Universiteit

w4 Leiden
The Netherlands

Getting the electrons right for O2-on-metal systems
Bree, R.A.B. van

Citation
Bree, R. A. B. van. (2025, October 21). Getting the electrons right for O2-on-
metal systems. Retrieved from https://hdl.handle.net/1887/4279459

Version: Publisher's Version

Licence agreement concerning inclusion of doctoral

License: thesis in the Institutional Repository of the University of
Leiden

Downloaded from: https://hdl.handle.net/1887/4279459

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4279459

Getting the electrons right
for O-on-metal systems

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof. dr. ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 21 oktober 2025
klokke 16:00 uur

door

Robert Anton Bernard van Bree

geboren te Haarlem
in 1997



Getting the electrons right for O;-on-metal systems

Promotores:
Prof. dr. G.J. Kroes
Dr. J. Meyer

Promotiecommissie:
Prof. dr. M. Ubbink
Prof. dr. .LM.N. Groot
Prof. dr. S.A. Bonnet
Dr. H. J. Chadwick (Swansea University)
Dr. C. Diaz Blanco (Universidad Complutense de Madrid)

ISBN: 978-94-6473-871-1
Year of Publication: 2025

The research that is reported in this thesis has been performed in the Theoretical
Chemistry group as part of the Leiden Institute of Chemistry (Einsteinweg 55,
2333 CC Leiden, The Netherlands) at Leiden University. This work was funded by
the Leiden Institute of Chemistry and has been made possible with computer
time granted by the NWO-EW 2021.12 supercomputer grant.




R.A.B. van Bree

“My heart tells me that he has some part to play yet, for good or ill, before the
end; and when that comes, the pity of Bilbo may rule the fate of many - yours
not least.”

J.R.R. Tolkien, The Shadow of the Past - Fellowship of the Ring, July 1954

“Don't worry about the future. Or worry, but know that worrying is as effective
as trying to solve an algebra equation by chewing bubble gum. The real troubles
in your life are apt to be things that never crossed your worried mind, the kind
that blindside you at 4 pm on some idle Tuesday.”

Mary Schmich, Chicago Tribune, June 1997.
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Foreword

Before the start of this thesis, it might be useful to quickly go over its scope, aims
and goals. The main goal of this thesis is to convey the new scientific work of the
last four and a half years regarding the “difficult” molecule-metal systems, or put
more specifically: O;-on-metal systems. However, | would additionally like to use
this thesis as an accessible way to cover some of the background of surface
science and theoretical chemistry. | do this with the hope to make the new
scientific content of Chapters 3-5 more accessible for those outside the field.
Therefore, the first chapter is written in a way that | believe will be
understandable for a broad audience, such that the general background of this
thesis and the reasons for this work can be easily understood. Similarly, the
second chapter has been somewhat extended beyond the scope commonly
found in theses in this field. This is done to ensure that it forms a more complete
picture of the methods and theories used in theoretical surface science. Either
way, the first two chapters should form a solid context in which to place the other
three scientific chapters. These three chapters are based on three scientific
publications and will therefore be far more niche in their content and language.
Now, with this out of the way, let’s get started.
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1 Introduction

1.1 Heterogenous catalysis

Catalysis is one of the most vital and prevalent segments of chemistry®. From the
growth of plant life>* to the industrial production of fertiliser*, from the aptly
named catalyst in most modern fuel-based cars’ to the production of the
building blocks of life in outer space?, catalytic processes occur all around us.
Fundamentally, the presence of a catalyst in a chemical reaction will always
speed up that reaction without the catalysis being altered or getting consumed
by the chemical reaction®.

This speedup can be achieved because a catalyst allows for a chemical reaction
to occur via a different mechanism or pathway than would be the case without
the presence of a catalyst'®. A catalyst reacts with the reactants, i.e., starting
chemicals, to form, bind, and stabilize the intermediate products. These
intermediates convert into the final product of the chemical reaction, which is
released, thereby regenerating the catalyst. This new pathway, though often
more complex, is energetically more favourable, lowering the energy barrier to
overcome for the reaction to occur. The entire process of consuming the
reactants and regenerating the catalyst can be very fast, for an ideal catalyst very
little of that catalyst is required to immensely speed up a chemical reaction®,

The term catalysis was first used by Jéns Jakob Berzelius in 1835 to describe
the acceleration of reactions by unchanged substances. The name comes from
the Greek word “kataluein”, comprising of two terms “kata” translating to
“down”, and “lyein” meaning “loosen”'2, Although he was the first to use the
term catalysis, Berzelius was not the first to describe the process of catalysis. It
was Elizabeth Fulhame in 1794 who was the first to correctly describe the
catalytic function of water in certain oxidation reactions®®. The following
centuries would, initially in conjunction with the Industrial Revolution, see a
myriad of innovations and discoveries in the field of catalytic chemistry. Even
now this work is still ongoing as chemists and chemical engineers try to find new
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and better catalysts to overcome modern challenges in chemistry, industry, and

environmental science!*?2.

In general, catalysis is separated into three different categories. The first is
homogenous catalysis, where the catalyst is dispersed in the same phase
(gaseous, liquid, or solid) as the products and reactants of the reaction. The
second category is heterogenous catalysis, where the phase of the catalysts is
different from that of the products and the reactants. The third and final
category is biocatalysis or enzymatic catalysis. This third category can in principle
be seen as either homogenous or heterogenous depending on the type of
biocatalyst or enzyme, but due to its distinctive nature from the other two types,
it is generally treated as a separate category. The homogenous option may
initially seem the most optimal choice for a catalyst, as it would facilitate the
most efficient mixing of reactants and catalysts. However, it is often difficult to
separate catalyst, reactant and product from each other. In heterogeneous
catalysis, the catalyst is typically a solid compared to the liquid®® or gaseous
reactants and products. The different phases reduce the optimal mixing but it
does facilitate easy separation of the catalysts from products and reactants.

Heterogenous catalysis is thus found in most industrial chemical production

2425 Examples are the Haber-Bosch process for the

5,26

chains and processes
production of ammonia (NHs) for fertilizers>*°, steam reforming where water
(H20) and methane (CH,4) form hydrogen (H,) gas and carbon monoxide (CO)?"~
2 and the formation of more complex hydrocarbons (C.Hy) from carbon dioxide

17183032 and the Fischer-

(CO,) and H; via the reverse water gas shift reaction
Tropsch reaction®33736, For all these examples the optimal conditions typically
involve high temperatures, high pressures, carefully constructed ratios of
reactants and products, and (often) complex and expensive -catalysts
painstakingly optimised for these reactions. These complexities make it difficult
to improve a catalyst for chemical reactions and its optimisation is often
achieved on a trial-and-error basis. However, further improvements are
paramount as an optimal catalyst can substantially reduce the temperatures or
pressures needed to attain high chemical reaction rates. This will make
production more efficient and reduce the enormous energy needs of the

chemical industry. It is therefore of great scientific interest to try and understand

10
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the chemistry involved in heterogenous catalysis to ultimately achieve the ability
to accurately predict the behaviour of a new or optimised catalyst based solely
on its chemical composition, molecular structure, and morphology.

In this chapter the current scientific work in heterogenous catalysis is discussed,
setting up the context and the relevance of this thesis. In the next section, the
field of surface science will be discussed (Section 1.2.1), followed by some basics
of surface structure (Section 1.2.2) and molecule-surface interactions (Section
1.2.3). Thereafter, an overview of experimental techniques is discussed. We will
proceed with a discussion on how to control the molecular conditions (Section
1.2.4) and then show a brief overview of experimental techniques in surface
science (Section 1.2.5). Against the backdrop of experiments the relevance and
methods of theories and models in surface science are discussed (Section 1.2.6).
After this, we are finally ready to discuss the scope of this work (Section 1.3) and
to briefly summarise the results of this thesis (Section 1.4).

1.2 Surface science

In the study of heterogeneous catalysts, there are two major branches of
academic science. The first is focused on understanding the catalytic
performance under industrial, or in situ, conditions. This branch looks at
macroscopic effects and conditions in the catalysis reaction®%, The second
branch, referred to as surface science, is focused on the fundamental chemical
steps involved in the reaction on the catalyst-reactant interface, or surface. The
chemical reaction steps involved on a surface are often a complex network of

2439 Fortunately, most heterogeneously catalysed

coupled elementary steps
processes are rate-limited by one of just a few elementary reaction steps®. For
example, the dissociation of N, is the rate-limiting step in the Haber-Bosch
process®. Thus, in surface science, we aim to optimise heterogeneous catalysis
by developing an understanding of these rate-limiting steps. Contrary to the
other branch, surface science requires the elimination of as many variables as
possible to study the elementary reaction steps with as few unknown

parameters as possible®®,

11
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1.2.1 Study of the active component in heterogeneous
catalysis

The first elimination of unknowns is achieved by restricting the surface science
research to the active component of the catalysis. For heterogenous catalysis
(often also for homogenous catalysis) the active component is typically a metal.
This is because of the unique electronic structure of metals. This unique
structure allows the metal to donate or accept electrons from reactants,
intermediates, or products at low energetic “costs”*¢. Both the easy acceptation
and donation of electrons, in turn, make it easier for chemical bonds to be either
formed or broken for molecules that are close to or adsorbed on the metal
surface, lowering barriers to reactions.

This unique electronic structure of metals is a result of the formation of the
metal solid. In general, a metal solid forms when enough atoms have clustered
and stay rigidly together. In the process, both their occupied and unoccupied
electronic orbitals will start to overlap. The overlap causes the orbitals to get
smeared out, or delocalised, over the clustered atoms. This will transform the
initially distinct energy levels of an atom, or molecule, into larger energy bands.
These energy bands are separated by areas where there are no defined energy
levels, i.e., band gaps®’. The energy bands that form can be either occupied,
partially occupied, or unoccupied with electrons. The boundary where an energy
band goes from occupied to unoccupied in a surface is generally referred to as
the Fermi-level®,

The Fermi-level of a solid surface can be positioned in a band gap, like with
insulators or semiconductors, separating the energy bands into the highest
occupied “valence” band and lowest unoccupied “conduction” band*. For both
semiconductors and insulators exciting an electron to go from the valence to the
conduction band, a so-called electron-hole-pair (ehp) excitation, takes a
minimum energy equal to the size of the band gap. However, for metals, the
Fermi-level is positioned inside an energy band, i.e., the band is only partially
occupied. Thus, there is virtually no energetic cost for ehp excitation and the
half-filled band makes it easy for the metal to exchange electrons with other
compounds. It is this unique property of metals to freely “play” with the

12
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electrons that so often makes them the active component in a catalytic
reaction®.

1.2.2 Surface structure

The second unknown that needs to be understood is the structure of a metal
(catalyst) surface. The structure of a surface can for instance influence the
position of the Fermi-level of the surface, it can influence the locations on the
surface where molecules can interact with the metal, and it influences where
and how certain elementary steps in the reaction occur®. In the industrial
applications of heterogenous catalysis the metal surface is often shaped by
nanoparticles meaning the surface is complex with many types of surface facets,
steps, corners kinks, and often defects. However, to properly study the effects
of specific surface structures the surface of the metal catalyst needs to be very
well-defined, i.e., the surface structure needs to be simple and described at
atomic level precision. These types of metal surfaces are made by growing metal
single-crystals that are cut and polished along the desired crystal axis to expose
the right type of surface face®l. These surface faces are characteristically defined
by their Miller indices, for example for Cu(111) the Miller indices are (111) and
they define the type of metal surface as a (111) face of a, in the case of Copper,
face-centred cubic (FCC) cystal®?.

1.2.3 Surface interactions

At this point, it is relevant to briefly discuss what kind of interactions can occur
at these well-defined metal surfaces. The basic interactions of a molecule with a
metal and the general events that will occur when a molecule interacts with a
surface are already known for some time>**4, However, the specifics of the exact
mechanisms, interactions, selectivity, or efficiencies remain an open question to
this day34>°5%¢, At present it is well understood that a molecule approaching a
metal surface can largely end up doing one of two things. The molecule can
either adsorb on the surface, or it can bounce back, i.e., scatter, from the surface.
In turn, both scenarios can be redivided into subcategories.

13
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There are generally three different subcategories of adsorption for molecules on
metal surfaces. All three are characterised by different interactions with the
metal surface. In the first option, “physisorption”, the interaction between the
molecule and metal is over the largest distance, i.e., it occurs when the molecule
is furthest away from the surface. In physisorption, the interaction is not
chemical. Thus, there is no exchange of electrons. At longer distances the
interaction is governed by “Van der Waals” forces®’, or more specifically London-
dispersion forces®’. In simple terms, the London dispersion force is induced
because electrons are not static in an atom, molecule, or metal surface. The
movement of electrons induces an electric field which other electrons in the
area will respond to. This results in electronic motion getting correlated over a
larger distance. This correlation results in an attractive force between small and
opposite dipoles induced in the electronic structure of the metal and adsorbing
molecule. The physisorption of molecules on a metal surface is a rather weak
interaction possessing a shallow potential well (see Figure 1.1).

The second and third subcategories of adsorption are chemical in nature, and in
both electrons or electronic density, act to form chemical bonds between the
molecule and the surface, and both are called chemisorption. In molecular
chemisorption, the molecule forms a chemical bond with the surface without
breaking any internal bond. This chemical bond forms as the orbitals of the
molecule start overlapping with the energy bands lying close to the Fermi-level
of the metal*?, allowing for easy electronic exchange between molecule and
metal. The last subcategory of adsorption is dissociative chemisorption (DC). In
such a scenario the anti-bonding orbitals of the molecule end up below the
Fermi-level of the metal, thus chemical bonds in the adsorbing molecule are
broken to facilitate energetically more favourable bonds with the metal
surface®”. These dissociative chemisorption reactions tend to result in the
strongest form of interaction between the molecule (fragments) and the metal.

14
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Physisorption

y E(a.u)
ﬂ v
0 Z(a.u)
E(a.u) Chemisorption
~
0 Z(a.u)
E(aw) Dissociative chemisorption
¢ Z(a.u)

Figure 1.1: Schematic drawings of the three different simplified molecule-metal interaction types
and their associated potential energy (E) as a function of the molecule-metal distance (Z), both in
arbitrary units. All potentials are shown without additional barriers to interaction for visual and
conceptual simplification.
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However, the attractive interactions are not always accessible for the
approaching molecule and the molecule can be repelled from the surface, or
sometimes the adsorption is not strong enough and the approaching molecule
has too much internal energy and returns to the gas-phase. This results in
scattering processes. Scattering can occur elastically when the molecule does
not lose any internal energy when it bounces back to the gas-phase. Or, if the
molecule does lose or gain some energy in the collision, the scattering is called
inelastic®®. Energy loss to, or gain from, the surface can happen via momentum
transfer with the metal surface, excitation of electronic states in the metal, i.e.,

5961 or other more complicated, non-adiabatic, effects.

ehp excitations
If the molecule is small enough a special type of scattering in the form of
diffraction may occur®. This happens due to the interaction of the molecules
with a periodic metal surface. Clean single crystal metal surfaces, as discussed in
Section 1.2.2, possess repeating units. These periodic units will interact with the
wavefunction of the approaching molecule (see Chapter 2) resulting in specific
scattering patterns. This phenomenon is called diffraction and it is the same as
how light diffracts on certain surfaces®®. The larger, i.e., the heavier the molecule,
the smaller its wave-function®, thus the smaller this effect. We typically only
observe diffraction patterns for electrons, H,, He or other small molecules or
ions.

The possibility of all of these occurrences makes the molecule-metal interactions
complicated, because the occurrence of either adsorption or scattering does not
exclude other events from occurring as well. Neither does adsorption need to be
permanent: temporary adsorption can for example result in a form of inelastic
scattering, and molecular chemisorption can be a precursor to dissociative
chemisorption®. The combination of all these options means that even though
the basic mechanisms for molecule-metal interactions are understood the
complete detailed mechanical picture of all molecules interacting with metal
surfaces is not known. In any system, any specific molecule with any (metal)
surface will have their own, possibly unique, interactions with each other. The
study of these interactions has therefore needed to develop into an enormous
field of highly precise and systematic research.

16
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1.2.4 Controlling reaction conditions

To ensure a clear picture of these complex interactions of metals and molecules
in heterogeneous catalysis, the effect of many more unknowns besides the
active components and surface structure needs to be eliminated. These include
but are not limited to the temperature of the metal surface, the energy of the
reactants, and additional molecules, or contaminations, that may influence the
reaction. Moreover, any meaningful observations at the atomic scale needed to
understand these complex mechanisms are very sensitive to even the smallest
details. Therefore, most surface science experiments are done at ultra-high
vacuum (UHV), i.e., at pressures smaller than 10°2° mbar, only slightly more than
the gas pressures in the ‘busy’ parts of outer space. Not only does this high
vacuum ensure there is very little contamination of unwanted chemical
interactions, but it is also required for some measuring equipment to properly
function.

The UHV conditions eliminate a lot of contamination and unwanted interactions
but experiments still need to control the conditions of the molecules that
interact with the metal. These days the introduction and conditioning of the
molecules interacting with the metal is often achieved with molecular beam
(MB) studies®®7%. A MB is created by expanding a gas from a high-pressure room
to a low-pressure room through a small nozzle. Due to this expansion, all
molecules in the MB travel at roughly equal velocities in the same direction,
undergoing very few collisions between them. The temperature of the nozzle
(Tw) influences the rovibrational temperature of the beam®, i.e., it determines
the rotational and vibrational energy of the molecules in the MB. Similarly, Ty
also influences the translational kinetic energy of the molecule, which in surface
science is referred to as the incidence energy (E)".

However, often “seeding” is used to systematically influence the total E; of the
MB, without changing the rovibrational states as those can be kept constant with
a constant Ty. Seeding is done by mixing the molecule of interest in a beam of
inert (often noble) gases. A gas seeded with a lighter noble gas will travel faster,
i.e., increase E;, and a gas seeded with a heavier noble gas will travel slower. If
only the normal component of the incidence energy, i.e., the component that is
normal to the metal surface, influences the reaction of the molecule, i.e., if

17
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normal energy scaling (NES) holds’?, then the angle of the molecular beam (0)
with the metal surface can also be altered to change the normal incidence
energy (E/') and thereby investigate the dependence of the reaction on this
energy.

In some MB studies magnetic fields, electric fields or lasers can be used to
further select or excite certain molecular states’>7¢. It must be noted that
although MBs allow for great control of the reactive molecule, not all surface
experiments use or require such setups. Sometimes the direct dosing of gasses
is also a fine method of introducing a gas onto the metal surface®””78, though
this allows for far less exact control over the molecular states.

1.2.5 Surface science experiments

With almost all possible conditions, circumstances and variables covered, an
experimentalist can work on observations and measurements. Below, a general
overview of the most commonly used methods will be given. The aim is to form
an idea of most of the experimental possibilities in surface science.

