzmann distribution.'>” Our theoretical results reported here suggest that although N* may be
equilibrated with the graphite surface, the N> product is unlikely to be thermally equilibrated. For
the ER pathway, the direct abstraction nature prevented such a statistical outcome, while for the

LH pathway the existence of a significant barrier and large exoergicity also result in hyperthermal
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translational and internal excitations in the product. To provide a definitive comparison with theory,
experiments need be performed on well-defined graphite surfaces such as HOPG.

There is some evidence from the recent experiments that the total nitrogen flux increases
with surface temperature, seemingly violating mass balance.'”® This observation could be a
manifestation of N atoms that are trapped in the bulk more efficiently at lower temperatures than
at higher temperatures. Our theoretical results suggest that it is possible for atomic nitrogen to
intercalate the graphene sheets with average adsorption energies comparable to those on the top
surface. These inter-sheet nitrogen atoms might be responsible for the experimental observations
of additional nitrogen release at high temperatures.
4.5 Summary and Conclusions

We report in this work an extensive density functional theory study of the interaction of
atomic nitrogen with pristine and defected graphite surfaces. The adsorption and diffusion of
atomic nitrogen are investigated on the (0001) face of graphite, in between graphene sheets, and
at defect sites. In addition, the formation of N, via LH and ER mechanisms and the formation of
CN are investigated. While the ER reaction to form N; requires no barrier, the LH pathway is
limited by the diffusion barrier of the N-atom adsorbate. The N> formation is found to be highly
exoergic, but the CN formation is highly endoergic. Furthermore, the N> product is found to be
translationally and internally hot. These theoretical results are used to shed light on the recent
experimental observations. Although quantitative agreement is still to be achieved, qualitative
understanding of the possible reaction pathways and mechanisms improve our understanding of
the experimental data. More complete knowledge of such processes will require detailed and
better-defined experiments and more realistic simulations of scattering dynamics. The advances

will benefit models of hypersonic air-carbon ablation chemistry and future design of TPS materials.
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CHAPTER 5

SPIN-DEPENDENT REACTIVITY AND SPIN-FLIPPING DYNAMICS IN O ATOM

SCATTERING FROM GRAPHITE

The materials discussed in this chapter is based on the publication: Z. Zhao, Y. Wang, X.
Yang, J. Quan, B. C. Kriiger, P. Stoicescu, R. Nieman, D. J. Auerbach, A. M. Wodtke, H. Guo, G.
B. Park, Nat. Chem., submitted, Spin-dependent reactivity and spin-flipping dynamics in O atom

scattering from graphite.

5.1 Introduction

The influence of electronic spin on the outcome of molecular collisions is of fundamental
importance in understanding chemical reaction pathways and rates and often has dramatic effects.
In gas-phase reactions and photochemistry, electronic spin conservation leads to well-known
selection rules. For example, O('D) reacts without a barrier by inserting from the side into an H-

210 whereas O(°P) reacts at one end of the molecule forming OH+H, which

H bond to form water
requires significant activation?'!. On the other hand, spin-forbidden reactions are known,
particularly for systems involving heavy atoms.?'?> Spin-orbit couplings can be computed for
simple gas-phase reactions®!', and the role of spin in gas-phase reaction dynamics has become well
understood.

In contrast, for surface reactions, so important to topics like catalysis, corrosion, and
microelectronic materials processing, spin-selective reactivity is controversial. For example, spin

selection rules have been invoked to explain conflicting results coming from experiment and

theory for the dissociative chemisorption of O2(3%Z;) on Al(111). Experiment shows that the
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reaction becomes more probable when O2(3%;) collides at the surface with high translational
energy’’, a clear indication of a barrier to dissociative adsorption. However, when DFT
calculations are performed at the level of generalized gradient approximation (GGA), no barrier is
found.>® 2'* One school of thought supposes that the reaction must occur with conservation of
triplet spin, and indeed spin restricted DFT calculations predict a barrier to reaction.’® 2!* An
alternative explanation involves charge transfer—transient O, formation— where barriers are
found only when correlated wave function methods are used. In this line of reasoning, weaknesses
in the ability of DFT-GGA to describe charge transfer are the source of inconsistency between
experiment and theory®!: 66,

While the work just described reveals important features of surface chemistry, especially
the care that must be taken when attempting electronic structure calculations of reaction paths,
they leave unanswered questions of whether and under what conditions electronic spin is important
in surface chemistry and it is unlikely to be unimportant. For example, it has been recently
demonstrated that the electrons’ spin degeneracy lowers the reaction rate constant fourfold in H-
H recombination on metals, just as has long since been known for H-H recombination in the gas
phase. The fate of atomic spin polarization in H scattering from surfaces has been explored
theoretically?'>, but to the best of our knowledge, there are no experiments addressing spin-
dependent reactivity and/or spin-flipping pathways.

In this paper, we report spin-resolved state-to-state scattering of O atoms from a highly
oriented pyrolytic graphite (HOPG) surface, using a novel ion-imaging technique to measure
reaction probabilities and differential scattering cross sections with high velocity resolution for
both incident and scattered atoms even when the incident atomic beam has a broad velocity

distribution. We analyze these experimental observations with the help of novel spin-state selective
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molecular dynamics (MD) simulations using newly developed high-dimensional potential energy
surfaces (PESs), machine learned from DFT data. The results clearly demonstrate O('D) undergoes
much more efficient reaction with HOPG than does O(°P), exhibiting higher sticking probabilities
than its high-spin counterpart. We also observe electronically nonadiabatic pathways, where O('D)
quenches to O(’P), releasing excess kinetic energy. The mechanism of quenching involves a spin
flip — singlet to triplet — of a highly vibrationally excited chemisorbed O atom formed from incident
O('D), that takes place before it has equilibrated fully with the surface.
5.2 Methods
The experimental setup is shown in Fig. S1 of the Supplementary Materials (SM). Alternately, one
of two methods is used to generate atomic oxygen beams with different initial O-atom spin state
distributions: photolysis, which favors formation of O('D), or electric discharge, which favors
OC’P).
O-atom photolysis source: To generate well-defined O atom beams comprising predominately
O('D), we used 157 nm radiation from an F» excimer laser for photolysis of CO2. The 157 nm
photolysis of COz occurs via two channels?!'®

CO,("ZH) + hv - O('D) + CO('E£*) (Channel 1, 94%)

CO,("zH) + hv - OC’P) + CO(*=*)  (Channel II, 6%)
The measured translational energy distribution of the O(‘D) component is bimodal with broad
peaks at 0.065 and 0.23 eV, whereas the minor O(*P) component exhibits a single peak at ~1.5 eV.
O-atom discharge source: The discharge source makes use of a home-built pulsed solenoid valve
equipped with a homemade pulsed DC discharge device?!” based on the Lu et al. design?'®. We

measured the beam state composition to be 87+2% O(°P) and 13+2% O('D). Both spin states
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exhibit broad translational energy distributions peaked at 0.36 eV with a FWHM of 0.2 eV (See
Section 1.1 of the SM for more details.)

Scattering experiments: Scattering experiments were performed from a pristine HOPG surface,
held at 298 K and mounted downstream of the beam sources in a UHV chamber. The incident and
scattered O atoms were detected state-selectively by resonance-enhanced multiphoton ionization
(REMPI), using a pulsed, tunable UV dye laser. lons were detected mass-selectively using a home-
built imaging detector, which directly provides the velocity vector of each O atom that undergoes
in-plane scattering, following the approach of Refs.?> 2122l (See Section 1.1 of the SM for more
details.)

Incoming/Outgoing Correlation lon-imaging: high resolution scattering with “bad beams”. The
molecular beam sources of spin-state enriched O atoms used in this work exhibit broad and
irregular velocity distributions, a common problem in molecular beam chemistry that typically
prevents high resolution transitional energy measurements. We have overcome this problem by
combining pulsed molecular and laser beams with ion imaging. Controlling the delay time between
the pulsed laser and pulsed molecular beam acts as a time-of-flight velocity selection of the
incoming atoms. Simultaneously, velocity information on the scattered outgoing atoms is obtained
from ion imaging. Combining this incoming/outgoing velocity information allows us to determine
the incident velocity of the O atom connected with individual scattered atoms detected in the ion
image. Specifically, for every ion detection event seen in the ion image, we simultaneously record
the time, t,rope, at which the REMPI laser fired relative to the firing of the atomic beam source.
The position in the ion image tells us the velocity vector of the outgoing O atom v and, together
with the distance from the REMPI detection point to the surface, dgrgmpi—surface» W€ can calculate

the time at which the detected O atom departed the graphite surface,
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tdepart = tprobe — AREMPI-surface/ Vzf (1)
where v, ¢is the component of v¢ along the incident atomic beam axis. Assuming zero residence
time, the arrival time of the atom at the surface iS t;rrive = tgepart- With the measured distance
from the beam source to the surface, drgmpi—surface» W€ Obtain the incident atom’s speed
Vi = dsource-surface/ tarrive 2)

In this way, we determine the incident O-atom speed for each scattered atom seen in the ion
image. By recording ion images at all values of t;.o,e Where ions can be detected in the image, we
map out distributions of v¢ at particular values of v; within the broad distribution of the incident
beam. This multiplexing concept allows us to use “bad” O atom sources with broad speed
distributions, but well-defined spin ratios to control incidence electronic excitation. (See Section
1.2 of the SM for more details.)

Density Functional Theory (DFT): DFT calculations of atomic oxygen on graphene were
performed using the Vienna Ab initio Simulation Package (VASP).”>** The PBE functional was
used to calculate the exchange-correlation energy.??> The HOPG surface was approximated by a
single graphene layer with a unit cell of 32 carbon atoms, which should be sufficient for low energy
collisions. Unlike the conventional spin-relaxed treatment where the lowest energy spin state is
followed, we constrained the spin of the system by fixing the number of unpaired electrons. These
spin-constrained DFT data permit for the first time, the construction of spin-specific potential
energy surfaces (PESs) for surface systems. These PESs with 99 dimensions were fit using the
Embedded Atom Neural Network (EANN) method.®® The triplet and singlet PESs were then used
to reconstruct the adiabatic PES by taking the lower energy of the two PESs. These PESs were
used as the basis for spin-conserving and spin-changing molecular dynamics (MD) simulations of

atomic scattering. See Section 1.3 of the SM for more details.