One of the most direct observables of the reaction of a molecule on a metal
surface is the reaction probability. This can be measured in different ways but
the most direct method of probing the reaction probability is by measuring the
so-called “sticking probability” (Sp). So can be measured by using a molecular
beam and the King & Wells (K&W) method®. In principle, it is a very simple
experimental setup. As the molecular beam enters the reaction chamber of the
UHV setup it is initially bounced off a “flag”. This flag is a metal plate placed
inside the path of the MB (see Section 1.2.4). The flag blocks the molecules from
reaching the metal surface and results in a certain base background pressure in
the reaction chamber. This happens because the molecules are all scattered from
the flag and end up bouncing around the reaction chamber, thus resulting in a
certain pressure in the chamber. At a given time t’ the flag is removed, thus the
MB now impinges directly on the metal surface. A certain fraction of the
molecules will stick to the metal surface whereas the rest will scatter off. This
results in a drop in the background chamber pressure. Sy is at this point nothing
more than dividing the pressure drop over the old baseline pressure when the
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flag was still in place, thereby directly probing the probability that a molecule
sticks to the metal surface®. The Sy, may reflect a combination of reactive and
non-reactive sticking, depending on the type of surface interaction (see 1.2.3),
surface temperature, surface structure, etc. Other experiments are required to
probe what type of sticking has occurred. Although the K&W approach sounds
simple enough, running such an experiment in practice is far from trivial.

Probing the type of molecule-surface interaction, or type of sticking, or indirectly
probing sticking probabilities can also be done. For example, a technique that
allows us to look at possible surface structures, and thus its distortion via
adsorption, would be low energy electron diffraction (LEED)*?>78, |n LEED the
periodic nature of a metal surface is used to study the diffraction of an electron
beam. If the periodic structure is disturbed or altered by adsorbates then this
shows in the diffraction pattern. Another technique using an electron beam
would be Auger electron spectroscopy (AES)®8°, In AES the electron beam is
used to excite core-shell electrons in atoms at the surface. These excited
electrons leave an electron-hole behind, which will be filled with a higher-shell
electron, and this releases energy in the form of either an X-ray photon or the
excitation of a third electron from that atom. This third electron is referred to as
an Auger electron and the emission energy of Auger electrons is unique to the
atom and its chemical environment®8, Beyond measuring the Auger electron
the otherwise emitted X-ray photon can also be measured and shares its
chemically unique properties with the Auger electron. Measuring these photons
can be done with X-ray photon spectroscopy (XPS)®94. XPS is usually more
precise to the chemical environment of the atoms. It is common to use electron
beams to excite the initial core-shell electron, however, X-rays can also be used®.
Regardless, both techniques allow experimentalists to observe the type of
chemical species on a surface and even its chemical environment. Both
techniques can, with difficulty, also be used quantitatively848%°2% to determine
the amount of adsorbed species which can then be used to estimate the sticking
probabilities.

It is also possible to use mass spectrometers to study the desorption of material
from the metal surface. This is a more indirect method of investigating sticking
probabilities and is far more susceptible to other surface conditions and
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molecule-metal interactions as it inherently studies the product after the
reaction®®. However, desorption studies can still prove valuable with for example
the use of transitions state theory®® and well-defined reaction conditions.

One of the few techniques that can directly probe the surface on an atomic scale
is scanning tunnelling microscopy or STM?”*8, This method makes use of a
phenomenon in quantum mechanics called “tunnelling” to sample the
electronic densities at the surface. Electronic tunnelling occurs because, in the
gquantum mechanical description, an electron is delocalised, i.e., the
wavefunction property of the electron (more in Chapter 2) means that the
electron is spread over space with a given distribution. This spread can reach
into potential barriers that are classically forbidden for the electron to reach. The
probability of entering this classically-forbidden area decreases exponentially
with the width of the potential barrier i.e., with the width of the vacuum gap
between the tip of the STM and the surface. If the barrier is narrow the electron
may tunnel through this barrier, as the electron is partially delocalised to the
other side of the barrier. If a bias voltage is placed over the potential barrier, the
tunnelling of the electrons will induce a small current that can be measured. This
current is correlated to the width of the potential barrier, i.e., the distance
between the microscope tip and surface® 1%, This way the tip can scan a surface
and probe the electronic density and its changes over the surface. Notably, the
STM does not directly distinguish between atom or molecule types. The exact
functioning of this technique is out of scope for this work and we refer the reader
to Refs. 9719 for more information. STM is a useful technique capable of directly
probing the (electronic) structure of a surface, and any possible adsorbates,
down to the atomic scale. Although the technique is still improving'®1%” an STM
can only probe snapshots of the surface structure with substantial time
differences between sequential snapshots. As a result, it does not form a
complete picture of molecule surface interactions, i.e., any “movie” made with
this technique has its image frames far apart in time.

All experiments described above looked at the reacting molecules or the surface
directly. Studying the molecules that do not react, i.e., scatter, can also be
informative in answering the fundamental questions of molecule-metal
interactions. The outcomes of scattering events, though insightful, are far more
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dependent on the exact initial conditions of the scattering molecule’®%,

Additionally, they usually probe the (electronic) structure of the surface in far
greater detail than reactions generally will’®1%%11° Thijs makes the experimental
studies even more involved than most reactive studies but also allows for far
greater detail.

1.2.6 Theory in surface science

In the end, even experiments, like the ones described above, can still not tell the
full story, and the full interaction between a molecule and surface can still not
be completely observed directly. Experiments often probe average interactions
or single snapshots. This is where theoretical surface science, or theoretical
chemistry in general, plays a vital role. It may be possible to understand the
fundamental interactions between different molecules or between molecules
and metal surfaces by developing and applying accurate simulations to these
problems. The ultimate goal of such simulations would be to predict the exact
outcome of a chemical reaction based only on the conditions and the chemicals
involved!!!. For now, this goal is still a little ambitious as the computational
resources involved in simulations are extensive and full-dimensional quantum
dynamics calculations for such large systems may even never be possible.
Nevertheless, simulations can already be used to closely monitor the intricate
interaction of molecules with each other and function as an instrumental tool in
understanding the elementary reaction steps involved in heterogeneous
catalysis.

For now, simulations and models in chemistry or surface science are not perfect
and much work in the field of theoretical chemistry is currently being done to
improve the accuracy of these models. Similarly to the framework of interactions
of molecules and metals (see Section 1.2.3) the root of chemical simulations and
models, i.e., the laws of physics, are known and well-understood for small
systems. The difficulty arises from the increased complexity and the large
number of degrees of freedom that arise in chemical systems. To model
chemistry one has to model all the movements of the atomic nuclei and
electrons. This is made even more complex as many, if not all, of the movements
of the nuclei and electrons are coupled to each other. Moreover, the number of
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electrons and nuclei in the system increases rapidly as the chemical system

grows larger!!?

. On top of these difficulties, there is also the small inconvenience
that the interaction of small particles is predominantly governed by quantum
mechanics and not classical mechanics''?. As a result, the computational costs
of many chemical simulations, i.e., the time it takes to simulate a chemical

1137118 (see also Chapters 3, 4, and 5). Consequently,

reaction, quickly skyrockets
theoretical chemistry as a field has to constantly balance computational costs

with accuracy.

The balancing act unavoidably comes with an inherent difficulty, namely,
theoreticians need to know what approximation can be made without negatively
affecting the accuracy of the model, put more simply, we need to know what we
can get away with without ruining our results. In resolving this difficulty there
are generally two major philosophies. The first is more “a priori”, it seeks to
understand the exact effects or faults of each approximation made in the
underlying physics of the model. Thus, the physical understanding of the
approximation is necessarily put above the eventual accuracy of the model. The
second is more empirical in nature, where theoretical models are often tested
and benchmarked against verifiable experimental results. Here the goal is to
reproduce experimental results as closely as possible, sometimes at an
unavoidable cost to the understanding of the physics of the model itself.

In surface science, both philosophies still have to deal with the fact that
experiments like those described in Section 1.2.5 will need to be simulated. This
could bring an unwantedly large scale to the chemical simulations that need to
be performed. Luckily however, the general application of UHV technologies and
the defining and elimination of unknowns in surface science experiments means
that we can often compute results that can be compared to experiments by
constructing aggregates of many different single, i.e., small, molecule-metal
systems. Put differently, we need to simulate molecule-metal systems with the
desired accuracy for many different starting conditions of molecules and metals
based on experimental conditions and average over those results.

Still, directly and bluntly applying quantum mechanics to all the degrees of
freedom in a chemical system is, usually, not a suitable method to compute
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observables. One of the first and more common, though not always allowed,
approximations is to decouple the movement of the electrons and the nuclei.
This approximation is called the Born-Oppenheimer approximation (BOA)!7, see
also Chapter 2. Put simply, this approximation exploits the mass, and thus
velocity, difference of the electrons and nuclei. It assumes that the light and
nimble electron can quickly, or instantly, adjust its movement to any movement
of the nuclei. Thus, any movement of the nuclei will not result in immediate
electronic excitations!®112117-120 Moreover, this allows us to treat the heavier
nuclei classically, as their wavefunctions, see Chapter 2, are considerably less
delocalised due to their high mass. This simplifies the problem. The electronic
part of the system is still treated within guantum mechanics and this results in a
potential energy for the movement of the nuclei. These nuclei can then be
treated classically where the forces on the nuclei are governed by the potential
energy.

This, however, does not diminish the complexity of the quantum mechanical
nature of the electrons. In most of chemistry and especially most of surface
science the electrons are modelled using density functional theory (DFT)!%. The
details of DFT are discussed in Chapter 2 but putting it briefly the electrons will
not be treated by wavefunctions but with an electronic density functional, i.e.,
they will not be described by wavefunctions of all their own distinct coordinates

121 Mathematically, the complete density

but by their collective density
functional (DF) is proven to exist, see Chapter 2, however, its exact form is not
known!12118121122 Generally speaking, the terms that are not fully described are
the electron exchange energy and the electron correlation energy?118122 These
two terms are in most scenarios combined in the exchange-correlation (XC) DF.
In this picture of DFT, the XC-DF is a small contribution to the total potential
electronic energies!'?118122 |t is, however, in these finer details that the focus
for the majority of DFT-based theoretical chemistry lies!1%115130-136,118,123-125
There are many different approximations to the XC-DF3"1%1, and many more are
being developed. All these approximations come with their computational costs,

errors, and (in)accuracies.

The approximations made in the XC-DF follow the common trend in theoretical
chemistry: higher accuracy results in higher computational costs. In surface
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science, this is especially true as the metals in molecule-metal systems come
with a high number of electrons that need to be simulated. Moreover, the
inherent two-phased nature of the system means that the XC-DFs which will
work well for the molecule often work less well for the metal and vice versa.
Generally, the so-called “generalised gradient approximation” (GGA) approach
(see Chapter 2) for the XC-DF has proven to be rather reliable for many molecule-
metal interactions®®!?#1%, For many systems'?® the GGA seems to be the best
compromise in the description of the highly delocalised electrons in the metal
surface and the more localised electrons on the molecule whilst also being
computationally affordable enough to simulate many different trajectories of the
molecule impinging on the metal surface to accurately reproduce K&W or other
MB studies®>®.

1.3 Scope of this thesis

Theory in surface science has until recently been able to predominantly rely on
the robust GGA framework for DFs: Specific reaction parameter (SRP) semi-
empirical GGA DFs were able to describe certain molecule-metal systems within
chemical accuracy, i.e., within 1 kcal/mol of experimental results®~®. For
example, the reactivities of H, + Cu (111)'%, H, + Pt(111)¥243 H, + Pd(111)*4,
H, + Ni(111)¥, CH4 + Pt(111)™4, and several more*>'?® have all been described

with (near) chemical accuracy by GGA DFs.

However, recent work'?*145 has shown that GGA DFs will not work for all types
of molecule-metal systems. For instance, systems like HCl + Au(111)'?412°, O, +
Al(111) (Chapters 3 and 4), O, + Cu(111) (Chapter 5), and NHs + Ru(0001)*?* have
not yet been successfully described by theoretical models on the GGA-level of
theory. In the same work, based on results for these and other systems, Gerrits

et al.**

suggested that GGA DFs will fail at, or have difficulty with, the correct
description of molecule-metal reaction barriers if the charge transfer energy
(Ecr)** of the molecule-metal system is below 7 eV. Ecris defined as

Ecr =¢ —EA (1.1),
where ¢ is the energy required for an electron to be extracted from the metal
surface, i.e., the work function of the metal surface'®, and EA is the electron

affinity, which is the energy released by the molecule when an electron is
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attached to it*’. In other words, Ecr is the energy needed for an electron to be
transferred from a metal surface to a molecule, thus indirectly representing the
likelihood of electron transfer occurring during the reaction of the molecule on
a metal surface®.

It is not yet fully understood why GGA fails for these specific Ecr < 7 eV systems.
However, there are some possible similarities to the simulation of two molecules
reacting with one another in the gas-phase!®*, for which the GGA level of DFT
has never been able to properly describe the reaction!*®!*’, However, even
though the problems in the gas-phase community have been better known for a
longer time, there still seems to be no consensus on the cause of failure for GGA
DFs'4-151 Regardless of the cause, the gas-phase community has resorted to
working with more accurate DFs in the form of so-called “hybrid” DFs'>%1%3,

Put simply, hybrid DFs admix a certain amount of exact exchange energy, i.e.,
Hartree-Fock (HF) exchange energy, to the exchange component of the XC part
of a GGA DF'?, see Chapter 2. However, in Kohn-Sham DFT neither the exchange
nor correlation contributions can be fully separated from one another'®*, The
exchange component will contain a given amount of correlation interaction and
vice versa. As a result, admixing in the exact HF-exchange energy is not
necessarily straightforward and remains a process based on “a priori”-based
educated guesses®®? or on trial-and-error!,

The use of hybrid DFs is also difficult for metal surfaces as the large number of
electrons and the use of plane waves (see Chapter 2 for more information) make
the use of any fraction of exact exchange far more computationally expensive
than the use of any regular GGA DF'>>17, Lastly, the global exact exchange
energy does not work well for metals due to the high delocalisation of electrons
in a metal (Section 1.2.1), where the long-range interaction between electrons
in the metal is generally screened by other electrons®®. This means that a semi-
local or fully local DF like GGA is generally more accurate in the description of
the metal itself.

Regardless, Gerrits et al. showed that a screened hybrid DF adiabatically applied
to the O, + Al(111) system, one of the more notorious systems with Ecr < 7 Ev,
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resulted in considerable improvement of the reactivity over previously attained
theoretical results'?*. Thus, it appears that similar to gas-phase calculations, the
use of hybrid DFs, despite its difficulties, may resolve the current shortcoming of
DFT in describing the more “difficult” molecule-metal systems to a large extent.

In this thesis, we aim to test and improve upon the application of screened
hybrid DFs to more accurately describe the electrons and electronic structure in
the “difficult” molecule-metal systems, like O, + Al(111) and O, + Cu(111). This
entails testing a method to substantially reduce the computational costs of
hybrid DFs based on a probable root cause of the error of GGA DFs(Chapter 3),
and the alteration of the XC-DF with a better form of long-range electron
correlation together with higher fractions of exact exchange for both O, + Al(111)
(Chapter 4) and O; + Cu(111) (Chapter 5).

In these studies, compared to studies using the GGA the costs to compute the
electronic structure of the molecule-metal system are balanced far more to the
side of accuracy rather than computational efficiency. This ended up pushing the
limits of current high-performance computing infrastructure to facilitate the
electronic structure calculations necessary to test and verify these new DFs.
Validation of the DF requires comparison to other theoretical work, i.e.,
benchmark studies, or experimental MB studies meaning that many different
molecule-metal collisions would need to be simulated. This is done efficiently by
constructing a PES using thousands of different DFT energies for different
molecular geometries above the metal surface. The DFT data can then be
interpolated using the corrugation-reducing procedure (CRP) to construct a
continuous potential energy representation for every possible geometry of a
molecule above and on a metal surface. With this PES the molecular reaction on
the metal surface can then be computed using quasi-classical trajectory (QCT)
dynamics calculations, i.e., single molecule-metal collision simulations.
Hundreds of thousands of such trajectories are then aggregated to compute
reaction probability curves that can be compared to other theoretical
frameworks and experimental (reaction probability) results, mostly based on
K&W experiments, to validate and test the accuracy of the screened hybrid DFs
for the reactions studied.
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1.4 Main results of the thesis and outlook

In the next few paragraphs the main results, conclusions, outlook, and contents
of the following chapters are summarised. Before the main results are presented
in Chapters 3-5, an inclusive overview of the theoretical models needed and
employed in this work is provided in Chapter 2.

In Chapter 3, an extensive test of the non-self-consistent field (NSCF) screened
hybrid DFT approach is shown. This approach computes NSCF-screened hybrid
DFT energies based on self-consistent-field (SCF) GGA electronic densities. The
chapter explores the accuracy of the NSCF-screened hybrid DF approach by
implementing the NSCF HSE03-1/3x@RPBE DF for O, + Al(111). The molecular
beam sticking probabilities (Sp) as well as a set of sticking probabilities for
rotationally aligned O, are computed using quasi-classical trajectory (QCT)
calculations, and analysed. The results show that the NSCF approach yields
reaction probability curves that reproduce SCF results with near-chemical
accuracy, suggesting that the NSCF approach can be used advantageously for
exploratory purposes. An analysis of the potential energy surface and the
barriers gives insight into the cause of the disagreement between the SCF and
NSCF reaction probabilities and into the changes needed in theoretical
modelling to further improve the description of the O, + Al(111) system.
Additionally, an implementation of the hole model method to estimate reaction
probabilities based on reaction barrier heights shows that the application of the
hole model results in fair agreement with actual dynamic calculations. However,
the hole model results in an increased slope of the reaction probability curve
compared to the molecular dynamics, with a shift to lower or higher energies
depending on whether the vibrational energy of the molecule is included in the
initial energy of the molecule or not, indicating a sizable influence of dynamic
effects on the O, + Al(111) reaction.