102



5.3 Results

Calculated PESs. The calculated surface binding configurations and saddle points on the triplet
and singlet PESs are compared in Fig. 1. The triplet PES has a shallow physisorption well ~2.3 A
above graphene and exhibits stable chemisorption at top and bridge sites with 0.65 and 0.51 eV
binding energy, respectively. On the singlet PES, no physisorption state was found. The bridge
site is the only stable binding site, forming an epoxide moiety with an elongated C-C bond (r=1.5
A) and two C-O bonds (r=1.5 A). The binding energy at the bridge site is 1.91 eV relative to the

223-227 \which follow

triplet asymptote. These results are consistent with previous DFT calculations,
the lower adiabat because the spin of the system was not specified. The PESs of the two spin states
cross when the O-atom is relatively far (~ 2 A) from surface and the intersection seam is almost
isoenergetic to the triplet asymptote (Fig. S11), but the crossing seam might contain significant
uncertainties given the inability of DFT to reproduce the 'D-*P energy difference of atomic oxygen.
For the impinging O(’P) atom, it is possible to hop to the singlet state or stay in the triplet state,

which will lead to different dynamical results. The incident O('D) atoms also face the choice of

either staying on the singlet state or hopping to the triplet state as they reach the intersection.

1.5
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Figure 1. DFT stationary points on the triplet (blue) and singlet (red) PESs for atomic oxygen on graphene.
The triplet PES has a shallow physisorption well with O 2.3 A above the surface and exhibits chemisorption
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at top and bridge sites with binding energies of 0.65 and 0.51 eV, respectively. The singlet PES does not
have a physisorption well but exhibits strong chemisorption at the bridge site (1.91 eV binding energy
relative to the O(*P) asymptote.) The two PESs cross at a seam of intersection located near the physisorption
barrier on the triplet PES. In the O('D) scattering simulations, the singlet PES was shifted upwards by 0.7
eV to match the 'D/°P energy gap of the atomic oxygen.

Scattering of OCP). Using the 87% O(°P) discharge source, we measured the energy and angular
distributions of scattered O atoms. We looked for atoms in the O('D) state but did not find any.
Using the incoming/outgoing ion imaging correlation method we determined the angular and
kinetic energy distributions of scattered O(*P) atoms with <E>=0.34+0.05 eV at an incidence
angle of 20°. The results are displayed in Fig. 2a. (Distributions obtained at other incidence angles
are shown in Fig. S9.) The angular distribution is peaked close to the specular angle and the energy

distribution is peaked at a value of Ey/E; =0.47. Furthermore, the scattering energy distribution

clearly depends on the incidence energy, as shown in Fig. 2d. These results indicate that the

observations are dominated by a direct inelastic scattering mechanism with <1 ps surface residence

time, as has been reported previously in O/HOPG scattering experiments performed at Tsurr = 298
K 101,228

O(1D) scattering experiments with the 94% O('D) source. The beam consists of both O('D) and
O(*P) atoms but the O(°*P) are much faster and consequently arrive at the surface much earlier. Fig.
3a shows the flux of incident and scattered O atoms as a function of tprope. Incident O(°P,) atoms
reach the detection laser about 40 s after the photolysis laser, whereas incident O('D) atoms arrive
between ~80-220 us. Note that the surface-arrival time distributions of the O('D) and O(°P) atoms
are separated in time, making state-to-state measurements of the scattered atom distribution

possible. No scattered atoms could be detected in the O('D) state, but scattered O(°P) atoms were
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detected with a broad t,.op distribution between 30 and 250 ps after the photolysis laser also

shown in Fig. 3a.

(a) Discharge Source (E; = 0.34 £+ 0.05 eV)
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Figure 2. (a) The experimental kinetic energy and angular distribution of O(*P,), obtained after scattering
atomic O (£=0.34+0.05 ¢V) from HOPG at an incidence angle of —20°. Calculated scattering distributions
at an incidence energy of £i=0.34 ¢V and an incidence angle of 20° are plotted in panels (b) and (c) using
the triplet PES and adiabatic PES, respectively. The average scattered kinetic energy, derived from
experiment, is plotted as a function of incidence kinetic energy in panel (d). The horizontal error bars

indicate the FWHM of the incidence energy distribution corresponding to each data point.

Fig. 3b shows the results when applying the incoming/outgoing correlation methods. Here
we compare the distribution of t,ye for the incident O('D) and O(°*P) atoms with the distribution
of tgepart for the scattered O(C®P) atoms. (The details of the correction for the surface to probe laser
flight time are illustrated in Fig. S4 of the SM.) There is a small contribution of incident O(°P)

atoms at early times, giving rise to a peak at ~40 us, but the primary scattering component, which

extends from 90-250 us, has a tgepar distribution that closely matches the surface-arrival time
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distribution of O('D) atoms, which allows us to definitively assign the primary component of the

signal from OC’P) leaving the surface to a spin-changing process involving O('D) — O(CP)

conversion induced by the collision at the surface. (Note that the small peak at 85 pus marked with
an asterisk is an artefact arising from a small contamination of Oz in the CO> precursor beam.)

Figure 3¢ shows the O('D) — O(°P) scattering energy distribution for £; =0.065+0.02 V.

The most probable scattering energy EMF is ~0.1 eV and the distribution extends more than 0.3 eV
higher than Ei. This excess translational energy must come from the incidence electronic energy
(1.97 eV). Remarkably, only a small fraction (~5%) of the incidence electronic energy is converted

to translation. The results also show that the spin-forbidden O('D) — O(*P) channel occurs without

complete thermalization of the adsorbed atom to the surface. Comparing Figs. 3¢ and d, where the
incidence energy is increased from 0.065 to 0.23 eV, we see that EMP also increases from 0.1 to
0.2 eV. This memory effect rules out the possibility of a substantial residence time at the surface
and at the same time validates the assumption tarrive = tgepart> Used in the incoming/outgoing
correlation method. Additional evidence of electronic to translational energy conversion is seen in
Fig. 3d, where the scattering energy distribution obtained for incident O(°P) and O('D) are
compared at £=0.23+0.05 eV. Note that the observed energy of departing O(’P) is significantly

smaller than that obtained for incident O('D).
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Figure 3. (a) The flux of incident O(°P») (blue stars), incident O('D) (black squares), and scattered O(°Pa)
(red circles) in the CO: photolysis experiment are plotted as a function of t, ope. (b) The tgpripe distribution
for incident O('D) and O(°Py) is compared with the tgepare distribution for scattered O(°P2). The widths of
the red shaded rectangles indicate the size of the tgepart histogram intervals and the horizontal error bars
indicate the FWHM uncertainty in tgepare due to uncertainty in the velocity measurements. The peak at 85
us (marked with an asterisk) is an artefact due to a small contamination of O, in the CO, molecular beam.
(c) The scattering kinetic energy distribution for the O(‘D)—O(°P,) channel is shown for incident O
assigned to (Fi)=0.065+0.020 eV (blue stars). The distribution of incidence energies (including
experimental uncertainty) is shown as a blue dashed curve. (d) The scattered O('D)—O(P») kinetic energy
distribution from the CO, photolysis source assigned to (£;)=0.23£0.02 (Ei)=0.2+0.02 eV (black squares)

is compared to the distribution obtained from the O, discharge source (red circles) with a similar range of
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incidence energies ((£i)=0.23+£0.05 eV). The incidence energy distributions are indicated by black and red

dashed curves, respectively.

The sticking probabilities of O('D) are uniformly larger than those of O(*P) as shown in
Fig. 4. Experimental sticking probabilities were derived by comparing the ratio of total incident
and scattered flux from the CO; photolysis and O discharge sources, respectively, assigned via
the incoming/outgoing correlation method (see Section 2.4 of the SM for details). Despite rather

larger error bars, it is unmistakable that O('D) exhibits ~7 x higher sticking probability than O(*P).

Simulation results for OCP) scattering. To test the validity of spin conservation in the dynamics,
MD simulations were carried out on both the triplet and adiabatic PESs. Figure 2 compares the

experimental results (panel 2a), obtained for the O(P)—O(°P) channel at £i=0.34+0.05 eV and

6:=20° with the theoretical results calculated for the same incidence conditions using both the
triplet (2b) and adiabatic (2c) PESs. Similar results at different incidence angles are included in
Fig. S9. The experimental distribution can only be reproduced by use of the triplet PES. Dynamics
calculations on the adiabatic PES yield a bimodal angular distribution, in which the backscattering
peak can be attributed to the strong corrugation of the graphene surface towards O atom. No
evidence of this backscattering peak is seen in experiment. The sticking coefficients for OC’P)
obtained from MD simulations are shown in Fig. 4, where the value from spin-conserving (triplet)
simulation is shown to be significantly smaller than that from spin-relaxed adiabatic simulation

and closer to experiment. (See Section 2.4 of the SM for details.)
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Figure 4. Measured sticking coefficients for O('D) from the CO, photolysis experiment (red circles) and
for O(°P) from the O, discharge experiment (black squares) are plotted with 95% confidence intervals as a
function of incidence kinetic energy. Calculated sticking coefficients for O(°P), obtained from trajectory

calculations on the adiabatic PES (green triangle) and triplet PES (blue star) are also shown.

Simulation results for O('D) scattering. Two different MD simulations were performed for
scattering of O('D) atoms at an incidence energy of 0.23 eV and an incidence angle along the
surface normal, where comparison to experiment is possible. The first simulation employed the
singlet PES, neglecting possible singlet-triplet crossing. Here, all trajectories led to sticking, which

is consistent with the absence of O('D)—O('D) scattering in the experiment (Fig. 3b).

The second simulation models singlet-triplet coupling in a semi-empirical way. A proper
simulation of the non-adiabatic intersystem crossing dynamics requires the knowledge of the
coordinate-dependent spin-orbit coupling between the singlet and triplet states, which is very
challenging for this high-dimensional system and beyond the scope of this work. Instead, the
following strategy was used to consider spin non-conserving dynamics.