Chapter 4 continues with the work of O, on Al(111). So far the use of only a
screened (N)SCF hybrid DF was not enough to ensure a highly accurate (i.e.
chemically accurate) description of the DC of O, on Al(111). Previous work and
Chapter 3 have shown that the onset of the Sy curve was correctly described by
the (N)SCF HSEO03-1/3x DF, but the slope, or width, of the curve was not. Chapter
3 also discussed that the inclusion of non-local correlation in the DF may help to
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resolve this shortcoming. Therefore, in Chapter 4 the use of a non-local
correlation DF combined with an increased fraction of exact exchange in the
screened hybrid DF is tested. This is achieved by constructing another O, +
Al(111) Born-Oppenheimer static surface (BOSS) PES, using the HSE06-1/2x-
VAWDF2 DF, employing the corrugation reducing procedure (CRP), and using
QCT calculations to compute the sticking probabilities. The resulting PES shows
the presence of shallow Van der Waals wells in the entrance channel and the
barriers to DC show slightly more corrugation and anisotropy compared to the
previously used SCF HSE03-1/3x DF, but most barrier heights differ by less than
1 kecal/mol. As a result, with the use of the HSE06-1/2x-VdWDF2 DF, the onset of
the Sy curve is somewhat better described than in previous work and the curve
is broadened a little compared to the SCF HSE03-1/3x description, in improved
agreement with experiment, but not more than seen for the NSCF approach as
applied in Chapter 3. These results imply that if future theoretical methods aim
to resolve the disagreement between theory and experiment then those
methods would need to either result in radical changes in the PES or the
shortcomings of the dynamical (BOSS) model need to be addressed. Both need
to be achieved whilst keeping the computational demands of the applied
method to feasible levels.

Lastly, to verify this new electronic structure approach for a different system, the
computed sticking probabilities for O, + Cu(111) based on the same HSE06-1/2x-
VAWDF2 screened hybrid Van der Waals DF are presented in Chapter 5. Also in
Chapter 5, a six-dimensional BOSS PES was constructed using the CRP. This PES
was used to perform QCT calculations to compute the sticking probabilities of O,
+ Cu(111). For the first time, DFT-based sticking probabilities are presented that
underestimate the experimental sticking probabilities of O, + Cu(111),
contrasting these results to the previous Chapters 3 and 4. While reproducing
the experimental results would have been even more desirable, the fact that a
DF which underestimates the measured sticking probabilities was found, means
that a DF using a lower fraction of exact exchange will most likely describe the
0> + Cu(111) system with high accuracy. Furthermore, the chapter shows
evidence for the presence of both indirect and direct dissociative chemisorption.
The indirect precursor-mediated mechanism occurs for low-incidence energy O..
The mechanism is supplanted by a direct dissociative mechanism at higher
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incidence energies. Finally, the results suggest that the Cu surface temperature
may also affect the dissociation mechanism, but this still needs further
verification with a different theoretical framework that allows for the simulation
of surface temperature.

The outlook from the fifth chapter for the O, + Cu(111) system, though far from
trivial, is fairly bright. Broady speaking three things would need to be done to
come to the highest standard and (presumably) highly accurate, description of
the O, + Cu(111) system. The first is that surface motion and surface temperature
need to be included in future modelling of this reaction. However, one should
be careful, if this is done with an underlying DF based on the screened hybrid
level then this must be done such that the number of required DFT calculations
is kept to a minimum, to mitigate computational costs. This will likely exclude
high dimensional neural network (HDNN) approaches previously used for, for
instance, methane (CHDs) on Cu(111), as that approach requires a large dataset
to train the HDNN%, It may, therefore, be fruitful to test the dynamic surface
corrugation (DCM) approach®®®, previously successfully used for H, + Cu(111)°,
The benefit of the DCM approach is that only a small number of DFT calculations
will be needed to construct the O, + Cu coupling-potential required for the
implementation of this approach. The second avenue is the inclusion of ehp
excitation in the dynamical model. Multiple methods currently exist like LDFA or
ODF and more advanced methods are being proposed!®!. Whichever method
may be sufficient would first need to be tested. Notably, previous work of O, +
Ag(111) seems to indicate that the LDFA will not have a substantial impact on
the sticking results of 0,2, Regardless of the approach, it is again imperative
that the amount of DFT calculations required for the approach is kept to a
minimum. Last but not least is the search for the new, highly accurate, DF. This
DF will likely have an exact exchange fraction somewhere between the HSEQ6-
1/2x-VdFWD2 DF, i.e. 1/2, and the RPBE DF, i.e., 0. The NSCF approach of Chapter
3 may come to mind to scan for new DFs with lower computational costs before
committing again to highly costly SCF DFT calculations for a particular DF. These
three avenues may, in principle, be explored in parallel as long as the final best-
tested results of all three avenues are combined into one complete model.
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As discussed above, for the O, + Al(111) system, the outlook is far less optimistic.
It seems that any new screened hybrid DF would need to radically alter the PES
to facilitate good agreement with the experiment, which is arguably unlikely, as
discussed in greater detail in Chapter 4. Moreover, the high computational costs
of the screened hybrid DF makes any higher-level DF an unlikely candidate to
generate a new and complete PES. Lastly, Chapter 4 also presents compelling
arguments that including surface motion and/or ehp excitation may represent
unlikely candidate solutions to achieve further agreement with experiment,
though these arguments still need to be validated. Such validation can best be
done along similar lines as proposed for the O, + Cu(111) system above, i.e., use
DCM for surface atom motion and test known ehp excitation modelling
approaches. It may, however, be more fruitful for the O, + Al(111) system to
proceed by finding ways to substantially lower the computational demands of
the PES. Currently, the CRP requires a predefined DFT energy grid that is
inefficient at (dynamically) sampling the interactions of a diatomic molecule with
a metal surface. By making the sampling more efficient, and less rigid, the
amount of DFT calculations needed to construct a complete PES may be reduced
substantially. Additionally, an implementation of a fast and efficient machine
learning algorithm, for example, based on a A-machine learning neural network
approach®®, could also be used to generate a PES with a lower number of costly
DFT calculations. Either way, reducing the costs of accurate PES generation may
then allow for the use of new and computationally more expensive DFs.
However, before such time, it remains unlikely that the BOSS DFT approach will
be able to more accurately describe the O, + Al(111) system.
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2 Theory

In the previous chapter the theoretical framework for molecular modelling in
surface science was briefly discussed and somewhat brushed over in light of
summarising the scope and main results of this thesis. However, the complete
framework of theory required to accurately model chemical reactions, even for
“simple” diatomic molecules, is far from trivial and comes with a large set of
interwoven complexities. This chapter will discuss the needed theoretical
framework more comprehensively such that the methods and new results of
Chapters 3-5 may be understood more clearly. Constructing this framework is
done in three major sections. Section 2.1 will discuss the starting point for any
and all a priori chemical models and will discuss the first major approximation
needed to reduce complexity and facilitate the splitting of the framework into
the next two sections. The first of these two sections (Section 2.2) will discuss
the theory needed for describing the electrons in the chemical reaction, and the
second (Section 2.3) will consider the procedures for modelling the atoms
(nuclei) and how to setup the initial conditions for the motion of diatomic
molecules.

2.1 First steps and the Born-Oppenheimer
approximation

Let us begin by taking a major step back: we know that chemically relevant
matter in the universe will consist of three major building blocks: electrons,
protons, and neutrons. Therefore, put simply, chemical interactions, i.e.,
chemistry, will be due to interactions of these three building blocks. Luckily, for
most chemical cases the neutrons and protons are clustered together into the
atomic nucleus and we can simplify this to the interactions of the negatively
charged electrons with the positively charged atomic nuclei. Nevertheless, this
still results in major hurdles we need to overcome. The first problem is that
particles with masses as small as electrons, and sometimes light atomic nuclei
as well, cannot be described as just point charges or particles, but require a
wavefunction description to describe their behaviour accurately. Put differently,
we need quantum mechanics to describe them?°. The wave-like nature of these
particles brings with it uncertainties about the locations and states of the
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particles'®®. Furthermore, any system that contains three or more interacting
particles will become very difficult or even impossible to solve exactly because
the state of one particle will often depend on the states of all other particles but
the states of all the others are dependent on the state of this same one particle,
also referred to as the many-body problem?0:112.164,

In this thesis, we will not dwell further on the “why” of quantum mechanics,
which, although very interesting, goes far beyond the scope of this thesis.
Nevertheless, the rest of this chapter, and arguably this whole thesis, is
concerned more with the “how” of quantum mechanics for our specific
problems.

To start, the quantum mechanical counter-part to the classical second
Newtonian law of motion, i.e., the change of a system with time, for a system of
N non-relativistic particles with zero spin (more about that in Section 2.2.2) is
defined by the time-dependent Schrédinger equation®:
ih%l}’(f’, t) = AY(# 1) (2).
Here H is the (Hermitian) Hamiltonian operator, A = h/2m, h is Planck’s
constant, tis time, 7 is the complete spatial (coordinate) vector of all N particles,
and %is the function describing the complete system in a waveform, hereafter
referred to as the wavefunction. The Hamiltonian (/) operator describes the
energy of the system and will take a different form depending on the particles in
the system?10:112118164165 piffarent observables, like position or momentum, are
described by different operators. Furthermore, the wavefunction (#) needs to
adhere to a few requirements. First, it needs to be single-valued. Second, it
needs to be square-integrable. Third, it and its derivative function need to be
continuous everywhere. Furthermore, probabilities of finding the particles in

particular regions at a certain time t are given by the integral®®:

f WG O 2dF

If the region comprises the entire space this integral is equal to 1. Lastly, note
that |¥(#,t)|? in Equation 2.2 describes the probability density of the system.

(2.2).
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In chemistry, we are mostly interested in the energy of the system. The N particle
Hamiltonian operator for energy can be split into two major components, the
kinetic energy operator (T) and the potential energy operator (V), such that:
H=T+7V (2.3).

If there is no external force or torque on the system, e.g., no electric or magnetic
field is applied, then the potential energy can be described by the Coulomb
interaction between all the particles in the system. Then, the Hamiltonian for the
energy of a chemical system with N particles is described by

N N N
R hZ 5 1 1 qiqj (2.4).
R ]
£ 2m; 2 dmeg |7 —
T v

i=1i%j J

Here m; is the mass of particular particle i, VL-2 is the Laplacian operator for
particle i (when using Cartesian spatial coordinates: the sum of the three
unmixed second-order partial derivatives to the Cartesian coordinates), o is the
electric constant or vacuum permittivity, g; the charge of particle i, and 7; is the
three-dimensional Cartesian position vector of particle i.

It follows from Equation 2.4 that the Hamiltonian in the Schrodinger equation is
not explicitly dependent on time (¢), and thus, if the wavefunction W(#,t) is a
non-degenerate eigenfunction of this Hamiltonian (Eq. 2.4) we can make the
“product ansatz”, i.e., the wavefunction can be taken as a product of two
independent parts:

Y(#t) = YV (T) (2.5).
The time dependency of Equation 2.5 can then be described by
Y(t) = Cetift (2.6).

Equation 2.6 shows us that the time dependence of the energy of a system is
given by a phase-factor in the complex plane This phase-factor can be divided
out to arrive at the time-independent Schrédinger equation, or commonly just
referred to as the Schrédinger equation:

AY(#) = E¥Y(®) (2.7).

More generally, the expectation value for the total energy ({(E)) of a system that
is described by the wavefunction W(#) is described analogous to Eq. 2.2 by

(E) = f‘P*(F)ﬁlp(?)df (2.8).
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Furthermore, Equation 2.8 is often written as

(E) = (w|A|w) (2.9),
using the Bra-Ket or Dirac notation, which is a shorter method of writing the
integral®’, and will henceforth also be used.

We can break down the Hamiltonian even further. That is, we know that the only
relevant interactions in chemical systems are those of the N number of electrons
and M number of atomic nuclei, thus, we can split the Hamiltonian into the
relevant parts such that:

N o 22 Mo .2 2.10
_Z e NP (2:10)
2 2M; !
i=1 I=1
N M
Yy +ZZ
i=11= 14n£0|1‘l i=17] 47Tg°|T‘ =7l
n ZIZJQe
1=1 J>I 4”50|R1 - RJl

Although it may look like we only made Equation 2.4 longer, Equation 2.10 has a
few benefits. First, the mass (m.) and charge (qg.) of electrons are well-defined
constants, such that we only need the mass (M,) and the number of protons (Z))
of the nuclei in the system to proceed. Moreover, note that we limit the number
of calculations by avoiding double-counting the pair interactions (in Equation 2.4
this is compensated by the 1/2). Lastly, the operator is now clearly split into five
different “types” of energy. Namely, the kinetic energies of the electrons and the
nuclei, the attractive force between the negatively charged electrons and
positively charged nuclei, the repulsion between the nuclei, and the repulsion
between electrons. The use of atomic units will make it possible to simplify
Equation 2.10 further. In this unit system, all the natural constants in the
Hamiltonian are taken equal to 1, reducing the writing of constants that would
otherwise be required!®®,

Equations 2.7 and 2.10 show us “what” we have to solve to fully describe the
energy of a chemical system but it does not show us “how”. For instance, in the
Hamiltonian, the Coulomb potential operator is a function of all the distances
between the particles and in quantum mechanics (when solving for the energy
of the system) the particle locations cannot be exactly defined because of their
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delocalised wave-like naturel®!12118164 Additionally, finding a suitable (eigen-)
wavefunction to properly describe a chemical system is not trivial. Lastly, there
is also still the many-body problem that will need to be addressed as well.
However, setting up Equation 2.10 like this will allow us to make the first
important fundamental approximation to start working on the “how” of
guantum mechanics in chemical systems. This is the Born-Oppenheimer

approximation (BOA)*Y,

The BOA means that we decouple the motion of the electrons from the motion
of the nuclei, which is often allowed because the nuclei have a mass of at least
three orders of magnitude higher than the electrons. The handwaving argument
is that the electrons can “instantly” move and adjust to any motion of the nuclei.
For a complete and detailed derivation of the BOA, the reader is referred to Refs.
117.139 However, for this thesis, it is convenient to note that the BOA results in
splitting the quantum mechanical problem into two, such that we have to first
solve the electronic problem:

ﬁElech(?Elec; Rnuc) = EElec(Rnuc)Lp(FElecF Rpuc (2.11),
where the electronic energy (Egc) is still dependent on the parametric position

of the nuclei (R nuc) as the eIectromc Hamlltoman is now (usmg atomic units)

(2.12).
Bec 2 R,l |Tl - le

i=11 1| l i=1 j>i

EEleC(ﬁnuc) has a set of solutions which represent the different electronic
states. Often, and especially in this thesis, we are only interested in the ground-
state solution, i.e., the lowest energy solution. Then, by applying the BOA and
thus completely neglecting the, often small, coupling between the motion of
electrons and nuclei!'? we can, for every value of ﬁnuc, i.e., for every possible
geometry of the nuclei, compute the potential energy for the nuclei with:

VPOt (ﬁnuc) = Eglec (ﬁnuc) + Erepulsion(ﬁnuc) (2.13),
Z,Z
- EElec(Rnuc) + z Z el
=1 J>I |R1 R]l

such that we can now solve the Schrodinger equation for the nuclei separately
using our resulting potential energy surface (PES) for the movement of the nuclei
such that:
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[TNuc + vPot(Rnuc)] cI)(Rnuc) = ETotal CD(Rnuc) (2'14)'
Note, that the use of a PES is also possible without necessarily applying the BOA,
however, in this work, the BOA is the foundation of all PESs used in Chapters 3,4
and 5.

In the end, the consequence of the BOA is that we are now able to separately
solve two “easier” problems instead of one more complicated one. That is, for
every “snapshot” of the positions of the nuclei we need to find the energy of the
resulting electronic structure. The electronic structure energy gives us the
potential energy of the nuclei such that we can calculate either the total energy
of the chemical system or we can use the potential energy to calculate where
and how the nuclei are going to move in time. Even more powerful is that, at
least for this thesis, the atomic nuclei are all considered “heavy”. Therefore, we
even resort to treating the motion of the nuclei with classical mechanics!? (see
Section 2.3). Thus, we only need to proceed with using quantum mechanics to
build the PES for the nuclei, i.e., for a good approximation of the systems
described in this thesis quantum mechanics is only required to solve the
electronic structure of the system. There are known scenarios where the BOA
cannot be applied, i.e., where the coupling between the motion of nuclei and
electrons cannot be neglected®¥516%-171 These scenarios will be discussed in
later chapters when needed.

2.2 The electronic structure

The electronic state has been separated from the rest of the system, specifically
the motion of the nuclei, by applying the BOA and this has simplified our
problem to a certain degree. Yet, the major challenges of “how” still remain,
however, for the this section these challenges are limited to those of the
electrons in the system. This section will discuss the basics of how electronic
structure calculations can be done. It will first show that there is a strategy we
can employ to find the best possible approximation for the electronic
wavefunction (Section 2.2.1). Then, we will briefly discuss the basics of Hartree-
Fock wavefunction-based solutions to the electronic structure(2.2.2), and the
method employed to solve the resulting eigenvalue equations to come to a
converged electronic energy (2.2.3). After this, we will pivot to Density
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Functional Theory (DFT) (2.2.4 and 2.2.5) as an alternative approach to solving
the electronic Schrodinger equation. Thereafter, the discussion will move to the
DFT implementation that is best for periodic systems (2.2.6).

2.2.1 The variational theorem

The exact wavefunctions for systems with at least two atoms and more than one
electron, which interact, are not known, so the only path to solving the
electronic structure problem is by trying a so-called “trial wavefunction”, or
P (7). Fortunately, we can use the Hermitian nature of the Hamiltonian operator
to come up with a strategy for finding the best possible trial wavefunction. By
selecting a trial wavefunction that maintains the required boundary conditions
of the system and adheres to the wavefunction demands of Section 2.1, we can
prove that the expectation value of the energy for that trial wavefunction must
always be larger than or equivalent to the true ground state energy of the
system, i.e.,
(E(@@)) 2 Eo(¥(P) (2.15).

Equation 2.15 is easily proven by expressing the trial wavefunction as a linear
combination, i.e., as a superposition, of all possible eigenfunctions of the
electronic Hamiltonian and calculating the resulting expectation value using
Equation 2.8.

In the end, the result of Equation 2.15 means that we can now formulate a
strategy for optimising our wavefunctions. That is, the lower the expectation
value of the energy of the system, the better the trial wavefunction is as an
approximation of the true wavefunction of that system (as long as the boundary
conditions remain satisfied). Thus, for any trial wavefunction that fulfils the
normalisation constraint and that is dependent on a defined set of parameters
we can optimise that trial wavefunction by minimising the expectation value of
the energy as a function of those trial wavefunction parameters. This procedure
is referred to as the variational method and Eq. 2.15 as the variational

theorem10,112,118,164
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2.2.2 Building a wavefunction

Randomly trying trial wavefunctions and minimising their energy expectation
value may still not be an optimal approach to finding a good trial wavefunction.
It may, however, be a good idea to use solutions for more easily solvable systems
as a basis for our trial wavefunction. It so happens that the Hamiltonian is fully
separatable and the Schrodinger equation is exactly solvable in the context of a
one-electron system that also adheres to the BOA, like an H atom, He" ion, etc.°.
The resulting one-electron wavefunctions, or orbitals, could then serve as a basis
for the much harder multi-electron system. This means that for a system of N
electrons and M nuclei, it may be possible to start constructing a trial
wavefunction by starting with a system of N non-interacting electrons such that
the electrons in the wavefunction can be separated by the product ansatz,
similar to Equation 2.5, i.e., we would describe the wavefunction of the system
with

(2.16).