As the impinging O('D) atom first approached the singlet-triplet seam, no transition to the

triplet was permitted in our model; this is justified by the high velocity of the incident atom. The
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O atom then forms a hot adsorbate structure and begins relaxing to form the stable epoxide-like
bridge site species. During the course of relaxation, the O atom continues to attempt crossings of
the singlet-triplet seam, but it does so with decreasing velocity and thus increasing probability for
a transition to the triplet. We simulated the effect of this time varying spin flip probability with the
following ad hoc procedure. We imposed a singlet-triplet crossing delay, tg_r. Any trajectory that
reaches the singlet-triplet seam in the outgoing direction after this time delay is allowed to cross
to the triplet PES with 100% probability. Very few such spin flips were observed, as the fast energy
dissipation of the hot adsorbate rapidly prevents the trajectory from approaching the seam, which

lies ~2 eV above the singlet PES minimum. See Section 2.5 of the SM for more details.
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Figure 5. The final kinetic energy distribution for the scattered atomic oxygen, initially in the 'D state, from
HOPG via the spin non-conserving O('D)—O(°P) channel. Simulations were performed in which the spin
flip was allowed to occur when the singlet/triplet seam of intersection is crossed in the outgoing direction
only after a chosen delay, as described in the main text. Simulated results are shown for an incidence kinetic
energy of 0.23 eV and a delay of 0 fs (green dotted line), 50 fs (blue dashed line), and 100 fs (red solid line).
The experimental results corresponding to an incidence kinetic energy range of 0.23+0.02 eV is shown for

comparison (black squares).
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Figure 5 compares the experimental distribution for scattered O(°P) atoms resulting from

incident O('D) with calculated results. When the singlet—triplet transition is assumed to occur

immediately (tg_r = 0 fs), a much larger fraction of the electronic energy of incidence is channeled
to translation energy of the scattered atom. As t5_; increases, the trajectories that undergo seam
crossing back to the triplet result from a partially relaxed adsorbate, which leads to reduced
translational energy in the outgoing atom. When t5_=100 fs, the simulated kinetic energy
distribution agrees well with experiment. We caution against taking this value of 75_; as an
accurate estimate of the actual singlet-triplet crossing delay. It represents the time required for the
nascently adsorbed O atom to lose sufficient kinetic energy to undergo a spin-flip transition and,
due to the small size of our model system, the energy relaxation rate is probably not quantitatively
accurate. What is clear is that a prompt spin relaxation, 7s_r =0, is incompatible with the
experimental results. Furthermore, the ability of the model to reproduce experiment only with a
substantial singlet-triplet delay suggests that the spin-orbit coupling is small, consistent with the
small atomic numbers of the constituting atoms.
5.4 Summary and conclusion

Using a novel high-resolution state-to-state scattering approach, we experimentally
investigate the spin-state selective scattering of O atoms and their adsorption to HOPG to explore
the spin-dependent reactivity and spin-flipping dynamics in surface chemistry. Detailed DFT and
MD calculations on high-dimensional PESs machine-learned based on DFT data are performed to
gain a more in-depth understanding of the experimental observations. Both experiment and theory
reveal large sticking probabilities for O('D), which are attributed to the formation of a surface
bound epoxide, with a ~2 eV binding energy to the surface relative to the triplet asymptote. The

nascent epoxide adsorbate formed by collision of O('D) at the surface possesses ~4 eV of
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vibrational energy and rapidly relaxes below the desorption asymptote. The only mechanism by
which O('D) may return to the gas phase involves a spin flip to the triplet state, which is indeed
observed in our experiment. Semi-empirical dynamics simulations show that this spin flip must
occur after the impinging oxygen atom dissipates a significant portion of its energy to the HOPG
surface, but before it reaches thermal equilibrium.

Sticking probabilities for O(*P) are smaller than those of O('D) but are still significant
under the conditions explored in this work. The fact that experimental angular and kinetic energy
distributions are consistent with the theoretical simulations performed using the triplet PES allows
us to conclude that triplet—singlet—triplet conversion does not readily occur at the surface during
direct scattering trajectories at incidence energies around 0.34 eV. The most likely sticking
mechanism involves dissipation of incidence kinetic energy on the triplet PES followed by spin
relaxation to the lower singlet state on longer timescales.

These conclusions are consistent with the scattering results of atomic oxygen from the 94%
O('D) CO; photolysis source, where the scattering kinetic energy distribution of the O('D)— O(*P)
channel involves hyperthermal yet still relatively low translational energies in comparison to the
nearly 2 eV of incidence electronic energy (Fig. 3 and Fig. S7). Since the seam of intersection is
near the triplet asymptote, the observed energy of the scattered O(°P) closely reflects its kinetic
energy at the seam of intersection. The high sticking coefficients (Fig. 4) are consistent with this
picture. The inefficiency of spin relaxation for incident O(’P) atoms limits their likelihood of
sticking to the surface, whereas the inability of O('D) to convert to O(°P) when the kinetic energy
at the seam of intersection is too high leads to enhanced O('D) sticking. These observations
underscore the two important factors in spin-flipping dynamics in surface chemistry, namely the

efficiency of vibrational energy dissipation and strength of the spin-orbit coupling. The picture
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that emerges from this study is that spin-forbidden transitions do occur in this system, but with
low probabilities.

5.5 Supplementary material
5.5.1 Methods

5.5.1.1 Experimental

Figure S1 shows an overview of the experimental setup. The discharge nozzle is directed along
the atomic beam axis with the discharge region 342.5 mm from the HOPG surface. The molecular
beam nozzle for photolysis is mounted at 90° to the beam axis with the photolysis region 174 mm

from the surface. The REMPI probe laser is focused 22 mm in front of the surface.
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Figure S1. Schematic of the experimental setup of the atomic beam scattering apparatus. The flight distance
from the discharge source (1) to the REMPI probe laser (6) is 320.5 mm, whereas the distance from the
photolysis region (overlap of the CO, molecular beam (3) with the focused F2 laser (4)) to the REMPI laser
is 152 mm. The incident atomic beam flies from left to right across two differentially pumped chambers
before entering the UHV chamber, where it impinges upon an HOPG surface (8) mounted on a manipulator
(9). The surface is located 22 mm from the REMPI laser. Oxygen ions are extracted into a flight tube (7)

through which they are sent upward towards an imaging detector (not shown).

Discharge source. Figure S2 shows a schematic of the components of the discharge source. In the
discharge region there is a conical electrode and a ground electrode. A ceramic electrode holder
and a ceramic electrode spacer are installed between the two electrodes. A —1200 V pulse with 20
us width is applied to a copper ring attached to the conical electrode, shown in yellow color. An
expansion of O; seeded in helium passes through the discharge region, where atomic oxygen is
formed. The discharge current (~40 mA) is monitored during the discharge. During the discharge
a simmer voltage of —1500 V is applied to a copper wire brush mounted off-axis 2.5 cm
downstream of the orifice. Electrons that are emitted from the brush stabilize the pulsed discharge

current by pre-ionization (<100 ns temporal jitter and 1% amplitude fluctuation).
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Figure S2. Expanded schematic drawing of the O-atom discharge source.

Photolysis source. For the photolysis process a molecular beam of CO» is introduced to the source
chamber by a home-built pulsed solenoid valve based on the Even-Lavie design ?2°. This molecular
beam is collimated by a 2 mm skimmer and subsequently photodissociated by a 157 nm F» laser
(Coherent LPF Pro 205 F 400 VAC, about 20 mJ pulse energy), focused by a f= 400 mm lens, to
produce the atomic oxygen beam, which is perpendicular to the pulsed molecular beam and VUV
laser.

UHYV Chamber and Detector. The atomic oxygen enters the UHV chamber through a 3 mm x 1
mm (horizontal x vertical) rectangular aperture before impinging on the target surface. Prior to
each set of scattering experiments, the surface is annealed by electron bombardment heating at 450
°C for 30 minutes. The cleanliness and structure of the surface is characterized by low-energy

electron diffraction (LEED) and Auger electron spectroscopy (AES). Under the conditions in
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which experiments were performed, the LEED pattern and AES spectrum were consistent with
pristine sp? carbon—the oxygen coverage was below the AES detection threshold.

The resonance-enhanced multiphoton ionization (REMPI) detection of the incident and
scattered O-atoms makes use of a tunable UV dye laser (Sirah Cobra Stretch CBST-G-18 + THU-
205-N), operated with DCM, Rhodamine B, and Rhodamine 101 dyes and pumped by the second
harmonic of a Nd:YAG laser (Innolas Spitlight 600 S/N P1754) operated at a repetition rate of 50
Hz. The fundamental is frequency tripled by a pair of BBO crystals yielding the desired ionizing
radiation in the 200 to 240 nm range with a pulse energy of 0.4—2.0 mJ and a pulse duration of 8
ns. The laser beam is focused by a 250 mm lens into the region between the repeller and extractor
of the detector. The focusing lens is mounted on a motorized translation stage so that the focus can
be scanned along the laser propagation direction. During scattering experiments, the laser focus is
continuously scanned back and forth so that the effective detection efficiency is uniform along the
laser propagation direction. The J-resolved detection of O(3P2,1,0) is achieved by (2+1) REMPI
via the 3p 3P intermediate state at wavelengths of 225.654, 226.059 and 226.233 nm, respectively
230 and O('D) atom is detected by (2+1) REMPI via the 'F « 1D transition at 203.812 nm 2!,

The laser ionization takes place between a pair of 45 mm diameter extractor and repeller
grids that are separated by 5 mm. After ionization, an extraction delay of typically 0.1-2 us is
introduced before pulsing the repeller grid to +2500 V. The extraction delay results in slice
imaging 2*2233, which selects only the component of the atoms that scatter in the plane defined by
the incident atomic beam and probe laser axes. Mass selection is achieved by pulsing the MCP
voltage, and the two-dimensional velocity is extracted from the ion image, obtained either in

spatial imaging mode (without Einzel lens) or velocity mapping mode (with the Einzel lens turned

on). The time-of-flight tube to the detector has a length of 44 cm. The scattering angular
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distribution that can be imaged at a given time is limited by the detector cutoff to approximately
+25° from the surface normal. However, the detector can be translated along the probe laser
propagation direction to increase the measurable range to —45° to +65° relative to the surface

normal.

5.5.1.2 Incoming/Outgoing Correlation Ion-imaging: high resolution scattering with “bad
beams”

Most previous studies using energy-resolved atomic beam scattering experiments have
relied on diatomic molecules as photolysis precursors because energy and momentum conservation
lead to sharp incidence kinetic energy (£; distributions. Our CO; photolysis and O discharge
sources lead to incident O-atom beams with broad E; distributions, but velocity-resolved detection
allows us to probe significantly below the energy resolution afforded by the incident beam. In
particular, since the photolysis occurs in a narrow time window (20 ns) and well-defined spatial
region (~2 mm broad), different incidence velocity components spread out during the long flight
distance from the photolysis region to the surface (174 mm) and reach the surface at different
times. This is illustrated in Fig. S3. The center panel of Fig. S3 shows the ion image of incident
oxygen atoms from the CO; photolysis source, probed at the REMPI laser position dgrgmpi—surface
=22 mm in front of the surface at three different photolysis-probe laser delays. The arrival time-
dependence of the incidence velocity that was obtained from the ion images was found to match
the result calculated from the 152 mm flight distance between the photolysis and probe laser
divided by the photolysis-probe laser delay (Eq. 2 of the main article). Since the incidence velocity

(vi) of each atom is known, it is trivial to calculate its arrival time at the surface from

dREMPI-surface (Sl)

tarrive = tprobe T v

which allows us to construct a plot of <Ei> Vs famive (Fig. S3, left-hand side).
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VMI images of the scattered atoms are obtained as a function of the photolysis-probe laser
delay, #yrobe. The total flux of scattered atoms detected at each delay is shown in the left-hand panel
of Fig. S4, and representative ion images obtained at three delays are shown at the top of Fig. S4.
Since the velocity components of each scattered atom are also measured at each probe laser delay,
the time at which each REMPI detected atom left the surface is calculated from

_ AREMPI-surface (S2)

t
probe Vg

tdepart

where v.r is the component of velocity of the scattered atom along the incident beam direction.
The boxed regions shown in the ion images of Fig. S4 represent the assignment of ions into 10 us
histogram intervals of #4epart. The overall #4epart distribution (right-hand panel of Fig. S4) is obtained

by summing the histograms obtained at each value of #yrobe.
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Figure S3. The relationship between arrival time at the surface and the expectation value of incidence

kinetic energy is shown in the left panel for the O atom beam obtained from the CO, photolysis source. The
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black square markers indicate the value of <E;> obtained from ion imaging and the error bars indicate the
FWHM of the instantaneous £; distribution obtained at each delay. The red curve shows the expected arrival
time dependence of kinetic energy derived from the experimental geometry. The ion images at fprope =92.7
US, torobe =113 ps, and #probe =168 ps are illustrated in the middle panel, and their corresponding kinetic

energy distributions are shown in the right panel.
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Figure S4. The lower left panel shows the total density of scattered O (*°P) atoms obtained using the CO;
photolysis source as a function of the photolysis-probe laser delay, #yobe. VMI images obtained at three
representative delays are shown at the top. For each ion in the image, the departure time from the surface,
tdepart, 18 calculated from v, s using Eq. S2. The rectangular boxes drawn over the ion images represent 10 us
histogram intervals for Z4epart (as labeled). The overall z4epar distribution obtained by summing the histograms
for every image is shown in the lower right panel. The contribution of ions to different zscpart intervals is
indicated by colored arrows. Due to the broad distribution of scattered velocities, ions from images obtained

at multiple different #y.ve delays contribute to each interval of Zgcpar.
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For direct scattering phenomena described in the current work, the < ps residence time at
the surface can be considered negligible, which allows us to equate farrive With Zgepare and assign a
value of <Ei> to each scattered atom based on the arrival-time dependence of <E;>, which can be
read from the left panel of Fig. S3. A much higher energy resolution than the width of the E;
distribution is obtained by selecting only those scattered atoms assigned to a particular <E>
interval.

The approach can also be applied to experiments involving the discharge source with the
only difference being that the arrival times of different incidence kinetic energy components are
less well resolved (~20% Ej resolution), since the O atoms are generated over a broader time
window (~20 us) and in a broader spatial region (~4 mm) compared to the photolysis source.
Figure S5 illustrates the relationship between arrival time at the surface, farive, and incidence kinetic
energy, Ei, obtained with the discharge source. The central panel shows ion images of the incident
atomic beam acquired at three different #yrobe delays, defined as the delay between the maximum
of the discharge current pulse and the firing of the REMPI probe laser. For each image, the
expectation value of famive 1S calculated from Eq. S1 using the measured velocity distribution. The
distance dremplprobe between the probe laser and surface was 22 mm. The incidence kinetic energy
distribution corresponding to each image is shown in the right-hand side of Fig. S5, and the
relationship between famive and Ej is shown in the left-hand panel. Vertical error bars represent the
FWHM of the instantaneous distribution of E; of atoms impinging on the surface at each point in
time. There is a clear time dependence of (E;), but the energy resolution is only approximately
20%, due primarily to the finite (~20 us) length of the discharge current pulse. The red curve
through the data represents the expected value of (E;), calculated from the 320.5 mm distance

between the discharge source and the surface and the time delay (Eq. 2 of the main text).
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Figure S5. The center panel shows ion images of incident O *P, atoms from the discharge source obtained
at different #yrone delays. The corresponding kinetic energy distributions are displayed in the right-hand side
of the figure and the expectation value of arrival time at the surface for each group of atoms is indicated in
the figure. The left-hand panel shows the expectation value of incidence kinetic energy as a function of
arrival time at the surface. Vertical error bars represent the FWHM of the instantaneous distribution of
incidence energies derived from the measurement. The red curve shows the expected time dependence of

E;, based on the distance from the discharge source to the surface.

5.5.1.3 Computational methods

Density Functional Theory (DFT). The computational results were obtained from plane-wave
DFT calculations performed using the Vienna Ab initio Simulation Package (VASP) ** 234, The
PBE functional is used to calculate the exchange-correlation term based on the generalized
gradient approximation (GGA) 2¥. The electron—ion interaction is described by the projector
augmented-wave method (PAW) 23°. The energy cutoff of the plane-wave basis is set to 400 eV.

The HOPG surface is modeled by periodic slabs with one-layer 4x4 cell containing 32 movable C
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atoms and a vacuum space of 15 A in the z-direction. The Brillouin zone is sampled with a 2 x 2
x 1 k-point grid.

The spin-constrained triplet calculations are carried out using spin-polarization with
NUPDOWN=2, while the singlet calculations are performed with spin-unpolarized DFT.

The O atom adsorption energy is calculated according to

Ead(o) = EO@Gra —Eo — Egra (83)

where Eoggra, Eo and Egr, are the energy of the whole system, the O atom in gas phase and the
isolated graphene sheet.

Ab Initio Molecular Dynamics (AIMD). About 400 AIMD trajectories are calculated with an O
atom incidence energy of 1.0 eV along the surface normal at a surface temperature of 300 K. The
system is constrained to either the singlet or triplet state throughout the simulation, using the spin-
constraining recipe described above. The initial position of the O atom is evenly sampled over the
unit cell at 6 A above the surface.

NN PES fitting. PESs with 33 movable atoms (99 dimensions) are fitted with the Embedded Atom
Neural Network (EANN) method ®, which enforces full permutation symmetry. 120000 points
(energies and gradients) are used in the fitting. These points are culled from the AIMD trajectories
using a criterium based on the Euclidean distance larger than 0.3 A. The fitting quality of the
singlet and triplet PESs is given by root mean square errors (RMSEs) of 19 and 26 meV,
respectively. These two PESs intersect, as shown in Figure 1, and the lower energy one of the two

PESs forms the adiabatic spin-relaxed PES.
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5.5.2 Results

5.5.2.1 Scattering experiments with the Oz discharge source

Under the conditions used in this experiment, the O-atom discharge source gave rise to an
incident O atom beam with a state distribution of *P:'D=0.867+0.018:0.133+0.018 and >P»: *P;:
3P¢=0.933+0.038:0.053+0.031:0.014+0.007. The incident beam had a broad kinetic energy
distribution peaked at 0.36 eV witha FWHM of 0.2 eV (see Fig. S6, left panel). The overall angular
and kinetic energy distribution of incident and scattered O P, atoms obtained in the discharge
experiment is shown in Fig. S6 for three different incidence angles. Using the incoming/outgoing
correlation method, we assigned a value of <E> to each scattered atom. The solid red curve in Fig.
3d of the main text includes only those atoms with <E> in the range 0.23 + 0.05 eV. Figure 2d of

the main text shows the dependence of the mean scattered kinetic energy on the incidence energy.
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Figure S6. Scattering characteristics of the O3P — 3P channel. Left panel: The kinetic energy distributions
of incident O P, atoms generated by running 1% O»/He at a stagnation pressure of 10 bar through a pulsed
discharge source, operated with a discharge voltage of —1200 V and a discharge current pulse width of 20
us, is shown with open squares and the kinetic energy distribution of O(*P,) atoms scattered from HOPG
at normal incidence angle is shown with solid squares. The angular distribution of scattered O(°*P,) is shown
in the right panel. The dashed vertical lines indicate the angles at which a portion of the ions start to be cut

off due to the detector geometry. The portion of the angular distribution between the dashed lines can be

considered reliable.
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5.5.2.2 O('D) Scattering experiments with the CO: photolysis source

The overall kinetic energy distribution of the incident O('D) and scattered O(*P2) atoms
are shown in Fig. S7. The incident O('D) atoms have a broad kinetic energy distribution with peaks
at 0.065 and 0.23 eV, which correspond to formation of the CO co-product in the v=1 and v=0
states, respectively. Both peaks are broadened due to the population of many CO rotational states.
The scattered kinetic energy distribution is broad, with a peak at around 0.15 eV. Such a
hyperthermal distribution is consistent with a direct scattering mechanism, which occurs on a short
timescale. Note that the distribution extends somewhat higher in energy than that of the incident
beam, suggesting that some of the incident electronic energy has been converted to kinetic energy.