N
(75 R) = | [ Wi B)
i=1

Equation 2.16 is also referred to as the Hartree product (HP)
wavefunction®112118164168  Tha henefit of the product ansatz of the HP is that
we could then express the Hamiltonian as a sum of N one-electron Hamiltonians,

N
ﬁ = Zﬁl
i=1

Here each one-electron Hamiltonian A; would then satisfy the N one-electron

i.e.,
(2.17).

Schrodinger equations

ha; (75 R) = &0 (745 R) (2.18).
Then, using the HP for the wavefunction, it follows that the Schrodinger equation
for the complete electronic system would be expressed as

N
i=1

In a real system of N electrons there will be a repulsive force between all the

(2.19).

electrons, i.e., the N number of electrons do interact with each other. However,
to maintain the ease of solving N one-electron systems this repulsive force can
be approximated as the electronic repulsion force on any one electron i, as a
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mean field force created by all other N-1I electrons. This mean-field
approximation will then result in the following expression for the one-electron
Hamiltonians:

q B (2.20).
hi=——\7%—z +z I ()| 7,
2 |7'—R1 |rl—r]|

J#i
It can be shown that the HP of Equation 2.16 will still be an eigenfunction of the
one-electron Hamiltonian of Equation 2.20. Still, the mean-field force is
dependent on the one-electron wavefunctions of all other electrons in the
system but each of those one-electron wavefunctions will have to be optimised,
using variational calculus, with their “own” one-electron Hamiltonian which will,
in turn, be dependent on the wavefunctions of all other electrons. It is here that

the infamous many-body problem clearly shows up. Luckily, Hartree!®®

came up
with an iterative solution strategy to this problem that we will discuss more in
Section 2.2.3, making the mean-field approximation a useful approach to deal

with and ‘solve’ electron interactions.

Note that in Equation 2.20 we need to loop over all other electrons to compute
the mean-field repulsion force but this does mean we are systematically double
counting our electron-electron interaction thus, to compute the total energy of
a HP(-like) solution to a many-electron system we would need to apply a
Coulombic interaction correction:

W _ G NIGH)] -
¢ Z EEII 7 — 7] 47 %

i=1 j=#i J

(2.21).

At this point, we need to address a larger elephant in the room. The Hartree
product is still not a great approximation for electrons as it ignores a few key
features of the electron?®, The first key feature is the Pauli exclusion principle!’2
which states that no two electrons can have the same set of quantum numbers.
This feature can be addressed by adding the electronic spin-function into the
wavefunction. Electron spin it not only added to address the Pauli exclusion
principle and the spin of an electron is also observed, but for more details on the
“what, why, and how” of electron spin the reader is referred to Refs, 10112164 For

this thesis, it is important to note that a spin coordinate S; needs to be added to
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the wavefunction such that an N electron (HP-like) wavefunction would take the
form:
N (2.22).
wre=tike (7, 5 B) = [ [ (s R)os)
i=1

Here o (S;) is an eigenfunction of the S, spin operator with only two eigenvalues,
i.e., h/2 (or #1/2 in atomic units), and its two orthonormal eigenfunctions are
often denoted as a and 8.

However, Equation 2.22 is still not a good approximated wavefunction as we also
need to account for two other important physical features of electrons. Namely,
electrons are non-distinguishable, i.e., we cannot tell one apart from the other,
and most importantly, we need to adhere to the fact that electrons are fermions.
Crucially, this means that the total wavefunction needs to be anti-symmetric,
i.e., if we were to exchange two electrons in our wavefunction then the
wavefunction would need to change sign. These demands may seem a little
arbitrary when we describe them here so briefly, and the “why” thereof is a very
interesting piece of physics but entirely out of scope for this work, so here it is
convenient to take these features as given assertions and proceed. For further

clarification, the reader is encouraged to read to Refs. 19173,

To satisfy all three assertions, discussed above, the N-electron wavefunction
needs to take the form of a Slater determinant (SD)8'74 instead of an HP
wavefunction or the spin-modified HP wavefunction of Equation 2.22. An N-
electron SD takes the following form:

Wp (7, °S; R) (2.23),
X1(771;51; ﬁ) X2(71:51iﬁ) XN(771;51;§)
= L X1(772;52;§) XZ(FZISZ;ﬁ) XN(FZJSZ;R))
VN! : : :
Xl(FN: SN;R) XZ(?N:SN;R) XN(FNJSN;R)
in which, analogously to Equation 2.22, each spin-orbital is defined by
xi(7, S5 B) = @i (7 R) o (S) (2.24).

In the Slater determinant every electron i can be contained in each occupied
spin-orbital (x), as we cannot distinguish between electrons. Moreover, the SD
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enforces that the exchange of two electrons (i and j) results in a sign change of
the SD-wavefunction.

Fulfilling the three assertions means that the wavefunction has gotten more
complicated and that the Coulombic electron interaction in the Hamiltonian
requires a compensation component for the possible exchange of electrons, i.e.,
we need to subtract the exchange energy from the Coulomb potential in the
Hamiltonian. The proof for this can be found in Refs. 112118 |n the end, this means
that the N-electron, M-nuclei (BOA, one-electron) Fock operator, as it is called,
will (in atomic units) take a slightly different form to accommodate for this
exchange compensation. This form is

1 5z
iF =~ V¢ —2_,—2
2 |Ti—R1

N
+zjlx1(rp R)I
|rl— J| ]

(2.25).

JE!
J(#uSuR)
,Si R)xi(7, 55 R
Zx,(n.suR) ij(n (5 5iR) oo
];tl |rl - ]|
E(F,-,S,-;ﬁ)

Here f(#,S;R) is the Coulomb operator and K(7,S;R) is the exchange
operator. The Fock operator has the Slater determinant as eigenfunction and the
resulting eigenvalues of this operator are the orbital energies of the system
where the set of N eigenfunction problems that come from this are called the
Hartree-Fock (HF) equations. Similar to the Hartree operator we employ a mean-
field theory to describe the electronic interactions with each other. Lastly, the
total energy of the chemical system is now given by

BYE (7,5 R) (2.26).

N
Xi (ru Si; R)>

= Z<Xi(7i;5iiﬁ)‘— ZM|

i=1

N N/2
+ 3" 3 @G S B R) (5.5 8)
i=1 ':

( FL'SUR)lK(TvSURNX (T' ﬁ)))"'Erepulsion(ﬁ)
j\7j
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We can parametrize the spin-orbitals in the SD-wavefunction (Equation 2.24)
and then optimise them using the variational theorem (Section 2.2.1). The
parametrisation can be done in many different ways but often the orbital
wavefunctions in a molecular system are set up as a linear combination of all
contributing atom-centred wavefunctions (or atomic orbitals (AO)).

K
xi(7 S B) = z Ciei®x (7 Sis R)
3

The atom-centred wavefunctions (¢y), are themselves normally constructed via

(2.27).

another linear combination of basis functions that represent the shapes of the
atom-centred wavefunctions (or AOs). These basis functions come in collections
that are called basis sets, and these sets can be based on so-called Gaussian-
type orbitals''#17>, Slater-type orbitals!*?!’®, Numerical orbitals?'#%%177 or in
principle any other type that will fulfil the required constraints. The choice of
basis set will influence the results of the electronic structure calculations, where
the general trend is that a larger, more complex, and more complete basis set
will improve the results, but increase the demands of the electronic structure
calculation. In the following chapters, a very different type of basis sets are used.
These types are constructed with an entirely different philosophy and method in
mind and these will be discussed in more detail in Sections 2.2.4, 2.2.5, and
2.2.6.

2.2.3 Solving the electronic structure

At this point, we have a description of the multi-electron wavefunction and a
strategy to optimise that wavefunction via the variational method. Still, we need
to find a way to solve the “chicken-egg problem”, or many-body problem, that
arose from applying the mean-field theory in the one-electron operator, the Fock
operator, and the HF equations.

To start, an initial guess of the wavefunction can be made for any initial
configuration or geometry of the system, i.e., nuclei positions. This guessed
wavefunction is used to construct the mean-field theory (Hartree-Fock or any
other) many-body operator. This initial operator, with the initial guess of the
wavefunction, is used to optimise the wavefunction it works on, i.e., the
wavefunction is minimised with respect to the total energy via the variational
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theorem. Then, the optimised wavefunction of this new iteration is used to
construct a new mean-field operator, which in turn is used to re-optimise the
wavefunction for the next iteration. Then the resulting energy of the new
wavefunction is tested against the energy of the previous iteration. If these
energies are the same (within a certain threshold) then the calculation is
considered converged and is stopped. Otherwise, the procedure is repeated, i.e.
the new wavefunction will make a new operator, will make a new wavefunction,
and is tested against the previous energy again. The process is continued until
the energy is self-consistent, i.e., the value essentially does not change anymore
between iterations. This is why this method is referred to as the self-consistent-
field (SCF) method. A simplified flowchart of a SCF procedure is shown in Figure
2.1.

The procedure as described above, and shown in Figure 2.1, is in reality
somewhat more complicated and especially optimising the parameters in the
wavefunction is far from trivial. For a more complete understanding, the reader
is encouraged to read Refs. 112118 However, for our purposes, we now have a
complete picture of how to “solve” the electronic structure for multi-electron
atoms and molecules. A good example of this method in practice for the “simple”
H, molecule was published already in 1971 by Dewar et al. 1%,

Lastly, we must note that the HF method does not yield the exact electronic
energy of a molecular system. We have thus far neglected the tendency of
electrons to correlate, that is, the movement of electrons is also influenced by
the presence and movement of other electrons individually and not by their
average overall momentum?'2, This, in turn, influences the total energy of the
system. This is why correlation energy is usually defined as the residual energy
difference between the converged Hartree-Fock energy and the exact energy of
the system. The correlation energy can be included via methods like full
configuration interaction!'#1?°, but these are computationally very demanding
and out-of-scope for this work. Moreover, in Sections 2.2.4. and 2.2.5. a different
method of including some correlation effects within a different electronic
structure method is discussed.
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Figure 2.1: Simplified flow chart of the self-consistent-field method in optimising a wavefunction
in the HF-theory (or other Wavefunction) method.
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2.2.4 Density functional theory, Hohenberg-Kohn and Kohn-
Sham

An observant reader may have picked up on two crucial points in the previous
section. First, the complexity of the wavefunction is, thus far, very dependent on
the number of electrons, such that a larger chemical system with many electrons
quickly becomes unmanageable. Second, the basis functions for the
wavefunction are all atom-centred. This makes our solution inherently
atomically localised. This is a logical approach for molecules because the
electrons are only spread over certain orbitals, and even though overlapping
orbitals can share electrons over many orbitals, the electron density tends to be
high only in the vicinity of the atomic nuclei. However, as discussed in Chapter
1, there are two different phases to molecule-surface systems, the first is the
molecule in the gas-phase and the second is the metal solid. The electronic
structure of a metal is very delocalised, such that electrons are, in principle,
spread over the entire metal, forming electronic bands of electrons rather than
isolated electronic levels. It is not hard to imagine that using an atom-centred
wavefunction method to describe such an electronic structure may not be ideal.
Furthermore, the computational scaling in HF methods is not very favourable.
Computational scaling is the change in the amount of time the calculation would
take if the size of the chemical system is changed. In the case of “cheap”
wavefunction methods like HF, the scaling nevertheless tends to be O(N¥,
meaning a system that has two times the number of electrons will need sixteen
times more time to be solved. However, most wavefunction methods that go
beyond HF, i.e., which try to improve the electronic correlation, tend to scale
with O(N?) or even higher. Thus, a different approach may be needed.

It may, therefore, be fruitful to use an approach where we can describe the
electronic energy with a concept that makes the calculations scale better and
could possibly even amount to an observable. The concept that fits these criteria
is the electronic density (see also Section 1.2.4). Such a different approach to
calculating electronic structures comes in the form of density functional theory
(DFT).
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The density of the electrons of a system can be directly related to the total
number of electrons in that system (N):

N = fp(r)dr

where this integral goes over all space, and p is the electron density as a function

(2.28),

of r, which is a three-dimensional position vector, indicated with boldface to
avoid confusion with 7 (which is the complete position vector of all electrons in
the system). The use of electron density is intuitive, for instance, the maxima in
density could indicate the likely locations of electrons. Another benefit would be
that any solution would no longer be dependent on 4N dimensions, that is the
three spatial and spin dimensions, but instead, it would depend on just the three
spatial coordinates of the electron density. This may, in turn, help to reduce both
the complexity and the scaling of electronic structure methods.

These possibilities seem potentially useful though a mapping to an electron
density would need to be proven to be possible. For that, we have to turn to the
work of Hohenberg and Kohn!%, They were able to prove that the electron
ground state density must determine the so-called “external potential”, thus
determine the Hamiltonian and thus determine the energy of the system. Here
the external potential is defined as:

M Z (2.29),
Vexe (1) = 2—_)
I=1 |T - R1|

That is, the external potential is defined as the attractive Coulomb force that the
nuclei apply to the electron (density). The rest of the Hamiltonian, as seen in
Equation 2.12, is governed by the number of electrons in the system (where the
electrons are undistinguishable), and this is already directly related to the
density via Equation 2.28. Thus, it only needs to be proven that the external
potential is directly determined by the electron density.

This proof is done via reductio ad absurdum, i.e., the contrary results in
impossibilities, and the proof is rather straightforward. Conversely, two different
external potentials vex® and ve’, both describe the same (nondegenerate)
ground state electron density po. With both external potentials, different
Hamiltonians, H* and H?, will be associated, which both would have their
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associated eigenfunctions and eigenvalues W2, Wob, E%, and Eo°. Then the
variational theorem(2.2.1) would say that:

E§ < (¥5|H|¥5) (2.30).

This can be rewritten to:
E§ <(¥g|H* + A — H°|¥5) (2.31)
E§ < (WP|vlee — vl |¥E) + EC (2.32)

The external potential operators are one-electron operators thus Eq. 2.32 can be
expressed as a function of the ground state density po

B8 < [ [08 () = B lpo () + B}
Then, this same procedure can be done for the ground state energy of b such
that:

(2.33)

2.34
B < [[08r) = v 0o r)dr + E§ (2:34)
Now adding the two inequalities of Egs. 2.33 and 2.34 will result in:
2.35
BS + B < [ 08 (r) = vhalpo () + B} (2:35)
+ [ er) = v 0)por)dr + B
E2 Eb a _ b b _ a0 d (2-36)
o tEg < [vext (1) = Vext (1) + ey (Y) — Veye (r)]Po (rdr
+E2 + E¢
Which will result in the following impossibility:
E& + E <El + E¢ (2.37)

Thus, a non-degenerate ground state density must determine a uniquely
associated external potential, Hamiltonian and energy(Hohenberg-Kohn I, HK I)
121" Further work!>'® has even shown HK | also holds for exited electron
densities. Nevertheless, for this thesis, the ground state is already sufficient.

To effectively utilise HK | to describe electronic energies we need to prove that
the variational theorem also holds for the use of an electron density, as we
otherwise have no way of optimising the density function. Luckily Hohenberg
and Kohn have produced a second theorem that proves just that, i.e., the
electron density that minimises the total energy is the exact ground state
density!2%. Proving this is rather trivial keeping in mind that any density of a non-
degenerate ground state will correspond to a unique wavefunction and energy
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(HK 1) so that for a trial density (5) and corresponding trial wavefunction (P[p])
we have:

E[p] = (m[ﬁ]lﬁo[ﬁ”qj[ﬁ]) = (Lpo[Po]mo[Po”qjo [Po]) = Eg[po] (2.38)

E[p] = Eo[po] (2.39)

As such we can optimise the density of our system by minimising the total energy
of the system (Hohenberg-Kohn II, HK Il). There is a small caveat that changing
certain approximations in the Hamiltonian (see Section 2.2.5.) may break with
the variational theorem, but that is due to the introduction approximations in
the Hamiltonian, and not because the variational theorem does not hold**2.

A major difficulty remains though. Yes, a mapping from density to Hamiltonian
to wavefunction and energy must exist (HK 1), however, there is no basis for what
such a mapping would be as the proof for the mapping is done via reductio ad
absurdum. So even though it is possible to map the energy to the density, we are
still not able to do so exactly. Nevertheless, there are clever tricks that can be
used to achieve very good approximations with such mappings, and it was the
trick of Kohn and Sham'? that resulted in the most widely used variant of DFT.

Kohn-Sham (KS) DFT is constructed by initially taking a fictitious system of N non-
interacting electrons that has the same ground-state electronic density as the
real system, where the N electrons do interact. Kohn and Sham proposed that
this is possible because electron density mapping is defined by the number of
electrons and the external potential (HK I), which are taken the same for both
systems. Here KS used that the exact eigenvalue problems for N non-interacting
electrons can be computed exactly (see also 2.2.2). In reality, electrons do
interact with each other but this can, in the Kohn-Sham framework, be corrected
by adding a correction term to the total energy of the non-interacting electrons.
As such, the total energy is no more than the sum of the energy of the non-
interacting electrons and the addition of a correction such that the energy
functional (i.e., a function that is a function of another function) will be

112,118,122,

described in full by

E[p(r)] = Tnon—i[p(r)] + Vnuc [p(r)] + VCee [p(T)] (2-40)-
+ ATi [p(r)] + AVQee [p(r)]
Exclp()]

48



R.A.B. van Bree

Here the terms are, in order of appearance: the non-interacting electronic
kinetic energy, the nuclear-electron attractive Coulombic force, i.e., the external
potential; the classical electron-electron Coulomb interaction; the correction on
the kinetic energy term including electronic correlation; and the quantum
correction to the electronic interaction including the electron exchange energy.
The last two terms are generally combined into one collection of unknowns that
is referred to as the exchange-correlation functional (E,.[p(r)])**2. This term
may also include other corrections to the non-interacting electron system, like a

self-interaction correction®!?.