The main text explores this suggestion further.
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Figure S7. The kinetic energy distribution of incident O('D) atoms obtained from the 157 nm photolysis of
CO, is shown as open markers. The resulting kinetic energy distribution of O(*P,) state atoms scattered

from HOPG at normal incidence angle is shown with filled markers.

For t,rrive = tdepart times between 30 us and 90 s, the contribution of the minor 0(3pP) -

O(3P) channel is well resolved from the dominant O(*D) — O(3P) channel. The kinetic energy

distributions of incident and scattered O(*P2) atoms that were assigned to this range of tayrive OF
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taepart> respectively, are plotted in Fig. S8. The average incidence kinetic energy (E;) = 1.28 eV
and the average scattering kinetic energy (Es) = 0.525 eV. The incidence energy distribution has
awidth of ~1 eV. We did not attempt to assign scattered atoms to more precise E; intervals because
the signal level in this scattering channel was low, due to the small amount of O(3P) produced by

this beam source.
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Figure S8. Kinetic energy distribution of incident (open squares) and scattered (filled squares) O(*P,) atoms

that were assigned to tarrive = tdepart times between 30 us and 90 s (corresponding to the early peak in
Fig. 3b of the main text). These distributions arise from O(3P) — O(3P) scattering of the incident atoms

from Channel II of the CO; photolysis beam.

5.5.2.3 Theoretical results for OCP) scattering

MD trajectories for incident O atoms in the P ground state are calculated using two
different PESs: the triplet and adiabatic PESs. For all trajectories, the initial kinetic energy is set
at 0.34 eV and three initial polar incidence angles (6; = 0°, —10°, and —20°) are chosen in order
to compare with experimental results, while the initial azimuthal angle is generated randomly
ranging from 0 to 360 degrees. The surface temperature is set at 300 K. Because in the experiment,

only in-plane scattering is observed, we also choose in-plane trajectories to make meaningful
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comparisons. Considering that strictly in-plane trajectories represent only a small fraction of the
total trajectories and a very large number of total trajectories are needed to generate enough in-
plane trajectories to get converged statistical results, trajectories within =20 degrees of acceptance
angle are counted as in-plane trajectories.

The angular and kinetic energy distributions obtained from the scattering trajectories on
the two PESs are compared with the experimental results in Fig. S9. (The 6; = —20° data is the
same as that shown in Fig. 2(a)—(c) of the main text.) Both PESs lead to similar scattering kinetic
energy distributions, but to qualitatively different angular distributions and sticking probabilities
(see below). The triplet PES resulted in an angular distribution peaked near the specular angle,
whereas the adiabatic PES resulted in a bimodal distribution with a second peak at much larger
angles. When 6; # 0, backward scattering (toward the incidence direction) is seen. To gain insight
into the origin of the backward scattering, the position of the turning point of the scattered
trajectories on the adiabatic PES, which is defined as the point when the normal component of the
O atom velocity changes direction, is computed and plotted in Fig. S10. It was found that most in-
plane specular scattering takes place at the top site (red crosses in Fig. S10) and the larger angle
scattering occurs at the hollow site (blue crosses in Fig. S10). This can be understood from the
two-dimensional cuts of the triplet and adiabatic PESs along the xz and yz planes with all the other
dimensions relaxed, as shown in Fig. S11. Comparing with the triplet PES, the adiabatic PES is
much more attractive and corrugated. The corresponding PES near the top site is relatively flat,
leading largely to specular scattering. On the other hand, the strong corrugation near the hollow
site results in backward scattering.

Although the predicted back scattering peak occurs near the detector cutoff, we would still

expect to be able to experimentally observe indications of this peak at angles between —20 to —50°

127



when 6; = —20° (upper right panel of Fig. S9). The absence of any indication of such a peak in
the measured angular distribution leads us to conclude that the experiment is more consistent with
the simulations performed on the triplet PES, which suggests that triplet — singlet — triplet
conversion does not readily occur at the surface during direct scattering trajectories at incidence

energies around 0.34 eV.

Experiment:
Discharge source ¢

Theory:
Triplet PES

Theory:
Adiabatic PES

Figure S9: Comparison of Experiment to MD simulations on two PESs. The experimental kinetic energy
and angular distribution (top row) obtained for O atoms from the O, discharge source after scattering from
HOPG. Scattered atoms were detected in the *P; state. The plotted distribution corresponds to those atoms
assigned to an incidence energy range of E; = 0.34 £+ 0.05 eV via the incoming/outgoing correlation
method (Section 1.2). The results of MD simulations on the triplet PES (middle row) and adiabatic PES
(bottom row) are shown for comparison. The simulations were performed at an incidence energy of
precisely 0.34 eV. The radial coordinate corresponds to the final kinetic energy divided by the nominal
incidence energy (0.34 eV). The left, center, and right columns correspond to incidence angles of 0°, —10°,

and —20°, respectively. The incidence angle is indicated by a white arrow for clarity.
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Figure S10. Turning point distribution of in-plane scattering trajectories on the adiabatic PES for E; = 0.34
eV. The red and blue crosses represent trajectories with near-specular and non-specular scattering angles,
which are concentrated at the top and hollow sites, respectively. The x and y coordinates are defined by

the vectors in the surface plane and z is the coordinate perpendicular to the surface plane.
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Figure S11. Two-dimensional cuts of the adiabatic PES (left panels) and triplet PES (right panels) through
the xz and yz planes (as defined in Figure S10). The triplet-singlet crossing seam is displayed in the left

panels as black curves. The energy, in eV, is relative to the triplet asymptote.
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5.5.2.4 Experimentally determined sticking probabilities
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Figure S12. Panels (a) and (b) show the spatial flux distribution in the laser direction for scattered O(°P)

and incident O('D) from the CO» photolysis source. Panel (c) shows the axis system, where the x-axis is

laser direction, the y-axis corresponds to vertical direction, and the z-axis is along the surface normal

direction. Panel (d) is the incident O D spatial distribution from the CO, photolysis source in 3D space.

We obtained the sticking coefficients from experiment by measuring the ratio of the
integrated flux of incident and scattered O atoms. Here, we describe the procedure in detail for the
CO:> photolysis source, used to obtain the O('D) sticking coefficient. The sticking coefficient for
O(*P) was obtained in a similar manner using the O discharge source. For the CO photolysis
source, we measured the incident O(3P,) flux and scattered O(3P,) flux at the same time, while

scanning the probe laser focus along the laser propagation direction. The REMPI scheme, laser
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power, and nozzle conditions were hence identical for the two measurements. The ratio
0(*D): 0(3P,) = 94%: 4.2% obtained from the 157 nm photolysis of CO; is taken directly from
the literature 2”23®, The incident O(D) density is equal to the incident O(3P,) density multiplied
by this ratio.

The experiment measures only the in-plane component of the incident and scattered flux
via slice imaging (Figs. S12(a) and S12(b)). These distributions were fitted with Gaussian

functions, which can be expressed (in arbitrary units) as:

xz
fijin plane(¥) = 0.95 - exp (— W) (S8)
x2 x2
fscatin plane () = 0.22 - exp (_ 2-(18.74 mm)Z) +0.68 - exp (_ 2:(9.07 mm)z) (89)

The vertical height of the scattered in-plane O-atom signal is determined by the focal waist of the
laser. We assume a height of 0.384 mm, which corresponds to an acceptance angle about +1°
relative to the scattering plane. (Note that the final result is not sensitive to the accuracy of this
value due to cancellation of error when taking the ratio between the incident and scattered flux.)

The volume of the resulting truncated Gaussian function is calculated from:

V = 2nac,? [CD (?) — @ (— &)] (S10)

Oa
where y, is the vertical cutoff distance, ®(x) = \/% f_xoo exp (— tz—z) dt is the cumulative
distribution function of the standard normal distribution, and g, is the Gaussian width parameter.
In order to estimate the scattering probability in three-dimensional space pscar3p, We
assumed that the distribution has cylindrical symmetry about the surface normal and rotated the

fitted in-plane distribution over 360° about the surface normal. Such a rotated Gaussian function

is given in the coordinate system of Fig. S12(c) by:
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g(xy) = aexp (- 21%) (S11)
We used a rectangular orifice (x X y = 3 mm X 1 mm) in the experiment such that the incident
beam is truncated along the vertical direction. We expect the width of the incident atomic beam to
be three times wider along the x-direction than along the y-direction. The incident O(1D) spatial
distribution of CO2 photolysis source in 3D space is shown in Fig. S12(d). The volume of
integration corresponding to the in-plane scattered O atom flux (laser focus size y = £0.192 mm)
is shaded blue, and the volume of integration corresponding to the overall flux is shaded red. The

distance along the laser direction (x axis) is about +£5.1 mm, so the distance along the vertical
direction (y axis) is about + ?1 mm, and the volume of integration (shaded red), in arbitrary units,

1S

5.1 5.1
Visp = 2m-0.95-1.932 - lcp (;)3) —® (— 1;3)] = 13.82 (S12)

The laser focus size is £0.192 mm, so the volume of integration corresponding to the in-plane

flux (shaded blue), in arbitrary units, is

Viinplane = 21-0.95-1.93% - [ (22) — o (- 22)| = 1.76 (S13)

1.93 1.93

The integrated flux in 3D space can be obtained by correcting the in-plane flux component by the

ratio between the volume of integration for in plane signal and for 3D signal:

Vsp
flux;p = fﬁm plane(x)dx>v (S14)
in plane

The scattering probability is equal to

(f fscatin plane (x) dx) Vsca—th

fluxscat,BD scat,in plane (S15)
Dscat,3p = Flux; Vi 3p
s (f fl in plane (x) dx) Vi
,in plane

The sticking coefficient is calculated from:
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So = 1 = Dscat,3p (S16)
In experiments using the discharge source, both the in-plane incident and scattered O(3P) fluxes
are measured directly. The sticking coefficient for O(3P) is then determined from Eqns. S15 and
S16 in a manner similar to that described above for O(1D). The results are shown in Fig. 4 of the

main text.

5.5.2.5 Theoretically determined sticking probabilities

The MD simulations also allow a theoretical determination of the O(’P) sticking
probability. On the spin-relaxed adiabatic PES, there was a very high probability of sticking—in
about 93% of trajectories, the O atom was still less than 2.0 Angstroms from the surface after 50
ps. Due to the much weaker binding on the triplet surface, the sticking probability was much lower
on this surface (about 68% after 50 ps). We note that due to the finite number of atoms in the
model graphene, the dissipation of energy is not expected to be complete in the simulation.

The O('D) simulation with tg_; = 100 fs yielded a sticking probability of 0.997 at an
incidence energy of 0.23 eV. This value is much higher than the experimental value of ~0.7 £ 0.1.
Error might arise due to the uncertainties in electronic structure calculations, in particular the
adsorption well depth and the crossing seam between the two states. Such errors are not unexpected
with DFT as evidenced by its inability to reproduce the O('D)-O(*P) energy gap. Another type of
error might arise if electronically excited states, which are not considered here, participate in the
dynamics due to the coupling of O-atom orbitals to the conduction band of the graphene layer. For
example, if the dynamics can take place on electronically excited singlet states, this could shift the
location of the intersection with the triplet state, possibly leading to an effective broadening of the
seam of intersection. In addition, the ad hoc assumption used to treat the spin flipping dynamics

and the limited size of the graphene model may also be responsible to the disagreement.
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5.5.2.6 Theoretical simulations of O('D)—O(*P) spin-flipping dynamics

We performed an MD simulation to consider spin non-conserving O('D) — O(P)
trajectories, as described in the main text. Due to intrinsic errors of the DFT calculations, the
energy of gas-phase O('D) is only about 1.3 eV higher than that of O(*P). In order to match the
experimental energy gap between singlet and triplet O, which is about 2 eV, the singlet PES was
shifted upwards by 0.7 eV in our calculations. We used three different values of 75_¢ (0, 50 fs, and
100 fs) and performed simulations with 10,000, 50,000, and 700,000 trajectories, respectively.
Figure S13 shows the energy difference between the singlet and triplet PESs for points along
several scattering trajectories with the spin-flip delay 75_7 set to 100 fs. The inset shows the results
for one representative trajectory, plotted alongside the z-distance of the O atom above the surface.
The O atom reaches the seam of intersection (~2 A above the surface) about 200 fs after the start
of the simulation. For the next 100 fs, the O atom was constrained to the singlet PES, no matter
whether it reaches the intersection or not. After that, at about 400 fs, the O atom jumps to the triplet
state once it crosses the seam, leading eventually to desorption from the surface as evidenced by
the increasing z value. The kinetic energy distributions obtained at different 75_; delays are
described in the main text.

Admittedly, this ad hoc model is not expected to quantitatively reproduce the experimental
finding. Rather, it is used to test the viability of the nonadiabatic spin-flip mechanism in this
system. The results underscore competition of two important time scales, namely the rate of energy
dissipation and the rate of nonadiabatic transitions. The former is controlled by the interaction of
the impinging oxygen atom with the HOPG, while the latter by the spin-orbit coupling and the
velocity of the O atom passing through the seam. The current model is insufficient to provide

quantitative information on either rate; more sophisticated theory is needed.
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Figure S13. Molecular Dynamics including spin flipping. The energy difference between the singlet and
triplet PESs is plotted for several scattering trajectories as a function of time. The O('D)—O(*P) spin-flip
delay 75_7 (see main text) was set to 100 fs. A positive energy gap corresponds to a configuration where
the triplet PES is more stable and a negative energy gap corresponds to a configuration where the singlet
PES is more stable. The seam of intersection is crossed when the energy gap changes sign. The inset plots

the energy gap (red) and z-distance (blue) simultaneously for a representative trajectory.
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CHAPTER 6

H ATOM COLLISIONS WITH A SEMICONDUCTOR EFFICIENTLY PROMOTE

ELECTRONS TO THE CONDUCTION BAND

The materials discussed in this chapter is based on the publication: K. Kriiger, Y. Wang, S.
Todter, F. Debbeler, A. Matveenko, N. Hertl, X. Zhou, B. Jiang, H. Guo, A. M. Wodtke, O.
Biinermann, Nat. Chem., accepted, H atom collisions with a semiconductor efficiently promote

electrons from the valence to the conduction band.

6.1 Introduction

Atoms and molecules colliding at solid surfaces create time-varying electric fields that, due
to their finite masses and associated low speeds, represent frequencies typically < 10'* Hz, whereas
much lighter electrons in solids oscillate at frequencies one to two orders of magnitude higher than
this. This separation of time-scales is used to justify the Born-Oppenheimer approximation (BOA),
the bedrock of computational surface chemistry,?*° where electronic quantum states rapidly adjust
to the motion of nuclei. Inelastic H atom surface scattering experiments have provided excellent
benchmarks against which theoretical methods can and have been tested and proven.?*’ Using this
approach, the BOA has been shown to be justified for H atom scattering from Xe, where molecular
dynamics simulations using a full-dimensional potential energy surface quantitatively reproduced
energy-losses measured in high-resolution scattering experiments.”*! The validity of the BOA in
this case is not surprising since the lowest energy electronic excitations in Xe exceeded the
energies of that work. Similar energy-loss measurements from experiments scattering H and D

from the semi-metal graphene, where low energy electron-hole pair (EHP) excitations are possible,
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also showed no signs of BOA failure.?*?>* Despite these successes, there are reasons to question
the BOA’s validity. For example, energetic H atoms colliding at metal surfaces always excite
EHPs;'% 2% albeit, theory could successfully treat this with a weak-coupling “electronic friction”
approximation suggesting BOA failure is not severe and can be accounted for in a perturbative
fashion. - 246

Experiments with semiconductors present an opportunity to make predictions from our
current understanding about a fundamentally different class of solids. This is true if
semiconductors behave in some hybrid fashion, reflecting some intermediate to insulators and
metals. But let us consider semiconductors from the point of view of another kind of time varying
electric field. We know visible light with electric fields oscillating at ~10'*1> Hz efficiently excites
electrons from the valence band (VB) to the conduction band (CB), forming the basis for a large
fraction of optical science and technology. This raises the question: if collisions of atoms and
molecules with semi- conductors could produce time varying electric fields oscillating at similar
frequencies, would they not also excite VB electrons to the CB and might this not provide
important new avenues of research with promise of new technology? If we were to adopt the
physical picture derived from our study of metals, where electronic friction describes BOA failure,
the answer to this question would certainly be “no” or more precisely “only weakly” as electronic
friction theories lead to hot EHP distributions that still favor low energy excitation near the Fermi
level.*¢ Unfortunately, scattering experiments with semiconductors that test the validity of the
BOA are rare. Transient currents were observed when Xe atoms with energies between 3 and 10
eV were scattered from surfaces of semiconductors;?*’>* however, this resulted from the creation
of a local hot spot where initial phonon excitation subsequently transferred energy to EHPs. While

these experiments provide us clear evidence of BOA failure in a semiconductor, we can gain only
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little insight into the dynamics of the atom-surface collision. In fact, an electronically adiabatic
model could describe the energy-loss of scattered Xe atoms.

In this work, we produce H atoms whose speeds are high enough to test the limits of the
BOA directly by investigating the characteristics of their collisions with a semiconductor surface
and measured H atom energy-loss spectra and angular distributions reveal the excitations
appearing in the solid on the sub-ps time scale. We find that, not only is VB-CB excitation possible,
at sufficiently high energies it dominates the energy transfer dynamics, showing that new physical
mechanisms are at play. Specifically, we present translational energy-loss measurements on
energetic H atoms scattered from a reconstructed Ge(111)c(2x8) surface along with first principles
electronically adiabatic molecular dynamics (MD) simulations, performed with a newly developed
full- dimensional neural network potential energy surface (NN-PES). When incidence energies are
below the bandgap, only one scattering channel arises with small energy-losses nearly identical to
those seen in the MD simulations. These exhibit collision dynamics similar to those seen in H
scattering from Xe. Surprisingly, at higher incidence energies, a second channel appears whose
energy-loss onset is coincident with the semiconductor bandgap. This channel is absent in the MD
simulations with and without electronic friction. The importance of this channel increases rapidly
with H atom velocity — a signature of BOA failure — and accounts for ~90% probability at the
highest H atom incidence energies of this work.
6.2 Results

Fig. 1 shows experimental translational energy-loss distributions for H atoms scattered
from Ge(111)c(2x8)**° at incidence energies Ei above and below the 0.49 eV surface bandgap.?®!
Also shown are the predictions of the electronically adiabatic MD trajectory calculations. Below

the bandgap (Fig. 1A) only a single feature appears in the energy-loss distribution. The MD
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simulations reproduce the experimental result extremely well. Molecular dynamics with electronic
friction®! at the level of local density friction approximation (LDFA)°* fail to describe the energy
loss distributions—see Fig. E1. Analysis of adiabatic MD trajectories shows that H atoms interact
with the Ge surface for only a few fs and that energy exchange is limited. Figs. 1B-D show energy
loss distributions for three values of E; larger than the surface bandgap—in all three cases, the
distributions are bimodal and the MD trajectories reproduce only the feature seen at low values of
energy-loss. Hereafter, we refer to this feature as the adiabatic channel. The second feature
appearing at higher energy-losses is absent in the adiabatic MD simulations, strongly suggesting
that this channel involves conversion of H atom translational energy to electronic excitation of the
Ge solid. This idea is further supported by the observation that the energy-loss onset of this feature
is coincident (within experimental uncertainty) with the Ge surface bandgap of 0.49 eV at all
values of Ei. Furthermore, as expected for a channel involving BOA failure, this channel is strongly
pro- moted by incidence translational energy, becoming about 90% of the observed scattering at
the highest value of £; = 6.17 V. For these reasons, we assign the high energy-loss feature to an
electronically non-adiabatic process where the collision of the H atom at the surface promotes an
electron from the VB to the CB of the Ge surface. We refer to this channel hereafter as the VB-

CB channel.
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Fig. 1. Translational energy-loss distributions for H atoms scattered from Ge(111)c(2%8). The incident H
atoms travel along the [110] surface direction, while the polar incidence and scattering angles ¢; and 6,
respectively, were both 45° with respect to the surface normal. The surface temperature TS was 300 K.
Experimental data (+) and the results of adiabatic molecular dynamics simulations (solid lines) for four H
atom translational incidence energies are shown: E; =0.37 eV (A), 0.99 eV (B), 1.92 eV (C), and 6.17 eV
(D). The band gap of the surface is 0.49 eV and indicated by the vertical dashed line. The experimentally
obtained ratio of the adiabatic to the VB-CB channel appears in each panel. All experimental curves are

normalized to the peak intensity. The MD curves are scaled to fit the adiabatic channel.