For the non-interacting electrons, the exact eigenfunction is the Slater
determinant (see Equation 2.23) but now built up using the one-electron KS
orbitals. The corresponding electron density is
N (2.41).
p() = ) (uilxi)
i=1

Here y; are the KS-orbitals, which are similar, but not equal, to the AOs used in
Equation 2.23. We can now represent the energy functional in atomic units as'!%

N " e (2.42).
Elp(r)] = Z (<Xi|_zvlz |Xi>) - <Xi Y (W) ‘Xi

' i (fee| 35 P2 Lrar ) + B o

=1
r,—1r|

This will mean it is now possible to start solving, and also optimising, a set of N
number of one-electron non-interacting eigenvalue equations of the form:

ELKSXi = &iXi (2.43),
where the one-electron Kohn Sham Hamiltonian is given by:
M
N 1 ZI p(rl) (244),
) (e Ry e R
20T L\ =R ) =
and in which
SExc[p(1)] (2.45)

Vee [.0 (T)] = 5p )

is the functional derivative of the exchange-correlation energy as presented in
2.42112,
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From this point on, solving the known parts of the KS equations is very similar to
the wavefunction approach as discussed in 2.2.2 and 2.2.3, and from Equation
2.42 it is obvious that yet another self-consistent field-based approach will be
required. To reiterate, the Hamiltonian determines the density but requires a
density to be determined first. Thus, one has to: guess, improve, and reuse the
density until it no longer changes. Solving the unknown exchange-correlation
part (Vi) of the energy functional (hereafter referred to as density functional, or
DF) is, however, still far from trivial. Luckily, in the KS approach, the unknowns
are reduced to a smaller fraction of the total value and any error made there will
influence the final result less than trying to come up with one whole new answer
for a density energy mapping. The majority of research and studies done to
improve the quality of DFT are all to try and find a better approximation to this
Vi.. Some of the more common approaches will be discussed in the next section.

2.2.5 Exchange-correlation functional approximations

The exact form of the Ex is not known, but it stands to reason that this term will,
just like the one-electron potential, depend on the electron density. Thus, Ey is
often expressed as an integral over a product of the density and the so-called
“energy-density” &x(this is not required but is a common notational method)*.
In this frame, E is described by:

Erelp(r)] = f P exelp(m)]dr

Here the energy density functional is often split up into contributions from
112,118.

(2.46).

exchange and correlation
Exclp(M)] = ex[p(M)] + ec[p(1)] (2.47).
However, again this is not always the case!'?, and it should be reiterated that the
Ex. DF is meant to compensate for more than just exchange and correlation
energy, for instance for an error due to electrons interacting with themselves
(which occurs in the construction of the density). Additionally, splitting up the
exchange-correlation functional also does not mean that the actual
contributions are necessarily properly split, as the exact form of the Ex. DF is not

known112,118,173

Nevertheless, there now is a starting point for approximating the E,. DF. The
simplest and most logical starting point is to let the exchange-correlation be
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dependent on a single value of the electron density at a given location, i.e., to
let there be a local dependency on the density in Egs. 2.46 and 2.47. This is
referred to as the local density approximation (LDA). An example of local density

exchange energy is the Slater exchange based on the uniform electron
gas112,178,179.

94 (3 1 (2.48),

3 1
elp] = - = (2)" p(r):

where a can take either the value 1 or 2/3%8%81 depending on the underlying
derivation (see Ref. % for more information). Setting up the correlation
contribution has generally always been a far more arduous task, and quickly goes
beyond the scope of this work and the reader is referred to the works of 1827187
for detailed derivations on that end.

It is at this time a good moment to discuss that the LDA can also work for

calculations where the electrons have to be spin polarised, i.e., when there are

unpaired electrons in the mix. The electron spin density is simply given by the

normalised spin polarization factor!:

() = prm —pf™ _p*r) —pf () (2.49),
p*(r) + pP(r) p(r)

where p? is the a-spin density and p? is the 8-spin density. At this point, the

exchange-correlation energy density can be expressed as a function of the total
electron density and the spin polarisation such that!?:

Exclp(r), ((T)] (2.50),
= exclp(M] + (e2¢ " [p()]
4 4
) (1+¢(@)3+(1—-4(r))3—2
2(2% -1
Spin

where €. [p(r)] is the energy density functional based on the uniform

— &xclp ()]

electron gas of electrons with all uniform spin, and &,.[p(r)] is the regular
ground state energy density. Equations 2.49 and 2.50 show that the addition of
spin into DFT will make the formulation more complicated. Because it requires
the evaluation of the uniform spin exchange-correlation energy functional it also
slightly increased computational demands, though not by much. For the sake of
clarity in formulation, the spin density terms will from now on not be discussed
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in detail, but it is good to have noted that using spin densities is possible and will
be used in Chapters 3-5.

The LDAis a local approximation to Ex.. When locally approximating any function,
a Taylor expansion may quickly come to mind. As such, a common next step in
improving the exchange-correlation energy is to go beyond the dependence on
the local value of the density and to also include a dependence on the local first-
order derivative, i.e., gradient, of the density. This brings us to the generalised
gradient approximation (GGA) to the exchange-correlation DF. Ei. can now be
expressed as:

Bxelp(), V()] = [ pr)f o), Vp(rdr (251)
where the function f can take some different forms but is often!? set as:
(2.52).
\Y
Flo (), V()] = 24 [p(r)] + Ao | ]
p(r)3

However, it should be noted that the precise implementations of GGA DFs vary
greatly. It is not uncommon for semi-empirical parameters to be introduced into
the exchange-correlation DF to improve the description for certain systems. For
an example of a GGA DF without the use of such parameters, the reader is
strongly encouraged to read the work behind the PW91 and/or PBE** DF,
which are some of the most commonly applied DFs, and the PBE DF is also used
further in Chapters 3-5. Going even beyond the GGA, it is possible to take the
Taylor expansion further, with limited returns, to start using the second-order
derivative of the density as well. These types of DFs are then referred to as meta-
GGA (MmGGA) DFs'?2, These types of DFs are moving beyond the scope of this
thesis.

A quite different approach to improving the exchange-correlation description is
to use the fact that we have a potentially more precise description for the
exchange energy based on the HF wavefunction method (Equation 2.25, Section
2.2.2). Since the density in KS-DFT is often based on Slater-like eigenfunctions,
computing the exact exchange using the E(Fi,Si; ﬁ) operator (see Eqg. 2.25 and
2.26) is possible. Mixing this associated exact exchange with the semi-local
exchange-correlation energy amounts to the use of a so-called hybrid functional.
Note that this will increase computational demands moving from the worst-case
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DFT scenario of O(N3)112118 to a worst-case of O(N*) scaling!!?118, Additionally,
the exchange-correlation energy is not just a correction for the exchange energy
and cannot be cleanly split into two separate contributions!'?. Thus, replacing
the entire semi-local exchange contribution with exact exchange does not
necessarily yield any improvement over GGA DFs. As such, the exact exchange is
mixed into the (usually GGA) DFT exchange with a certain fraction(a)'%:

ERYPrid — gpHF 4 (1 — @)EPFT 4 EPFT (2.53).
One of the most straightforward global hybrid DFs, which uses PBE as the GGA
backbone, is the PBEO DF where « is set to a value of 1/4%213 Finally, it should
be noted that the global description of exact exchange is not accurate for larger-
range Coulombic systems like metals where the interaction between electrons
needs to be screened at long range®®®1% To accommodate this range-
separated, or screened exchange, hybrids have been developed where the exact
exchange energy is only active at short range and is fully replaced with semi-local

exchange at long range, see also Chapters 3, 4 and 5.

Analogously to hybrid DFs, it is also possible to replace the correlation
contribution with better approximations of non-local correlation energies.
Specific non-local correlation functionals are capable of approximately
describing the long-range like Van der Waals (VdW) dispersion interaction2,
However, such improvements again come with additional computational
demands. Furthermore, it is possible to combine the two concepts of exact
exchange and long-range correlation interaction into a single DF. In Chapters 4
and 5 we have done exactly that with a screened hybrid DF, HSE?*6189190 gnd the
VdW-DF2 correlation DF831% These two chapters go into more detail about the
implementation and the DF so there is no need to repeat that here, though it
should be noted that the combination of these different DFs is not necessarily
internally consistent. Only recently, work has been done to try and build an
internally consistent combination of exact exchange and non-local correlation,
and an example of such a DF is VdW-DF-ahcx*4,
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2.2.6 Periodic boundary conditions, plane waves, Bloch’s
theorem, and pseudopotentials

A proper description of metal surfaces will require a large number of atoms.
Smaller clusters of atoms will inevitably exhibit nanoparticle behaviour. This type
of behaviour, though interesting, is not what we want when describing a
macroscopic metal surface. A clever way to resolve this is by imposing so-called
periodic boundary conditions (PBC). In a PBC environment, a given unit cell is
constructed and images of that unit cell are repeated infinite times in two or all
three dimensions. This means that only the atoms in the cell need to be
simulated but the images of the cell do ensure that atoms on the edges of the
cell still “feel” like they are part of an infinite ensemble!!?. In mathematical
terms, PBC in three dimensions means that for any potential:
V) = V(X + 4) (2.54)

A =n,d; + nydy + nsds (2.55),
where X are Cartesian coordinates within the cell, the n;integers and the a; cell-
vectors in 3D Cartesian space with a given orthogonal component spanning the
repeating unit cell (the three lattice vectors do not need to be fully orthogonal).
A downside is that the atoms in the cell interact with the periodic images of
themselves, which if the cell is not large enough may cause artefacts in the
results!®?,

Most solid compounds, except for amorphous solids, can inherently be
described by a given repeating cell. For simple non-alloy metals such unit cells
can be constructed from a single atom placed inside a box spanned by three
distinctly sized vectors spanning three-dimensional space. For a (metal) surface,
this becomes more difficult as the periodicity will be broken in at least one
direction. The interface between the bulk metal and the vacuum creates a
discontinuity that needs to be dealt with. The simplest solution is to create PBC
only in the direction of the surface-plane (See Figure 2.2A for an FCC(111)
surface example, the surface-plane is indicated by the U, V-plane), excluding the
surface normal (i.e., the Z-axis). This does require the resulting surface “slab” to
be thick enough to properly simulate the underlying metal bulk, and it also
means that the slab has two surfaces, one on the top side (higher Z) and one on
the bottom side of the slab. If an electronic structure code will allow for this,
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then this type of setup will work well enough for atomic orbital-based
approaches. If the code does not allow for axis selective PBC (like two-
dimensional PBC) then the other option is to include a large vacuum along the
Z-axis such that the slab cannot interact, or hardly interacts with its periodic
images. An example of such a setup can be found in Figure 2.2B. For this thesis,
a computer program was used that imposed PBC in all three dimensions, for
reasons that will be discussed below. Thus, in this thesis, all metal slabs will be
separated with a minimum of 10 A vacuum. Further slab-specific details can be
found in the method sections of the relevant chapters.

A

&V
v

v
Figure 2.2: Schematic description of a periodic metal FCC(111) surface. Purple shades indicate the
original atoms in the repeating cell, grey depicts periodic images and red arrows indicate the
relevant axes where the red dashed lines close the repeating unit, red dots show the periodic
images of the cell translated to different locations; A: periodicity in the surface (U\V-) plane; B:
periodicity along the surface normal (Z axis) for a 4 layer surface slab, including the layer of vacuum
in-between surfaces.

PBC allow for an elegant trick to ease the description of the electrons in a
periodic potential (like that of metals) via Bloch’s theorem!®!. This theorem
states that any eigenfunction of the Schrédinger equation in a periodic potential
can be expressed as a plane wave such that:

() = g (r)e* (2.56).
In Equation 2.56 (1) is a periodic function that obeys the periodicity of the

lattice, i.e., the potential as defined in Equation 2.54, and k is a wave vector in
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the first Brillouin zone. The Brillouin zone is the reciprocal version of the periodic
unit cell.

Using Bloch’s theorem the KS-orbitals, as defined in Equations 2.41 and 2.42, and
for a given sample point in k-space, the KS-orbital can be expanded as a Fourier-
series, i.e., plane wave basis set, such that:

Xz () = NZ ¢ (6)ei(E+E)r (2.57).
¢

Here N is the normalisation constant c;x are the expansion coefficients, and G
are reciprocal lattice vectors. For an infinite sampling of the reciprocal lattice this
series is exact, however, computationally the series is limited by a discretisation
over a k-space grid and a “cut-off” energy such that:

1,5 2 (2.58).
5 |k + G| < Ecueops

In practice, this means that the k-point grid and cut-off energy need to be chosen
wisely to ensure proper sampling of the periodic electronic state and thereby
ensure convergence of the total energy. Put simply, more k-points mean more
plane waves and a higher cut-off energy also means more plane waves. More
plane waves mean that the basis set further approaches the limit of the exact
solution, but at a greater computational cost.

The plane wave basis set is quite useful for efficiently describing the periodic
nature of metals and for describing the highly delocalised electrons in the
metals. However, it comes with a certain computational cost. For one, the plane
wave approach means periodicity needs to be ensured in all three dimensions
and that the size of the vacuum separating the slabs (see above) will increase
the periodic unit cell size thus increasing the number of plane waves required.
That is, in a plane-wave electronic structure method we “pay” computational
costs for the size of the vacuum. An additional downside is the large costs
associated with hybrid DFs as solving the exact exchange operator (Eq. 2.25)
using plane waves can be a rather demanding task. Lastly, the description of
larger atoms, that is atoms with many electrons, and thus many nodes in the
wavefunction of valence electrons (because of orthogonality demands) can
quickly require very large basis sets to properly describe the highly oscillatory
behaviour of such wavefunctions.
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The complexity of the basis set for many-electron atoms can be reduced by the
use of pseudopotentials®®!%’, The idea is that the electrons close to the nuclei
of heavy, many-electron atoms, also referred to as the “core-electrons”, are not
chemically relevant. Therefore a more simplistic description of those electrons
and the resulting effective potential can be used to limit the size of the basis set
for the valence electrons. Pseudopotentials additionally allow for the inclusion
of relativistic effects of the core-electrons. Thus far, relativistic effects have not
been discussed in this thesis, and the reader is referred to Ref. *® for more
information. Briefly, electrons close to the nuclei move fast enough that such
effects will start to influence the electronic structure. The use of
pseudopotentials incorporating such effects is a way to approximately include
these effects without altering the electronic structure method.

A principal idea behind pseudopotentials is that the chemically relevant valence
electrons do not interact with the full charge of the nuclei as the electrons in
between the nuclei and the valence electrons shield, or screen, the charges of
the nuclei and the core-electrons. Also, the core-electrons do not affect the
chemistry much. As such we can describe the nuclei and core electrons by one,
different, effective potential with a given ‘core’ radius r.. The nuclei and the core-
electrons within this core radius are no longer distinctly described but are
described by a pseudo-potential. This will simplify the calculation with the
wavefunction describing the valence electrons, as it no longer needs to be made
orthogonal to wavefunctions describing the core-electron wavefunctions. (see
Figure 2.3 for a schematic drawing).
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Figure 2.3: Schematic drawing of a pseudopotentval and how it compares to a real potential.
Pseudo potential and wavefunction in red, real potential and wavefunction in light blue. The
horizontal axis measures the distance of the electron to the nucleus. The shading serves as a guide
to the eye.

To ensure that the chemical state of the atom is not altered pseudopotentials
are usually constrained such that the wavefunction and potential outside of r; is
described the same as the real wavefunction and potential. Furthermore, the
pseudopotentials are often norm-conserving, meaning that the norm of the
pseudo-wavefunction is kept the same as that of its real counterpart, i.e.,

2 2.59).
fllpreallzdr = f|wpseudo| dr ( )

However, to further reduce the basis set size this last constraint is not always
adhered to. The electronic structure calculations in the following chapters have
all used a slightly different approach with the same aim, namely the Projector
Augmented Wave (PAW)'° method to describe the core-electrons. In this
method, a linear transformation is used to transform the rapidly oscillating (KS)-
wavefunction near the core of the atom to a smooth function. This is done in
such a way that the wavefunction is only transformed within the cutoff radius,
similar to other pseudopotentials. However, in the PAW method, there is no
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norm-conserving. Furthermore, all-electron observables can still be computed
with the PAW method by simply reversing the linear transformation. The finer
details of PAW pseudopotentials are outside the scope of this thesis but further

reading is available at Refs, 199200,

2.2.7 From electronic structure to potential energy surface

All of the last six sub-sections put together mean that it is possible to calculate
accurate electronic energies (within the DF approximation) for a given geometry
of the nuclei. This still leaves two possible classes of methods to use this
electronic structure to compute any motion of the nuclei, i.e., to simulate the
chemistry that occurs. The first and maybe the most straightforward class of
methods is ab initio or Born-Oppenheimer molecular dynamics (AIMD/BOMD).
In this approach, the forces on the nuclei are calculated from the electronic
structure “on-the-fly”. Whenever the nuclei are at a given position the electronic
structure is computed, which will, in turn, govern the potential and forces on the
nuclei (see Section 2.3). The AIMD/BOMD approach may at face value seem
logical but it comes with large computational demands when thousands of
molecular trajectories need to be simulated because each trajectory then
requires hundreds of electronic structure calculations in sequence. As such, for
lower dimensional systems, i.e., smaller molecules, there is a more efficient class
of methods.

When dealing with a limited number of degrees of freedom (DOF) it may be
more efficient to pre-compute the electronic structure for a large grid of
molecular geometries as a function of the DOFs of the system and use
interpolative techniques or fitting to form a continuous energy representation.
Put differently, a potential energy surface (PES) is computed in advance, after
which, this PES is used to solve the equations of motion efficiently. Note that
with more degrees of freedom, this approach may quickly become less efficient,
as the initial sampling of geometries to form the PES will grow fast with the
number of degrees of freedom.

In the following chapters, all molecular dynamics (MD) calculations are limited
to that of diatomic molecules whilst the metal surface is kept static. Thus, the
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calculations are limited to six dimensions, see Chapters 3, 4, and 5 for the
relevant breakdown of the DOF. For such a setup the construction of a PES is
most efficient. In this thesis, the discreet electronic structure energies are turned
into a continuous PES description based on the corrugation-reducing procedure
(CRP)*1292 |n the CRP the six-dimensional (6D) molecule-metal potential energy
(V2P) is set up such that:

i R (2.60)
ver(F) = 1 (F) + ) VPG
=1

M (2.61).
VPG = PG + ) ViR (dim)
m=1

Here T are the six coordinates of the molecule, y; the three coordinates of the

atom I (which can be calculated from l:), dim is the distance between the atom /
of the diatomic molecule and a surface atom m, the total number of metal

[P is the molecular six-dimensional

surface atoms taken into account is M,
interpolation function, P°° is the atomic three-dimensional interpolation
function, and V*? is the one-dimensional corrugation reduction function. V*? is
fitted to the atom-surface interaction of a geometry in which atom /is put above
a top surface atom and its distance to the surface atom is varied. This procedure
is set up to ease the interpolation procedure, produce a six-dimensional function
(1°) that contains less corrugation than V% and is, therefore, easier to
interpolate, and thereby limit the number of electronic structure calculations
needed to construct a smooth PES. Put differently it reduces the number of
oscillations that will occur in the interpolation functions when only a limited
amount of electronic structure data is available. This procedure has been
developed previously and in this thesis it is only further applied, thus the

procedure is described in more detail in the following Refs. 201204,

2.3 The nuclear motion and initial conditions

The potential energy surface that results from the electronic structure
calculations as discussed in Section 2.2 can be used directly to influence the
movement of the nuclei via Newtonian physics. It is generally assumed that the
atomic nuclei, with the possible exception of the nuclei of hydrogen or helium,
tend to be too heavy for the quantum mechanical effects associated with their
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motion to be relevant. Moreover, the mass difference between the electrons and
the nuclei is so large that the motion of the nuclei can be approximated by the
motion of the atom as a whole. Therefore, the acceleration of any atom, i.e.,
atomic nucleus, I with atomic mass M, will be given by:

L —v,VElc[R(t)]  d2R,(t (2.62).
&I(R,(t))= IIMI[ ()]z dtIZ()

The acceleration at a given time t can be used to update the positions of the

atoms with a given time step At via a simple Taylor expansion truncated at the
second order in the position:

, . dR;(t) 1 d2R,(t) (2.63).
R,(t + At) = R, (t At + ———= At?
1(t + At) () + dt TS
This can be rewritten as
. L —V,VEec[R(¢ (2.64).
R,(t + AD) = B, (0) + B, (DAt + —— R At?