Fig. 2 shows differential properties from both experiment and theory for H atoms incident
at three angles 6; and at £; = 0.99 eV. Here, polar plots display the final translational energy Er as
a function of final scattering angle 6r. A white dashed line shows the expected energy loss for
excitation of an electron from the VB maximum to the CB minimum, which demarcates the
adiabatic from the VB-CB channel. Experiment shows that the VB-CB channel exhibits a much

narrower angular distribution (Table 1) than the adiabatic channel at all three incidence angles.
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The MD simulations yield similar differential scattering maps as seen in experiment for the
adiabatic channel only. The energy loss agrees with experiment and even the experimentally
observed dependency of the angular distribution on 6; is reproduced. The VB-CB channel is absent

in the MD simulations.
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Fig. 2. Incidence angle dependence of H atoms scattered from Ge(111)c(2x8). Energy resolved angular
distributions derived from in-plane scattering flux are shown for three incidence angles, 8; = 30°, 45°, 60°
and an incidence translational energy E; = 0. 99 eV. The surface temperature was 7s = 300 K. Experimental
results (A to C) are com- pared to MD simulations (D to F). The adiabatic and the VB-CB channels both
exhibit maximum scattering flux near the specular scattering angle (arrows). The MD simulations reproduce
the behavior of the adiabatic channel only. To construct the experimental plots, data was recorded in 5°
increments from 6r = 0° to 75°. All six polar plots are normalized to the incident H atom flux. The MD
simulations are scaled to experiment such that at 6; = 45°, the integrated adiabatic channels are equal in
both. The experimentally obtained ratio of the VB-CB channel to the adiabatic channel appears in each
panel. The black dashed lines represent the final energy predicted by a line-of-centers binary collision
model: Er= Ei{l — cos’[(0i+ 0r) / 2] % [1 — (mu - mae)* / ( mu + mae)*]}. The white dashed lines show the

expected value of Er for excitation of an electron from the VB maximum to the CB minimum.
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Fig. 3 shows polar plot representations similar to Fig. 2 emphasizing the incidence energy
dependence of the scattering. As before, the experimental results show bimodal scattering
distributions with two well-resolved channels separated in energy space by the bandgap energy,
marked as a white dashed line. The angular distributions of both channels broaden between E; =
0.99 eV and 1.92 eV; but the VB-CB channel broadens significantly more as it is narrower at E; =
0.99 eV. The adiabatic MD simulations (Fig. 3C & 3D) reproduce this effect for the adiabatic

channel.

Experiment Simulation

4.0x10"

2.0x10™"

Ej=192eV

0.0 1.7:0.83

Fig. 3. Incidence energy dependence of H atoms scattered from Ge(111)c(2x8). As in Fig. 2 unless stated
otherwise. Two incidence translational energies Ei = 0. 99 eV (A & C) and 1. 92 eV (B & D) are shown.
Experimental results (A & B) are compared to MD simulations (C & D). The incidence angle is 8; = 45°.

The average energy losses derived from the experiments are summarized in Table 2. Notice
that for the adiabatic channel, the average energy transferred to the surface (E£; — Er) is a small and
nearly constant fraction (10 = 5%) of Ei. The VB-CB channel behaves differently—the fraction of
incidence energy transferred to the solid goes up dramatically as E; is reduced. This is an influence

of the surface bandgap, where the absolute of energy lost must exceed 0.49 eV, regardless of Ei.
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Hence at lower values of Ej, the fractional energy loss must sharply increase. Also notice that the

average energy lost decreases only slightly with increasing 6; for both channels.

Table 1: Angular full width at half maximum for the experimental angular distributions of this work.

VB -CB Adiabatic
= 6;=30° 0; =45° 6= 60° 0;=30° 6 =45° 6; = 60°
0.99 eV 24° 31° 24° > 56° 44° 34°
1.92 eV - > 70° - - > 73° -

Table 2: Average energy-loss in experimentally obtained specular (6; = 6r) H atom scattering. Values in

parentheses were computed from adiabatic MD trajectories.

VB — CB Adiabatic
(B — B) (E.— B)
E 2 (B — B . % 100 (E— EB) % 100
0.37eV 45° — — 0.05 eV 14% (13%)
30° 0.75 eV 75% 0.15 eV 15% (17%)
0.99 eV 45° 0.71 eV 72% 0.13 eV 13% (12%)
60° 0.69 eV 70% 0.10 eV 10% (8.1%)
192 eV 45° 112ev 58% 0.20 eV 10% (14%)
6.17 eV 45° 228V 37% 032 eV 5.2% (7.7%)

6.3 Discussion

We first highlight some of the key observations just presented and their implications. First,
Fig. 2 shows clearly that the most probable value of 6 depends on the chosen value of 6;, proving
the scattered atoms did not thermalize with the solid—thermalization occurs on the ps timescale.
Thus we conclude that the scattered atoms in both channels experience a sub-picosecond
interaction time with the surface. Second, there is evidence of sticking, despite the fact that
integrated scattering probabilities like sticking probabilities cannot be easily obtained from in-
plane differential scattering measurements, since the fraction of incident atoms that scatter out of

the detection plane may also depend on incidence conditions and branching channel. We can
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nevertheless integrate the observed scattering flux over Er and 6. These integrals appear next to
each differential scattering diagram in Figs. 2 & 3 divided into the relative contributions of the two
scattering channels. There is an overall loss of signal between E; = 1.92 eV and 0.99 eV. If we
were to assume the out-of-plane scattering fraction were independent of E;, we would conclude
that the sticking prob- ability decreases with increasing incidence energy. A similar trend is seen
in the MD simulations. Also notice that the branching ratios shown in Figs. 3A & B are consistent
with those of Figs. 1B & C, which represent the branching between the two scattering channels
detected at 6= 45° only. This agreement suggests that the branching see in Fig. 1D (Ei=1.92 eV)
is representative of scattering angles.

The major outcome of this work is the observation that an H atom scattering from a
semiconductor may experience one or the other of two types of interactions, either a mechanical
interaction well described within the BOA or a strong non-adiabatic interaction capable of
promoting an electron from the VB to the CB. We emphasize that while there are similarities with
past work, the behavior seen here is qualitatively different from previous observations involving
insulators, metals or semi-metals. For example, the adiabatic channel seen in Figs. 1-3 exhibits
marked similarities to H atom scattering from insulating Xe; however, that system exhibited no
BOA failure whatsoever. Conversely, H scattering trajectories describing collisions with metals
simultaneously excite both phonons and EHPs,!% 2% 245246 the two excitations being inextricably
linked to one another. The question remains, what gives rise to the branching between the two
channels in the H/Ge system?

The fact that H scattering from Ge exhibits branching behavior between two distinct
dynamical channels is consistent with a two-state picture involving the VB and the CB. We

envision that the H atom proceeds initially along an electronic state associated with the VB and
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subsequently encounters a seam of crossing associated with electronic excitation of the CB. At
low incidence energies, the crossing requires specific approach, but at higher energies, other
regions of the seam become accessible with different steric restrictions.

Evidence supporting this picture can be found in observations of this work, especially Fig.
2. Notice that the VB-CB channel exhibits a narrow angular distribution, peaking near the specular
scattering angle (arrows in Fig. 2). This shows that there is no preference for loss of incidence
energy parallel or perpendicular to the surface when promoting an electron from the VB to the CB.
A narrow angular distribution is typical of scattering influenced by directional forces associated
with atomic orbitals with preferred orientations, consistent with the suggested mechanism of a
curve crossing, where H atom collisions must occur at specific surface sites (Ge atoms) and with
specific approach geometries. Fig. 3 shows that at higher energy these steric restrictions appear to
be less severe; consequently, the VB-CB scattering angular distribution broadens.

Contrasting this behavior, the adiabatic channel exhibits a markedly broader angular
distribution even at low incidence energy. This indicates a large corrugation of the potential energy
surface experienced by the atoms passing through the adiabatic channel. Despite the many final
scattering angles, the energy loss follows a hard-sphere line-of-centers (LOC) binary collision
model (black dashed line). This indicates that the H atom scattered through the adiabatic channel
is experiencing binary collisions with many impact parameters, not surprising due to the complex
surface structure of Ge(111)c(2x8) surface if the H atoms scattering through the adiabatic channel
sample a large fraction of the surface unit cell.

We hasten to point out that bimodal energy-loss distributions are seen for H atom scattering
experiments using graphene grown on Pt(111);?**2* however, this behavior is due to a

chemisorption barrier that does not exist for the H/Ge system. H scattering from a graphene layer
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involves trajectories that either fail or succeed in surmounting the chemisorption barrier. H atoms
reflected from the barrier experience weak van der Waals interactions with little energy transferred,
while H atoms surmounting the barrier couple strongly to in-plane phonons of the graphene
layer.?*> Similar dynamics are not possible for the H/Ge system; so, the bimodal energy
distributions must arise by another mechanism.

While it is common knowledge that absorption of photons in the bulk of a semiconductor
excites electrons from the VB to the CB, this work shows that a colliding atom may efficiently
promote electrons in a similar way in a purely surface specific process. The probability to convert
translational energy of the H atom to electronic excitation of the solid dramatically increases with
incidence energy, as does the average excitation energy. The large excitation probability as well
as the large energy-loss appears inconsistent with electronic friction theories; hence, this work
stands as a challenge for new theories of electronically non-adiabatic surface chemistry. Beyond
this, the observation that VB-CB electronic transitions dominate the dynamics in collisions of a
simple atom with a semiconductor may open new horizons for research into non-adiabatic effects
in surface chemistry and chemical sensors.

6.4 Methods

The experimental setup is described in detail in refs. 2*%2%2, Briefly, UV (Aphotolysis = 248.35
nm) or VUV (Aphotolysis =121.4 nm) photodissociation of a supersonic molecular beam of hydrogen
iodide produces a H atom beam with translational energies of £; =0.37, 0.99, 1.92 or 6.17 eV that
then passes two differential pumping chambers to enter an UHV scattering chamber before
colliding with a Germanium crystal. The Ge sample is held on a 5-axis manipulator allowing the
variation of the polar incidence angle &; with respect to the surface normal. The scattered H atoms

are excited to a long-lived Rydberg state just below the ionization limit*>* and fly 250 mm before
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they are field-ionized and detected by a multichannel plate (MCP) assembly. A multichannel scaler
records the arrival time to obtain the time-of-flight (TOF) distributions, which we convert to
energy spectra applying the appropriate Jacobians. The detector is rotatable in the plane defined
by the incident H atom beam and the surface normal allowing TOF distributions to be obtained at
various final scattering angles 6. The Ge(111) surface was cleaned with cycles of Ar" ion
sputtering and annealing to ~ 670°C. Auger electron spectroscopy (AES) and low-energy electron
diffraction (LEED) validated the cleanliness and ¢(2x8) structure of the surface.

To perform theoretical simulations, a neural-network potential (NN-PES) was constructed
for the H@Ge(111)c(2%8) system and molecular dynamics (MD) simulations were performed.
Data for the NN fitting were obtained with spin-polarized DFT calculations, carried out with the
Vienna Ab initio Simulation Package (VASP)”*** with the frozen-core all-electron projector-
augmented wave (PAW) method.”” ?** The electronic wave function was expanded using plane
waves with an energy cutoff of 250 eV. The electron exchange-correlation energies were described
by the Perdew—Burke—Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA).??? The reconstructed Ge(111)c(2x8) surface was modeled by repeated slabs separated by
a vacuum space of 16 A in z direction. Each slab contains eight atomic layers, with four additional
Ge adatoms added on top of the first layer. The Ge atoms in the bottom layer not seen by the
scattering H atoms in the MD simulations were capped by Ge-H bonds. The Ge adatoms and top
six layers were allowed to move while the remaining atoms were fixed throughout the calculations
and there are thus a total of 101 movable atoms in the unit cell. The Brillouin zone was sampled
with a 3x1x1 k-point grid. AIMD trajectories were used to provide training data for the NN fitting.
The AIMD trajectories employed initial positions of the H atom randomly sampled 6 A above the

sur- face. About 100 AIMD trajectories were run for an H atom incidence energy of 0.99 eV and
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1.92 eV each, with an incidence angle of 45°, and a surface temperature of 300 K, providing
~150,000 points. Additional single point DFT calculations were performed to augment the AIMD
points. The data set was culled using an Euclidean distance of 0.3 A to remove points that were
too close to one another. About 26,000 points (including both energy and gradient) were finally
selected to fit a 303-dimensional PES using an embedded atom neural network (EANN)
approach.®® The EANN PES obtained in this way was thoroughly tested, giving a root mean square
error (RMSE) of about 80 meV/cell (or 0.8 meV/atom). MD trajectories were calculated with a
modified Venus program.?>> The timesteps were chosen separately for each incidence energy, 0.1,
0.05, 0.03 and 0.01 fs for 0.37, 0.99, 1.92 and 6.17 eV, respectively.

To study non-adiabatic effects, an electron friction model was applied.>">** The electronic
friction coefficient was calculated based on the local-density friction approximation (LDFA).>3->
The electron density of the Ge(111)c(2x8) surface was obtained from about 100 configurations at
300 K. To receive an analytical expression for the friction coefficient the obtained data was again

fitted with the EANN method.

6.5 Extended data
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Figure El: Comparison of molecular dynamics including electronic friction (EF) to adiabatic MD

simulations and experiment. The data shown are the same as in Fig. 1 with added data 5 from MD

simulations including EF (red solid lines).
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CHAPTER 7

SUMMARY AND OUTLOOK

The interactions between gas molecules with solid surfaces have been the focus of
experimental and theoretical studies for years. As an important carbon material, graphite serves as
a useful model in studying the interaction between small gas atoms or molecules with carbon,
which widely exist when aircraft reenters atmosphere. This thesis describes serval theoretical
studies concerning the gas-surface dynamics on graphite surface. One project (Chapter 3) is small
molecules, such as CO,, H,O and glycine, scattering from graphite surface. Angular and
translational energy distributions of the inelastically scattered molecules were calculated and
compared with experimental results. While H,O and CO; retained their incident parallel energy
during the gas—surface interaction, the scattering dynamics of glycine were more complicated, as
a substantial fraction of the molecules exchanged a significant amount of energy during the
gas—surface interaction but did not come into thermal equilibrium with the surface. The results
show that the scattering dynamics are heavily dependent on the strength of molecule—surface
interaction. Molecules with a stronger attraction tend to have longer residence times on the surface
and consequently experience more translational energy transfer and vibrational excitation.
Complex scattering dynamics, such as those observed in this study, must be considered carefully
when designing a neutral-gas concentrator that can collect a variety of molecules.

Another project (Chapter 4) gains insight into the nitrogen-related gas-surface reaction
dynamics on carbon-based thermal protection systems of hypersonic vehicles, we have
investigated the adsorption, diffusion, and reactions of atomic nitrogen, N(*S), on the (0001) face

of graphite using periodic density functional theory with a dispersion corrected functional. The
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atomic nitrogen is found to bind with pristine graphite at a bridge site, with a barrier of 0.88 eV
for diffusing to an adjacent bridge site. Its adsorption energy at defect sites is significantly higher,
while that between graphene layers is lower. The formation of N> via Langmuir—Hinshelwood (LH)
and Eley—Rideal (ER) mechanisms was also investigated. In the LH pathway, the recombinative
desorption of N> proceeds via a transition state with a relatively low barrier. In addition, there is a
metastable surface species, which is capable of trapping the nascent N> at low surface temperatures
as a result of the large energy disposal into the N—N vibration. The desorbed N> is highly excited
in both of its translational and vibrational degrees of freedom. The ER reaction is direct and fast,
and it also leads to translationally and internally excited N. Finally, the formation of CN from a
defect site is calculated to be endoergic by 2.75 eV. These results are used to rationalize the results
of recent molecular beam experiments.

Although having been extensively studied both experimentally and theoretically, gas-
surface dynamics are not thoroughly understood due to the complexity brought by the simple fact
that the motion of nuclei and electrons cannot always be decoupled as stipulated by the Born-
Oppenheimer adiabatic approximation. This thesis discusses non-adiabatic effects in O atom
scattering from a graphite surface (Chapter 5). The calculated angular distribution of scattered
O(C’P) atoms given by adiabatic dynamics does not agree with experimental measurements.
Considering the low mass number of C and thus the weak spin orbit coupling between O and
graphite surface, the O atom may stay at triplet state after reaching the surface instead of switching
to singlet state, which is the most stable state on surface. Because the graphite surface is a closed-
shell system, by controlling the spin of the system, the spin of O atom can be fixed. We therefore
constructed both the singlet and triplet potential energy surfaces (PESs) for the O+graphene system

based on DFT data and carried out quasi-classical trajectory calculations on these high dimensional
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PESs to explore the spin-dependent reactivity and spin-flipping dynamics. For O('D) scattering,
both experiment and theory reveal large sticking probabilities, which are attributed to the
formation of a surface bound epoxide, with a ~2 eV binding energy to the surface relative to the
triplet asymptote. The nascent epoxide adsorbate formed by collision of O('D) at the surface
possesses ~4 eV of vibrational energy and rapidly relaxes below the desorption asymptote. The
only mechanism by which O('D) may return to the gas phase involves a spin flip to the triplet state,
which is indeed observed in the experiment. Semi-empirical dynamics simulations show that this
spin flip must occur after the impinging oxygen atom dissipates a significant portion of its energy
to the HOPG surface, but before it reaches thermal equilibrium. For O(°P) scattering, the fact that
experimental angular and kinetic energy distributions are consistent with the theoretical

simulations performed using the triplet PES allows us to conclude that triplet—singlet—triplet

conversion does not readily occur at the surface during direct scattering trajectories at incidence
energies around 0.34 eV. The most likely sticking mechanism involves dissipation of incidence
kinetic energy on the triplet PES followed by spin relaxation to the lower singlet state on longer
timescales. These observations underscore the two important factors in spin-flipping dynamics in
surface chemistry, namely the efficiency of vibrational energy dissipation and strength of the spin-
orbit coupling. The picture that emerges from this study is that spin-forbidden transitions do occur
in this system, but with low probabilities.

The Born-Oppenheimer approximation is adequate for insulator, but fails on metal, but the
effects of the electron-hole pairs can still be described by a weak frictional force representing
energy transfer to the electrons successfully captures the physics of the collisions. Experimental
results reveal that H atom collision with a semiconductor, Ge(111)c(2x8) surface, displays a

bimodal final energy distribution. The fast component shows small energy loss and the slow one
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shows significantly larger energy loss. I have performed adiabatic dynamics simulation on this
system, which quantitively reproduced the fast channel with H atom direct scattering from
Ge(111)c(2x8) surface (Chapter 6). Electron friction model, despite its many limitations, is one of
the best ways to address non-adiabatic energy dissipation in high-dimensional gas-surface
simulations. To find out the reason responsible for the slow channel, electron friction was
employed to the scattering dynamics. Still the results with electron friction fail to match the slow
channel in experiment. It is thus concluded that H atom collisions at the surface of a semi-
conductor are capable of promoting electrons from the valance band to the conduction band with
high efficiency. Our current understanding has so far not been able to explain the origin of the
slow component in detail. Further experiments on H atom scattering from H-terminated Ge(111)
surface yield results with one broader peak near incident energy. This reinforces our conclusion
that the slow channel is due to the conducting band of the bare Ge surface.

The theoretical studies collected in this thesis focused on gas-surface dynamics,
demonstrating the importance of the energy transfer process, in both adiabatic and non-adiabatic
channels. While the adiabatic channel through energy exchange with surface phonons is better
understood, the non-adiabatic effects which involve electronic transitions are far less understood
and need to be explored. Deeper and more detailed comprehension on the adiabatic and
nonadiabatic effects in gas-surface dynamics can help improve our understanding of surface
chemistry. This requires collaborations between experimentalists and theorists, as demonstrated in

the work discussed here.
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