2M,

Here 7;(t) is the velocity of an atom / and the potential energy determining the
force working on the atom at a given time t is dependent on the positions of all
other atoms in the system at that same time t. There are several methods to
effectively solve the time propagation in nuclear dynamics, the most famous

205 |n this thesis however, a more

perhaps being the velocity-Verlet algorithm
complicated algorithm, the Burlisch—Stoer algorithm?°®, is used to improve
numerical stability as one needs to be careful with selecting the size of the
timestep (At) when the gradient of the PES changes fast with the change of
positions of the atoms, i.e., when the gradient of the acceleration is far away
from zero. The algorithm used for this thesis is discussed in some more depth in
Section 2.3.1 below. After that, Section 2.3.2 will discuss the sampling of the

initial molecular conditions used to start the MD trajectories.

2.3.1 Burlisch—Stoer algorithm

In this thesis, the time propagation for the MD trajectories is all done using the
Burlisch—Stoer algorithm (BuSA)?%. The exact functionality of this algorithm is
out of the scope of this work, and the reader is referred to 2%’ for a detailed
overview. However, below a few key points will be briefly discussed to give an
inkling of the procedure and its benefits. The BuSA works by implementing
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Hamiltonian mechanics for propagating nuclear motion. This means that de
change of position of an atom in time will be governed by:

dR _0H(R,P) (2.65),
dt 9P
while its change of momentum is determined by
dP _ 0H(R,P) (2.66),
dt~ 8R
in which
.. P2 (2.67).
H(RP) = @ +V(R)
T

Here P is the momentum vector of all atoms in the system, I/ is the potential as
defined by the electronic structure and M is the mass of the respective atom.
From 2.65-2.67, it follows that2052%7;

dR _oT(F) P | (2.68),
it gp M '
dP_ 9V(R) (2.69).
dt R

In the end, Hamiltonian mechanics is a reformulation of the previously
mentioned Newtonian mechanics but for the BuSA it is the more useful
formalism. Additionally, it turns one second-order differential equation into two
separate first-order differential equations.

The BuSA uses the above equations to propagate the atoms in time via a
predictor-corrector method. In such an integration method there are always two
distinct steps, the first is to use an arbitrary fit to previous function values and
derivatives to extrapolate the value of the next function value. The second step
will use an interpolative method, often based on the predicted value, to improve
the initial fit approximation.

In the BuSA this procedure is along the following lines?®. First, an initial large
time step S is chosen such that a new position for t 4+ S is extrapolated (updating
velocities where required with Equation 2.68) by subdividing S into N smaller
sub-steps s, and using Richardson extrapolation?® to find
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R(ty) = R(t; + 95) (2.70),

by extrapolating Nmqx times:

R(tisn) = R(ti + ) (2.72).
These results can then be fitted to a rational function to estimate an error of the
Richardson extrapolation. If the error is not yet sufficiently small the number of
substeps Nmqx is increased such that over time:

Sp = 0A Npgy = © (2.72).
The more steps used in the Richardson extrapolation the more accurate it will
be?%®, In practise the extrapolation error will eventually fall below a preset
threshold for a given amount of substeps and the approximation is stopped
there, or a maximum number of iterations (itermex = 9)**° is reached. In this last
scenario, the initial timestep S may have been too large and is halved after which
the process is repeated. If the first scenario is encountered the solution to the
differential equations (Egs. 2.65 and 2.66) will have been found for the next point
in time, and a new step size S for the next step will be chosen based on?%:

1.5S; if:iter <6 (2.73).

new = {0.6iter—°-6 * 1.55; if:iter > 6

This way the step size of the time integration will always adapt to the gradient of
the potential, i.e., if the potential is very steep or, more generally, shows many
oscillations, the timestep will be reduced until accurate results are obtained, or
a minimum size threshold is reached resulting in an error message. If the
potential is, however, shallow and “stable” then the timestep can be increased
in size again. This algorithm allows us to mitigate the risks associated with the
choice of a poor, constant, timestep for the MD.

2.3.2 Initial conditions of diatomic molecules

Equation 2.63 has two parameters that define the starting location and velocity,
or kinetic energy of the atoms, which can be derived from known or chosen
initial conditions of the atoms. All dynamics calculations in this thesis are quasi-
classical trajectory (QCT) calculations?®2!, This means that the molecule is
propagated through time classically but the initial conditions of the molecule are
defined according to the quantisation of the rovibrational states of the molecule.
As a result of this, the initial condition of the molecule will include zero point
energy (ZPE)'3. The translational kinetic energy of the entire molecule is not
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guantised and can be selected according to a few different methods depending
on the type of experiment that is being simulated or the experimental data that
is available, see the respective chapters for more details.

Rovibrational initial conditions, however, are defined via three quantum
numbers v, j, and m;. The population distribution of these states is governed by
model simulations of the diatomic molecules, and the states are populated
according to input settings like rotational and/or vibrational temperatures. The
population of a given v, j state is given by:
2j+1 . EV-J=£B7§;:0,J=0€ Ev}iBfrlZJ:O (2.74).

Z(Tvib; Trot)

Here Z(Tus, Trot) is the partition function for given vibrational and rotational
temperatures, E,; is the energy of a given (v, j) state, and T, and T, are the

Fyj=

vibrational and rotational temperatures. In molecular beam experiments (see
Section 1.2.4) these temperatures are related to the nozzle temperature. Initial
intramolecular distances and momenta are computed from a quasi-classical full-
cycle vibrational simulation of the molecule in the gas-phase. The rotational
state is selected according to the rotational population of the initial angular
momentum which is defined by

L=hJjG+1 (2.75),
and the orientation of L is randomly sampled with the constraint that
m.
COS(BL) — ] (276)

GG+ D
Here &, is the angle between L and the surface normal. The m; states are all
sampled with equal probability as these states are degenerate for homonuclear
diatomic molecules in the absence of a magnetic field. It must be noted that,
depending on the nuclear spin statistics of the diatomic molecule in question,
not all j states are allowed, e.g., even j states are not permitted for 0,'73. Put very
briefly this is due to the combination of the Pauli principle, as also briefly
discussed in Section 2.2.2, and the fact that undistinguishable nuclei may get
interchanged in the rotation of a molecule. That is, nuclei have their own spin,
which depending on the number of protons and neutrons in the nuclei can be
either integral or fractional, i.e., the nucleus will behave like a fermion or a
boson. This means the sign of the wavefunction has to either change sign (like
with electrons, i.e. fermions) or remain the same (for bosons) when two nuclei
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are interchanged by the rotation. This means that certain types of rotational
transitions and rotation states may be less occupied (for Hz) or completely
forbidden (for O,). The details of this are beyond the scope of this thesis and the
reader is referred to Ref. 172 for a more detailed explanation. Chapter 3 includes
a table in Section 3.2.5 with the rovibrational occupations for an O, beam of Ty
=300K and T,,: =9 K. The temperature conditions, i.e., T,i» and T,,t, are consistent
in all three further chapters of this thesis. Further details of the initial conditions
of the molecules in QCT dynamics are given in the respective chapters.

Lastly, although in the initial conditions of the molecule, quantisation is taken
into account in QCT, the classical time propagation means that quantisation may
be lost and energy may leak from states where this would normally not be
allowed. This generally does not happen in the QCT for a diatomic molecule in
isolation but this may occur when the molecule is interacting with other
molecules or with a metal surface.
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3 Dissociative chemisorption of O, on
Al(111): Dynamics on a potential energy
surface computed with a non-self-
consistent screened hybrid density
functional approach

This chapter is based on:

van Bree, R. A. B.; Gerrits, N.; Kroes, G.-J. Dissociative Chemisorption of O, on Al(111): Dynamics
on a Potential Energy Surface Computed with a Non-Self-Consistent Screened Hybrid Density
Functional Approach. Faraday Discuss. 2024, 251, 361-381.
https://doi.org/10.1039/D3FD00165B.

CCCO OO

Abstract
Density functional theory (DFT) at the generalised gradient approximation (GGA)

level is often considered the best compromise between feasibility and accuracy
for reactions of molecules on metal surfaces. Recent work, however, strongly
suggests that density functionals (DFs) based on GGA exchange are not able to
describe molecule-metal surface reactions for which the work function of the
metal surface minus the electron affinity of the molecule is less than 7 eV.
Systems for which this is true exhibit an increased charge transfer from the metal
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to the molecule at the transition state, increasing the delocalisation of the
electron density. This enlarged delocalisation can cause GGA-DFT to
underestimate energy values relative to the gas-phase and thus underestimate
the barrier height, similar to what has been observed for several gas-phase
reactions. An example of such a molecule-metal surface system is O, + Al(111).
Following a similar strategy as for gas-phase reactions, previous work showed
results of increased accuracy when using a screened hybrid DF for O, + Al(111).
However, even screened hybrid DFs are computationally expensive to use for
metal surfaces. To resolve this, we test a non-self-consistent field (NSCF)
screened hybrid DF approach. This approach computes screened hybrid DFT
energies based on self-consistent-field (SCF) GGA electronic densities. In this
chapter, we explore the accuracy of the NSCF screened hybrid DF approach by
implementing the NSCF HSE03-1/3x@RPBE DF for O, + Al(111). We compute and
analyse molecular beam sticking probabilities as well as a set of sticking
probabilities for rotationally aligned O,. Our results show that the NSCF
approach results in reaction probability curves that reproduce SCF results with
near-chemical accuracy, suggesting that the NSCF approach can be used
advantageously for exploratory purposes. An analysis of the potential energy
surface and the barriers gives insight into the cause of the disagreement
between the SCF and NSCF reaction probabilities and into the changes needed
in theoretical modelling to further improve the description of the O, + Al(111)
system. Finally, the hole model yields fair agreement with dynamics results for
the reaction probability curve, but results in an increased slope of the reaction
probability curve compared to the molecular dynamics, with a shift to lower or
higher energies depending on whether the vibrational energy of the molecule is
included in the initial energy of the molecule or not.
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3.1 Introduction

The dissociative chemisorption (DC) of a molecule reacting on a surface is often
considered the rate-controlling step in heterogeneously catalysed

6212213 for instance in ammonia production®, and steam

processes
reforming?”?%. Moreover, the DC of an O, molecule is the initial and often the
rate-determining step in oxide formation, corrosion, and catalytic oxidation

214218 nderstanding the elemental steps at play in the DC of O,, or

reactions
other diatomic molecules, is thus of great practical importance. In addition,
there is also an intrinsic scientific interest in understanding the breaking and
formation of chemical bonds at surfaces>°621%220 | the literature, the H; on
Cu(111) system is often mentioned as the benchmark system for H;

dissociation®>110:135.221

. Similarly, O, on Al has over the years become the
benchmark system for the oxidation of metals?#222-227  However, theoretical
work on the DC of O, on Al(111) has thus far not been able to come to an overall
consensus on the barrier height for dissociation, the origin of the barrier, and

even the reaction mechanism at play??*-2%.

The foremost reason for the disagreement in the theoretical community is that
density functionals (DFs) at the generalised gradient approximation (GGA) level
of density functional theory (DFT) fail to yield even a qualitatively correct
description of the O, + Al(111) reaction. The workhorse GGA DF for modelling
gas metal interactions®®, the PBE>* DF, fails to predict any barriers for DC of O,
on Al(111)%%23 Moreover, even one of the most repulsive (and therefore ‘least
reactive’) DFs that can be used for molecule-metal systems at the GGA DFT level,
the RPBE functional®®, fails to predict any significant barrier for the dissociation
of 0, on Al(111)?%5238_ GGA-level functionals generally incorrectly predict unit
reaction probabilities for all incidence energies, i.e., GGA DFs predict a non-
activated reaction'?. This is in contrast with experimental evidence, which
shows that the DC of O, on Al(111) is an activated reaction?*. Going beyond
semi-local (GGA) functionals to resolve this (or for gas-metal systems in general)
is still challenging as computational costs increase quickly and the dual nature of
the system, i.e. the presence of both molecule and metal surface, makes the
choice of functional more difficult. As such, a solution to the theoretical
description of the O, on Al(111) system is not readily found.
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The failure of GGA-DFT to describe the barrier of O, dissociation on Al(111) has,
over the years, been attributed to different origins. Behler et al.32* argued that
the reaction should proceed in an almost diabatic fashion, with spin-orbit
coupling only being strong enough to quench the triplet spin of the oncoming O,
molecule once the barrier on the corresponding ‘triplet potential energy surface’
has already been passed. They argued that in GGA or other adiabatic DFT
approaches, this quenching (which is forbidden in the absence of spin-orbit
coupling) incorrectly happens continuously, already occurring for O, still far from
the surface. This should then be why the sticking probability should be
overestimated at the adiabatic RPBE-GGA level of theory, as found in Ref. %1,
Using an RPBE-DFT approach for computing the potential energy surface (PES)
in which the spin state on O, was locally constrained to the triplet ground state,
they obtained semi-quantitative agreement with sticking experiments in
classical molecular dynamics (MD) calculations?3?*°, Carbogno et al.?*#?3> |ater
made predictions for experiments on the scattering of singlet O, from Al(111)
that can be used to verify the proposed mechanism, but these experiments have
not yet been carried out.

Later, Carter and co-workers argued that the barrier for dissociation of O, on
Al(111) does not find its origin in spin selection rules but in the occurrence of

228 As Carter and co-workers showed, they were able to compute

charge transfer
rather accurate DC barriers for O, + Al(111) using an adiabatic approach?2%-230
employing an embedded correlated wavefunction (ECW) method?*. In these
calculations, a second-order multi-reference perturbation theory method, i.e.,
CASPT22422%3 \was used to model the interaction of O, with an embedded Al
cluster. Carter and co-workers attributed?? the errors in approaches based on
GGA DFs to the lack of derivative discontinuities?® and the self-interaction
error?®. Dynamics calculations based on an embedded CASPT2 PES were in
semi-quantitative agreement with sticking experiments?3°, thereby showing that
modelling non-adiabatic effects associated with spin-orbit coupling may not be
necessary. A disadvantage of their method is that CASPT2 calculations are rather
expensive computationally, with the cost scaling as O(N°) where N is a measure
of the size of the system?*®. Perhaps due to high computational costs, the PES
was fitted using a minimum of data points, and as a result, a fitting method with
limited accuracy (the flexible periodic London-Eyring-Polanyi-Sato,
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FPLEPS?10247.248 method) had to be used. Furthermore, this unfavourable scaling
has possibly stood in the way of achieving further progress using this method for
molecules interacting with transition metal surfaces!!®'?® though recent
calculations on H, + Cu(111) show much better results with the embedded
NEVPT2 method?®,

One method to correct for the self-interaction error, at least approximately, is to
mix exact non-local exchange with semi-local exchange to obtain a hybrid DF This
approach has been used successfully to obtain DFs that are more accurate for
gas-phase reaction barriers®®”13%, This idea was further supported by preliminary
hybrid DFT calculations on O, + Al(111), showing that barriers for dissociation do
occur when employing (screened) hybrid functionals to calculate the electronic
structure??®. The suggestion to go beyond the use of semi-local functionals for
0O, + Al(111) also comes from recent work suggesting a correlation between the
failure of GGA-DFs for DC on metal surfaces with the so-called charge transfer
energy of the system (Ecr). This energy may be defined as:!?*
Ecr =¢p —EA (3.1).

Here, ¢ is the work function of the metal surface, and EA is the electron affinity
of the molecule. Gerrits et al. estimated’®* that the divide between GGA DF
failure and success can be found at about 7 eV, i.e., if the charge transfer energy
of a system is below 7 eV, charge transfer from metal to the molecule is more
likely and an error in the semi-local GGA-DF is expected to occur and lead to
underestimated barrier heights'?*, At 3.76 eV the charge transfer energy of the

k236237 it is clear

0, o0n Al(111) system is far below 7 eV 2%, and from previous wor
that a manner of delocalization of the O, orbitals occurs at the Al surface, which
has been pointed to as a cause for underestimating the barrier heights46250251,
However, we do note that the work of Ref. 12% suggests that errors in the density
are not necessarily the major cause of the underestimation of the barrier

heights, as will be discussed further below.

The above-described correlation of the charge transfer energy of the system
with the likely success of GGA functionals, the above-mentioned ‘fix’ for gas-
phase reactions, and preliminary results for O, interacting with Al clusters®° led
to dynamics calculations using a screened hybrid DFT PES for O, + Al(111),
Hybrid DFT has a more favourable computational scaling with system size (as

70



R.A.B. van Bree

O(N*))*>? than CASPT2. A screened hybrid functional was used as global hybrid
DFs have severe shortcomings for metals, e.g., their use leads to an
underestimated density of states at the Fermi level’®. The screened hybrid
functional dynamics calculations achieved semi-quantitative agreement with
experimental sticking coefficients for O, + Al(111)?.

The presented solution in Ref. 2% is promising, nevertheless, the use of screened
hybrid functionals for gas-metal systems (even for simple metals like Al) is
computationally expensive. Nonetheless, if the error of the GGA functional

253 as opposed to density-driven!?*%>3, the

would be mostly functional-driven
electron densities (and Kohn-Sham wavefunction) found from converged GGA
DFT calculations might remain accurate. Consequently, using the GGA-DF
electron density (and Kohn-Sham wavefunction) to non-self-consistently
compute the energy with a screened hybrid functional might represent a viable
(i.e., affordable) approach to systems with low electron transfer energies like O,
+ Al(111). This would enable us to avoid the majority of the computationally
expensive cycles with the screened hybrid functional that would be required for
self-consistency, and instead achieve results of (near) screened hybrid-level

124 3lready suggested that this

accuracy at only a fraction of the costs. Ref.
approach might be viable, by showing, for a limited number of configurations,
that a non-self-consistent field (NSCF) hybrid calculation can indeed closely
reproduce the self-consistent hybrid barrier heights'?*#1% This finding suggests
that the GGA error in the barrier heights for O, + Al(111) must be largely

functional driven.

In this chapter, we explore the potential of the NSCF-screened hybrid functional
approach by constructing and analysing an NSCF screened hybrid potential
energy surface (PES) for O, on Al(111) and using it in dynamics calculations. The
resulting NSCF sticking probabilities are compared with SCF results and with
results of supersonic beam experiments on sticking of ordinary and rotationally
aligned beams. We will show that the NSCF approach reproduces SCF results to
within 2 kcal/mol. The NSCF results are unintentionally in even better agreement
with experiments than the SCF results. Furthermore, an analysis of the PES and
the reaction barriers, and an analysis using the hole model of Holloway and
Ngrskov and co-workers®®* give insight into the cause of the disagreement
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between SCF and NSCF reaction probabilities. Our analysis also shows what type
of additions in the theoretical modelling of this challenging benchmark system
may be required in future work to improve upon the agreement presently
achieved for O, + Al(111).

This chapter is set up as follows. The next section, i.e., 3.2, presents the methods
employed. Thereafter Section 3.3 presents the results in several sub-sections.
The first sub-section, 3.3.1, discusses the importance of a strict convergence of
the self-consistent calculations producing the GGA densities. The next two sub-
sections, i.e., 3.3.2 and 3.3.3, present and discuss the results of the dynamics
calculations using the NSCF PES for sticking of ordinary and rotationally aligned
0, in supersonic beams, also comparing to SCF and experimental results. After
this, we discuss the role of the energetic corrugation of the barrier height in
Section 3.3.4. Finally, Section 3.3.5 discusses results for O, + Al(111) that are
obtained with the hole model. After this the chapter is summarised in Section
3.4 and Section 3.5 presents two appendices.

3.2 Methods

This section of Chapter 3 discusses the methods and computational details used
for this work. This section is divided into six subsections. Section 3.2.1 discusses
the coordinate system and dynamical model used, Section 3.2.2 the details of
both DFs in use, Section 3.2.3 briefly highlights the computational details of the
DFT calculations, 3.2.4 discusses the procedure for constructing the PES, 3.2.5
the relevant details for the QCT calculations, and lastly Section 3.2.6 discusses
the computational implementation of the hole model.

3.2.1 Coordinate system and dynamical model

The coordinate system used in this chapter is as used in previous work on
diatomic molecules reacting on (111) surfaces of FCC metals, see Ref. *° for a
detailed account. For the dynamics calculations in this chapter, we make use of
the Born-Oppenheimer static surface (BOSS) approximation, which means that
we employ both the Born-Oppenheimer approximation (BOA) and keep all
Al(111) surface atoms fixed in their ideal lattice position®®. This way, we only have

72



R.A.B. van Bree

to consider the six degrees of freedom associated with the diatomic molecule
(0,). Therefore, we can use the molecule's centre-of-mass (COM) centralised
coordinate system for the molecule's degrees of freedom. In this coordinate
system, the COM's position is expressed in the coordinates X and Y for motion
along the surface, and Z is the distance of the molecule’s COM to the surface.
The distance between the oxygen atoms is given by the r coordinate. The
azimuthal angle ¢ defines the orientation of the molecule's projection on the
surface, i.e., on the horizontal-(X, Y)-plane, and the polar angle & defines the
angle of the O, bond axis with the Z-axis. For a visual representation see Figure
3.1A.

The surface unit cell of a (111) surface of an FCC metal is illustrated in Figure
3.1B. In this figure, the most relevant high-symmetry sites are also indicated.
Note that the angle between the U and V axes can be taken as either 60 or 120
degrees; in Figure 3.1B the 60° version is demonstrated. As we are describing a
unit cell, the U and V coordinates within this cell are taken as normalised
(between 0 and 1). The X and Y coordinates of the COM of O, are transformed
to U, V-space to properly describe the position of the COM of O, above a (111)
FCC surface and its high symmetry sites, with the X vector being along U.

A B v

X
Figure 3.1: The coordinate system in use and its relation with the Al(111) surface unit cell. A: The
centre-of-mass coordinate system used for the description of O; interacting with Al(111). See the
text for an explanation of the coordinates shown. B: The unit cell of a (111) surface of an FCC metal
(Al), in which the high symmetry surface sites are indicated.
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3.2.2 Density functionals

The density functionals used for this chapter are the RPBE®° DF at the
generalised gradient approximation (GGA) rung and the HSE03-1/3x DF'® at the
hybrid rung of DFT. The RPBE DF may be viewed?*® as a variant of the non-
empirical GGA PBE DF***, with the RPBE DF originally designed to improve the
description of chemisorption energies of atoms and molecules on metal
surfaces. Hammer et al. constructed the RPBE DF in such a way that the same
non-empirical constraints imposed on the PBE-DF are also imposed on RPBE?*°,
Importantly for metals, the recovery of the uniform electron gas limit at zero
gradient of the density is included®®. In general, we can consider the RPBE
functional as more ‘repulsive’ than the PBE functional, i.e., the RPBE barriers for
both gas-phase reactions and dissociative chemisorption reactions on metals are
higher than the PBE DF barriers!®2°, This generally results in lower reactivity
when describing a gas-metal system with the RPBE functional®®.

The HSE03-1/3x DF is a screened hybrid functional. It is a hybrid DF because a
fraction of exact exchange (also somewhat ambiguously called Hartree-Fock
exchange) is admixed to the GGA exchange®?. It is screened because the exact
exchange is turned off at long range. This means that at long range the functional
behaves like a PBE DF**, whereas at short range it will behave as a PBEO-like
hybrid DF*>3. The screening of the exact exchange in metals is vital, because
without it a myriad of descriptive issues can occur, not the least of which is a
reduction of the density of states of the electrons at the Fermi level'*,

The HSE03-1/3x DF is similar to the original HSEQ3 DF'891%, j.e., to the HSEO3 DF
that has been corrected for an implementation error'®®. The HSE03 DF only
differs from the better-known HSE06 functional through the use of a slightly
different screening range parameter'®1%°, The difference between the HSE0Q3-
1/3x DF and the HSEO3 DF in Ref. ¥ s that we implemented a different maximum
fraction of exact exchange (a). The a-values for PBEO and HSEO3 were originally
set to 1/4, whereas we use a = 1/3. Increasing the exact exchange is an accepted
approach to improve the performance for gas-phase reaction barrier
heights!3%?57, and was thus used already in earlier work on O, + Al(111)*** to
improve over the description of the O, on Al(111) system obtained with the
original HSEO3 functional.
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Here a non-self-consistent field (NSCF) HSE03-1/3x@RPBE calculation is
performed by first initialising and converging a self-consistent field (SCF)
calculation with the lower level RPBE functional to obtain a well-converged
electron density. The higher level HSE03-1/3x density functional'® is then
applied once to this density (using its Kohn-Sham wavefunction) to compute the
HSE03-1/3x@RPBE energy. Vital to achieving an accurate and converged result
in this type of calculation is that a high enough level of convergence is achieved
for the energy (and thereby the density) at the lower (RPBE) level of theory. We
have found that this requires a tougher energy tolerance than usually needed in
a self-consistent calculation, presumably because the RPBE density is not equal
to the density that corresponds to the variational minimum energy that would
be obtained with the self-consistent HSE03-1/3x functional.

3.2.3 Computational details

All DFT calculations are performed with the Vienna Ab initio Simulation Package
(VASP) version 5.4.42%025%8-262 The injtial SCF GGA spin-polarised DFT calculations
are done with the RPBE?* functional. The calculations use a 2x2 Al(111) supercell
with 4 layers and a vacuum distance of 10 A. The Al surface is described by a
lattice constant of 4.022 A and interlayer distances of di, = 2.356 A, d.; = 2.248
A, and d4 = 2.353 A, which are the same as the values used in Ref. 124 for the SCF
HSE03-1/3x DF calculations. A plane wave cut-off energy of 400 eV and an 8x8x1
l-centred k-point grid is used. The core electrons are represented by the
projector augmented wave (PAW)'*® method, and first-order Methfessel-Paxton
smearing with a width of 0.2 eV is employed to improve convergence. The
energy convergence criterium for the RPBE functional is set to 10° eV. This
stringent convergence criterium is specifically chosen with the erratum?* on the
work of reference 2% in mind and is discussed further in Section 3.3.1.

To complete an NSCF HSE03-1/3x@RPBE calculation we perform another single-
point calculation by applying the HSE03-1/3x DF one time to the pre-converged
RPBE density. This calculation uses mostly the same DFT settings as the SCF GGA
single-point calculations. The notable difference, however, is the use of the
screened hybrid HSE03®° functional with an exact exchange fraction of 1/3. (see
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also Section 3.2.2) In this calculation, the SCF-RPBE density and Kohn-Sham
wavefunction of the previous calculation are used, and the HSE03-1/3x is not
applied in a self-consistent manner but only once to compute the screened
hybrid energy from the converged RPBE density.

3.2.4 Constructing the PES

In the most common approach to performing quasi-classical trajectory (QCT)
dynamics calculations a continuous and global PES is used that is fitted to
electronic structure calculations using the DF of which the accuracy is evaluated.
As discussed in Section 3.2.1, the PES in this work is dependent on the six
degrees of freedom of the diatomic (O;) molecule. A continuous representation
of this six-dimensional PES is obtained by applying the corrugation-reducing
procedure (CRP)?°1202 to 3 grid of DFT single-point energies. In this approach,
atom-surface PESs are subtracted from the full 6D PES such that the 6D rest
function is less corrugated and easier to interpolate. In previous studies, this
procedure led to off-grid interpolation errors that were no larger than 30 meV
202(2.9 kJ/mol) and 0.7 kcal/mol **> (2.9 kJ/mol). Moreover, in the work of Smeets
et al. a large test set of 4900 samples was used to test the interpolation error of
the CRP method®°. This resulted in a root mean squared error (RMSE) of 31 meV
(3.0 ki/mol). However, this RMSE was reduced to 8 meV (0.8 kJ/mol) if the
interaction energies between molecule and metal were smaller than 4 eV **, For
02+ Al(111), most interaction energies are within 4 eV in the configuration space
relevant to the reaction dynamics (see also Figure 3.7 in Section 3.3.4).
Furthermore, Table 3.3 in Section 3.5.1 shows a comparison of reaction barrier
energies extracted from the CRP PES (as also shown in Table 3.2 in Section 3.3.4)
with values directly calculated for the corresponding CRP barrier geometries
using DFT (the NSCF HSE03-1/3x@RPBE DF). The RMSE of 0.61 kJ/mol is
consistent with the value of 0.8 kJ/mol for total interaction energies smaller than
4 eV in the earlier cited study, with the largest deviation between a CRP and a
DFT barrier being about 3.0 kJ/mol, in what is a clear outlier in the set. The CRP
procedure used in this chapter is along similar lines as in e.g. the work of Ref. 253,
except for two distinctions.
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First, we did not employ an equidistant (r, 2)-grid. Instead, we used a similar grid
as used in Ref. 14 for the calculations with the SCF HSE03-1/3x functional, i.e., Z
= [1.00, 1.50, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50] A, and r = [1.0, 1.1, 1.15,
1.175,1.2,1.225,1.25, 1.3, 1.4, 1.5, 1.6] A. This grid limits the number of single
points necessary for a good representation whilst maintaining high accuracy for
the description of the molecule in the gas-phase and at the transition sate (TS).
We opted to use the same grid as the earlier O, + Al(111) work of Gerrits et al.
to enable an optimal comparison with the calculations using the SCF HSE03-1/3x
DF PES, in the sense that differences should not be attributable to the use of a
different grid of points.

The second distinction is that, similar to reference 2%, we employ the atomic 3D
PES computed with the MS-RPBE| DF'2 jnstead of an atomic PES obtained with
the (NSCF) HSE03-1/3x functional. This is done to maintain comparative PESs
between the NSCF and SCF DF. Regardless, the three-dimensional atomic PES will
not influence the 6D PES itself as long as the 3D potential is physically
reasonable, since the 3D atomic PES is used only to decrease the corrugation of
the 6D PES during the fitting procedure, as also discussed in Ref. 1%,

3.2.5 Quasi-classical trajectory calculation

A global PES as produced by the CRP allows for performing quasi-classical
trajectory (QCT)#%21! dynamics calculations, along similar lines as in previous
work?#125130 With QCT we take into account the molecule's initial zero-point
energy, after which the molecular trajectory is propagated classically in time. If
the bond length of O, exceeds the threshold of 1.59 A in a trajectory, we count
that trajectory as reacted. If the value of Zincreases beyond the value of Z at the
starting point of the trajectory (i.e., if Z> 5.0 A) we consider the molecule to be
scattered. The reaction probability (P;) is calculated using:

N, (3.2)

B Ntotal
where N,is the number of trajectories that correspond to a reaction and N is

P

the total number of trajectories run.
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Two types of molecular beams were simulated for this chapter. This first type is
used to simulate the experiments of Osterlund et al.??, for which supersonic
molecular beams with a nozzle temperature (Ty) equal to room temperature,
i.e., 300 K, were used. In simulating the experiments the vibrational temperature
of the molecules can be taken equal to the value of Ty in the experiments??*. Due
to the high rotational cooling in the oxygen molecular beams employed, the
rotational temperature of O, is only 9k?%%, resulting in a rovibrational state
population presented in Table 3.1 (see Refs.’3%13¢ for more information). In the
QCT calculations, we used a single value for the incidence energy of the molecule
and allowed initial states withv=0-3, andj = 1 - 49 to be populated. However,
Table 3.1 shows that O, molecules in a beam with Ty = 300 K mostly occupy the
rovibrational ground state (v=0, j=1). Note that we only consider the odd j states,
because the even j states are forbidden according to nuclear spin statistics’.
For this beam simulation, we ran 10,000 trajectories for each incidence energy
to compute the reaction probability (P;) per incidence energy with converged
statistics.

Table 3.1: Rovibrational state population in an O; molecular beam with a nozzle temperature of
300 K.

v state j state Rovibrational energy (eV) Population
(1] 1 0.10687 80.6546 %
0 3 0.10865 18.8495 %
0 5 0.11186 0.47049 %
0 7 0.11650 0.00160 %
1 1 0.31449 0.02632 %
1 3 0.31626 0.00627 %
1 5 0.31944 0.00016 %

The second type of beam is used to simulate the experiments of Kurahashi and
Yamauchi??’, for which we employed a state-specific initial condition of v=0, j=1,
with appropriate averaging over mj=-1, 0, 1, according to the particular
experiment simulated. We ran 2800 trajectories per incidence energy to
compute the sticking probability. We then use the m; state-specific reaction
probabilities and the equations provided in the work of Kurahashi and

78



R.A.B. van Bree

Yamauchi??’ to compute the reaction probabilities measured for particular
rotational alignments. We refer the reader to reference 2%’ for the details.

3.2.6 Hole model

The hole model®* is a method to compute the sticking probability from the
barrier corrugation and anisotropy without the usage of dynamics®®. In this
chapter we used the well-defined NSCF PES to compute the reaction, or sticking,
probability, as described by the hole model*%2%4;

G E = [H{Eno — Eg(X,Y,0,9)}dUdVdcos(8)dg (3.3)
0Bmot) = [dUdVdcos(8)de
1if AE >0 .
H{AE} = {0 iljj:AE <0 4

Here Ep. is the sum of the internal energy of the molecule (as defined by the
temperature of the molecular beam) and the incidence energy of the molecule,
and E3(X ¥ 6, ¢)is the energy of the barrier for a given molecular geometry (X,

Y6 )

In practice, we opt to use a Monte-Carlo-like approach to solving this integral.
Analogously to Section 3.2.5, we compute the reaction probability as Equation
3.2, though now we do not use quasi-classical trajectory outcomes but distinct
samples such that:

Ny (Ep) _ zwaalH{Ejmol(Ei) — EF(U;,V;,cos(8);,9;)} (35

Ntotar Ntotar
Eijl(Ei) =E + Ejvibration + E]rotation (3.6)

where E;is the incidence energy of the molecule, Evibration gnd Frotation gre the

Pr(Ei) =

vibration energy and rotation energy of the molecule for each sample jchosen
randomly via the 7y = 300K O, molecular beam population distribution (see
also Table 3.1), N is the total number of samples used, H is the same
Heaviside function as in Equation 3.4, and U, V] cos(8), ¢ are chosen randomly
from uniform distributions for each jas defined in Section 3.2.1 (Note that in
Equations 3.5 we use the U, Vcoordinates instead of X, ¥'see also Section 3.2.1).
If Newoearis chosen to be large enough (here it is chosen to be 10¢) Equation 3.5
should approach the results of Equation 3.3.
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For each sample j, a molecular energy and molecular geometry (U V 6, ¢) are
thus chosen according to the same initial conditions as in the QCT calculations.
The geometry is used to compute the reaction barrier in r and Z via a simple two-
dimensional barrier searching algorithm applied to the (NSCF) PES. The barrier
search is in principle a basic saddle-point searching algorithm, assuming that
only one saddle-point, or barrier, will exist per r, Z-elbow cut of the PES. The
saddle points are found by starting a modified Powell method?%>:%%¢ root finding
algorithm on the Jacobian of the two-dimensional (r, Z) PES from an initial guess
on the elbow. This critical point is then verified to be a saddle point via a second-
order derivative test with the hessian of the two-dimensional (r, Z) PES on the
critical point (i.e., the discriminant of the hessian needs to be smaller than zero).
If the critical point is not a saddle point, a new root search in the Jacobian is
started from a different initial guess. This algorithm is basic but robust if the
corrugation of the PES not to large so that extra critical points or saddle points
are not present (to avoid the occurrence of false critical or saddle points).

3.3 Results and discussion

Below the results of this chapter are presented. This is done with a few
subsections. The first, i.e., section 3.3.1 discusses the need for stringent
convergence of the RPBE density. Section 3.3.2 then follows this by presenting
the sticking results from QCT calculations and comparing those results to the SCF
HSE03-1/3x results, and other previous theoretical and experimental work.
Section 3.3.3 then briefly discusses the sticking probability of rotationally
resolved O, molecules. This is followed by Section 3.3.4 where the differences in
sticking probability are related to the differences in the PESs of both the SCF and
NSCF DF. Lastly, in Section 3.3.5 the sticking results computed with the hole
model are presented and analysed.

3.3.1 Converging a non-self-consistent field DFT calculation

As discussed in Section 3.2.2 it is important to achieve a high convergence of the
DFT energy in the lower rung calculation of the electron density, to ensure that
this density is stable. We found this to be particularly true for geometries in
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which O, is still far away from the Al(111) surface. The NSCF energies can be
quite dependent on the convergence of the GGA RPBE density used to evaluate
the HSE03-1/3x@RPBE DF. An example of potential problems with less
converged densities is shown in Figure 3.2. In this figure three different cuts
through the potential energy surface are shown, plotting the total energy value
of 0, + Al(111) for different bond lengths of O, in the gas-phase, i.e., at 5.0 A
above the surface. In Figure 3.2A, results obtained with the SCF HSE03-1/3x
functional are shown for an energy tolerance AEr, = 10° eV. In Figure 3.2B and
C results obtained with the NSCF HSE03-1/3x@RPBE functional are shown for
the RPBE tolerance of AEw = 10 eV in panel B and AE: = 107 eV in panel C.
Figure 3.2 clearly shows that obtaining accurate and converged results with the
NSCF calculations requires a much lower value of AExs in the GGA primer
calculation (a better-converged GGA electron density) than needed in an SCF
calculation. As also discussed in Section 3.2.2. we attribute the much larger
dependence of the NSCF energy on small changes in the GGA density to the GGA
electron density probably not being equal to the electron density corresponding
to the variational minimum for the higher-level functional. In this situation, one
would expect to see a much larger dependence of the energy on small variations
in the density.
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Figure 3.2: Three (cubic spline interpolated) potential energy cuts for O; at 5 A above the Al(111)
surfaces, where all degrees of freedom are kept constant except for the oxygen bond length; A:
HSE03-1/3x with an AEr, of 10 eV; B: NSCF HSE03-1/3x@RPBE with RPBE with an AEr, of 10° eV;
C: NSCF HSE03-1/3x@RPBE with RPBE with an AEt, of 107 eV.
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3.3.2 The reaction probability

In Figure 3.3 the reaction probability computed with the NSCF hybrid functional
(HSE03-1/3x@RPBE) is plotted as a function of incidence energy. We compare
these results with reaction probabilities computed with SCF HSE03-1/3x'%,
wavefunction theory embedded in DFT?%°, RPBE?12%0 MS-RPBE|l (a meta-
GGA)'?*, and with experimental results??*,
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Figure 3.3: The reaction probability as a function of incidence energy as computed with the SCF
HSE03-1/3x functional (red)'?*, the NSCF HSE03-1/3x @RPBE functional (orange), the embedded
correlated wavefunction method (purple)°, and as measured in experiments (black)??, is
compared with the reaction probability computed with the RPBE DF(green)?31.20, and with the
MS-RPBEI DF(blue)124,

Importantly, the NSCF results reproduce the SCF reaction probabilities within
near-chemical accuracy (2 kcal/mol), but not within chemical accuracy (1
kcal/mol). The NSCF reaction probabilities appear to be shifted towards
somewhat higher incidence energies. This energy shift is not constant: it is larger
for higher incidence energies. The increase of the shift also means that the slope
of the NSCF reaction probability curve is smaller. This somewhat reduced slope
of the NSCF reaction probability curve corresponds to a small broadening of the
sticking probability curve relative to the SCF results.

The difference in incidence energy dependency of the NSCF and SCF HSE03-1/3x
sticking curves is visualised in Figure 3.4 where we have plotted the incidence
energy shift (or A) that the SCF HSE03-1/3x reaction probabilities would need to
be shifted by to higher energies to morph into the NSCF HSE03-1/3x@RPBE
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result. At low incidence energy, the energy shift required is small (2.4 kJ/mol)
and well within chemical accuracy (1 kcal/mol = 4.2 ki/mol), but for larger
incidence energies the required shift increases considerably (to 7.2 kJ/mol).
Based on the energy shift we can say that the NSCF results reproduce the SCF
results to within chemical accuracy up to an incidence energy of 14 kJ/mol. The
energy shift of the NSCF curve also means that these results reproduce the initial
onset of the experimental sticking curve less well (at E; < 7 kJ/mol) than the SCF
results, but the agreement of the NSCF results with experiments is
unintentionally improved in the range of 10 - 23 kJ/mol (see Figure 3.3).

A Incidence Energy (kJ/mol)

2.-.1:1:I.;|l|. PR TR [T S S N ST S T —_— _—

4 6 8 10 12 14 16 18 20 22 24
Incidence Energy (kJ/mol)

Figure 3.4: The amount of incidence energy by which the SCF HSE03-1/3x reaction probability1?*
would have to be shifted to morph into the NSCF HSEO3-1/3x@RPBE reaction probability curve is
shown as a function of the incidence energy of the SCF reaction probability.

The disagreement between the SCF HSE03-1/3x and the NSCF HSEO03-
1/3x@RPBE results may be surprising when looking back at Ref. * where
(originally) near exact agreement between SCF and NSCF barriers was reported.
Such an agreement would suggest that reaction probability curves would also be
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in excellent agreement with one another. However, this is, as shown above, not
the case. The problem is resolved through the recent Erratum* published on
the work of Ref. 124, which corrected the reported NSCF 1D potential and further
clarified the exact settings used for the published NSCF calculations. It appears
that the input parameters in reference ?* for the SCF RPBE in the NSCF HSEO3-
1/3x@RPBE functional were set at values not yet sufficiently stringent to obtain
a stable NSCF energy. The limited convergence of the GGA density likely resulted
in energetic noise in the gas-phase description of the O, + Al(111) model (see
also Figure 3.2). This, in turn, has most likely resulted in incorrect molecule-
surface interaction energies, as an unstable result for O; in the gas-phase was
subtracted from the energy of the combined system. All in all, this resulted in a
down-shifted barrier height, thereby presenting a too optimistic picture of the
NSCF-screened hybrid DF barrier description.

We found that, when using a plane wave code like VASP for the O, on Al(111)
system, only a small fraction of the computation time for an NSCF hybrid single
point is spent on generating a well-converged SCF GGA density. A very stringent
convergence setting in the SCF GGA calculation is therefore of little influence on
the total computation time. Moreover, the computational cost of an NSCF hybrid
single-point calculation is between 1/20" to 1/200" of the cost of a full SCF
hybrid single-point calculation. It is, therefore, encouraging to see that the NSCF-
screened hybrid results represent a considerable improvement over the RPBE
GGA and the MS-RPBEI mGGA results'?* shown in Figure 3.3, at a computational
cost that is more than an order of magnitude lower than the SCF hybrid DFT
calculations. Specifically, we observe that a single application of the screened
hybrid functional to a well-converged GGA (i.e., RPBE) density is capable of
altering the sticking probability curve to a result much closer to the desired,
experimental, outcome and reproduces the SCF Hybrid DF with near-chemical
accuracy. This last point strengthens the argument made in earlier work?* that
the errors made with GGA functionals when describing systems with a low
charge transfer energy, like the O, + Al(111) system investigated here, are likely
to be mostly functional-driven, with only a small density-driven component.

It would obviously be more elegant if the NSCF results would reproduce the SCF
results even more closely so that the HSE03-1/3x@RPBE results could be cast as
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a very good approximation to the HSE03-1/3x results. In that case, our dynamics
calculations would directly test the quality of the DF as used self-consistently,
and the comparison with the experiment would be more telling of the quality of
the functional itself. The remaining disagreement between SCF and NSCF results
does suggest that the DF errors are not entirely functional driven, and that part
of the GGA failure is due to errors in the GGA density. This then raises the
question of how the density-driven part of the error is related to the system we
are treating. Would the disagreement between NSCF and SCF-screened hybrid
calculations, where the NSCF calculations are based on GGA densities, be smaller
if the functionals were applied to systems with smaller charge transfer energies?
And would electron densities from mGGA DFs improve the description further?
It may be fruitful to explore the answer to these and other related questions,
and thereby hopefully learn more about how problems with DFT are related to
the type of system to which it is applied, and how such problems may be solved.

Nevertheless, the NSCF-screened hybrid results are in semi-quantitative
agreement with experiments and reproduce the SCF results within near-
chemical accuracy. This suggests that the NSCF approach could be used in
explorative research aimed at extracting reaction barrier heights for difficult
dissociative-chemisorption-on-metal systems (i.e., systems that require hybrid
DF’s for a proper description at great computational costs, with charge transfer
energies < 7 eV). This way, hopefully, the best DFs for a given system can be
identified in the same fashion as used earlier for ‘easy’ systems (with charge
transfer energies > 7 eV), see Refs.>®1%°  Ag discussed there, this would allow
minimum reaction barrier heights to be extracted for such systems, as
experimental reaction probability curves should only be reproduced if the
barriers in the PES are correctly described (this argument can be based on the

|254

hole model®?*, as also discussed in Ref. >¢).

3.3.3 Sticking of rotationally aligned O,

In 2013 Kurahashi and Yamauchi showed that the sticking of O, on Al(111)
depends strongly on the alighment of the O, molecule relative to the surface??.
Using a single spin-rotational state-selected O, beam their work differentiates
the sticking between the two different DC mechanisms of O, that are at play??’.
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Here the first mechanism is direct DC, which can occur when the molecule is

%7 @ g., in a helicoptering state. The second mechanism

parallel to the surface
occurs when the molecule is mostly perpendicular to the surface, in which case
abstraction can occur?'®%%%-271 Kurahashi et al. showed that, for lower incidence
energies of O, only a small fraction of the O, reacts through the abstraction

mechanism??’ (see also Figure 3.5).
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Figure 3.5: Total and rotationally resolved sticking curves as a function of incidence energy (kJ/mol)
for molecular beams of O; in the v=0, j=1 (V=0, J=2, K=1) state only; as computed with the SCF
HSE03-1/3x (red)'?*, and NSCFHSE03-1/3x@RPBE (orange) functional are compared with the
measured reaction probabilities(grey)??’. Diamonds and solid lines represent the unaligned state
reaction probability (Sg). The circles represent the sticking curve of helicoptering molecules that
rotate in a plane parallel to the surface (Sw) and the plus symbols represent the sticking of
molecules that are preferentially aligned perpendicular to the surface (Sp).

124 we simulate the orientationally aligned state-selected O,

Similarly to Ref.
experiments using our NSCF hybrid functional. We ran quasi-classical trajectories
for each of the three specific rovibrational states (v=0, j=1, and m=-1, 0, 1) and
used Equations 1-5 from the work of Kurahashi*?’ to combine the m; state-
specific reaction probabilities to obtain sticking probabilities for the two

orientationally aligned states prepared experimentally. Note that in
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spectroscopic terms the rovibrational spin state of O3 is indicated by V=0, J=2,
K=1, and M =-1, 0, 1%’%; the J ought not to be confused with j, which is the
angular momentum associated with the rotation of the molecule. The sticking
probabilities computed for the two rotationally aligned states with the SCF
HSE03-1/3x DF (red)***, and NSCF HSE03-1/3x@RPBE DF (orange) are compared
with experiment (grey)?? in Figure 3.5.

3.3.4 The role of the energetic corrugation of the barrier
height

To explain the difference between the NSCF and SCF reaction probabilities, we
tabulated the reaction barriers of both DFs, and their difference (4) for each
elbow cut used to fit the CRP PES in Table 3.2, and we plotted a sample set of
the barrier heights for both approaches (SFC and NSCF) in Figure 3.6. This figure
(as well as Table 3.2) shows that all barriers generated using the NSCF approach
(orange) are higher in energy than those generated by the SCF approach (red).
However, it remains hard to discern a pattern to the shifts in barrier height. There
seems to be no constant shift or addition, and the barriers also do not universally
scale with a single scalar. There also does not seem to be a clear dependence of
the shifts on barrier geometry, nor does the type of surface site seem to
influence the shift of the barrier height. However, a consistent trend is that large
barriers obtained with the SCF functional correlate with large barriers computed
with the NSCF functional and with larger shifts.

The lowest barrier height seen in Table 3.2 and Figure 3.6 (Bridge-P, ¢: 0°)
corresponds roughly with the sticking curve onset seen in Figure 3.3. The
minimum SCF barrier height is about 4.7 kJ/mol and the SCF sticking onset is at
approximately the same incidence energy. The NSCF minimum barrier can be
found at around 6.6 kJ/mol and the onset of the NSCF sticking curve is somewhat
below 7 kJ/mol. From these results, it is clear that an incidence energy
approximately equal to the minimum barrier height is enough to initialise
dissociation for a parallel-oriented O, molecule (see also Section: 3.3.3.). This is
also in agreement with the barriers to dissociation generally being in the
entrance channel (see also the potential elbows in Figure 3.7 for the barrier
locations) of the reaction, with Polanyi’s rules?’® dictating that the 10.28 kJ/mol
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of initial vibrational energy (for the ground state O, see also Section 3.2.5., Table

3.1) is not used to overcome this barrier. As such, for a molecular beam with a
rotational temperature of only 9 K (0.03 kJ/mol for j=1, 80% populated, see Table
3.1) the incidence energy should be the only significant component of the

molecule’s energy that can be used to overcome the barrier.

Table 3.2: Barrier heights computed with the SCF HSE03-1/3x124, the NSCF HSE03-1/3x@RPBE DFs,
and their difference (A) are presented for all elbow cuts used to fit the CRP PES. See Figure 1.1B for
the name and location of the high symmetry sights; the O, orientation is indicated with P(parallel)
for 8=90° N(Normal) for 6=0°, and T(Tilted) for 6=45°

High Symmetry SCF, HSE03-1/3x NSCF HSE03-1/3x@RPBE A4 Barrier
geometry Barrier height Barrier height (k//mol) height
(kj/mol)*** (kJ/mol)
Top N 26.8 29.8 3.0
Top B ¢: 0° 22.7 24.4 1.7
Top B ¢: 30° 22.5 244 1.9
Bridge N 19.5 25.5 6.0
Bridge E @: 0° 4.7 _6.6 1.8
Bridge B : 60° 19.6 29.7 10.1
Bridge B ¢: 90° 29.5 51.4 21.8
TtFN 229 29.1 6.2
TtF T @: 150° 26.0 38.0 11.9
TtF T : 240° 12.5 16.7 4.1
TtF T @: 330° 14.4 16.6 2.2
TtF B @: 240° 23.6 28.7 5.1
TtF B @: 330° 10.7 12.8 2.1
TtH N 219 27.7 5.8
TtH T @: 30° 14.4 16.8 2.4
TtHT @: 120° 12.8 16.9 4.1
TtHT @: 210° 25.3 36.3 11.1
TtH B ¢: 30° 10.1 12.3 2.2
TtH B ¢: 120° 23.7 37.8 14.1
FCCN 26.9 38.5 11.6
FCCT @:150° 24.6 32.5 7.9
FCCT @:330° 399 60.0 20.1
FCCE ¢: 0° 11.5 13.5 2.0
FCCR ¢: 330° 12.4 14.6 2.2
HCPN 22.8 34.6 119
HCPT ¢:210° 23.3 31.0 7.7
HCP T ¢: 30° 399 56.2 16.3
HCPE @: 0° 10.4 12.7 2.3
HCP B @: 30° 11.4 13.7 2.3

89



Getting the electrons right for O;-on-metal systems

The barrier height analysis might additionally help with explaining the results of
the sticking of rotationally aligned O,, as the minimum barrier height is found for
the parallel orientation above a bridge site, and barriers for the reaction with O,
normal to the surface are found at several ki/mol higher energy. It is therefore
not surprising that in the limit of low incidence energy the direct DC mechanism,
in which the molecule is parallel to the surface, is favoured.

65
60 WM HSE03-1/3x ;

55k HSE03-1/3x@RPBE ;
50

E (kJ/mol)
= = N w W A~ &
o U O o Ul o U,

Figure 3.6: The barrier heights (in ki/mol) calculated with the SCF HSE03-1/3x (red) and the NSCF
(orange) HSE03-1/3x@RPBE functional are shown for a large set of different geometries. See
Figure 3.1 for the name and location of the high-symmetry sites. The O, orientation is indicated
with P(parallel) for 6=90° N(normal) for 6=0°, and T(tilted) for 6=45°.

The analysis of the barrier heights explains why the widths of the sticking
probability curves differ for the NSCF and the SCF results. The energetic
corrugation of the barrier height is increased with the NSCF approach over the
SCF approach, because, as observed in Figure 3.6 and Table 3.2, higher barriers
in the SCF approach are correlated with larger positive energy shifts of the NSCF
barrier heights relative to the SCF barrier heights. As a result, the difference
between the minimum and maximum barrier height for HSE03-1/3x@RPBE in
Table 3.2 is much larger (53.5 kJ/mol) than the analogous difference for the self-
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consistent HSE03-1/3x DF (35.2 kJ/mol), see also the underlined barrier heights
in Table 3.2. The higher energetic corrugation of the barriers in the NSCF
approach is likely the cause of the increased width (i.e., reduced slope) of the
NSCF sticking curve relative to that of the SCF curve, as observed in Figure 3.32>%,

A Bridge N B Bridge P, ¢: 0
3.5 3.5
3.0 3.0
2.5 2.5
2.0 2.0
15 1.5
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Figure 3.7: Set of 6 ‘elbow cuts’, showing slices through the PES as a function of the molecule's
bond length (r) and the distance of O; to the surface (Z) for six different geometries (sampling four
different surface sites and two different molecular orientations). Contour lines are separated by 2
kcal/mol. Each elbow shows the approximate minimum energy path with black dots. The white
dots show the location of the transition state in reduced dimensionality; A: Bridge N, B: Bridge P-
®:0° C: Top N, D: Top P-: O, E: FCCN, F: HCP P-¢p: O°.
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The rather small change of the QCT reaction probability curve width despite the
substantial increase of the barrier corrugation (obtained with the NSCF
potential) raises concerns about a suggestion made in earlier work'?*. Increasing
the energetic corrugation of the barrier height and increasing the anisotropic
dependency of the barriers by adding in the attractive van der Waals interaction
has been suggested as a way to resolve the difference in slope between the
sticking probability curve computed with the HSE03-1/3x functional and the
experimental curve!?®. However, with our NSCF approach, we have already
inadvertently but considerably changed the barrier corrugation and anisotropy
and this is seen to lead only to a minor increase in the width of the sticking curve.
Yet, it is unclear what effects Van der Waals correlation would have on the
dynamics of the reaction. For future theoretical work of O, on Al(111), it may still
be relevant to not only attempt to increase the energy corrugation or affect the
dynamics with the addition of Van der Waals correlation but also to look more
closely at non-adiabatic effects that may occur in this system, which may also
affect the slope of the sticking curve: Systems in which charge transfer is likely,
like O, on Al(111), may also be more prone to electron-hole-pair

excitation 124,136,170,171

. Additionally, it is not yet known whether or not the
thermal displacement of the surface atoms could influence the reaction barriers
or whether the sudden approximation will hold for O, on Al(111)?%274275,
Therefore, we might also need to study the effect of thermal displacements of
the surface atoms and of energy transfer to surface atom motion. Conversely,
experiments show little influence of the surface temperature on the reaction

224 indicating a limited influence of surface motion. However, this has

probability
not yet been checked with theory, nor do we know whether the reaction
probability can be diminished by energy dissipation to the surface atoms at

higher incidence energies. Further theoretical work should address these points.

Although the change in the barrier corrugation appears to be considerable, as
stated before the change of the slope (or width) of the reaction probability curve
is rather small in Figure 3.3. This could also suggest that dynamical effects such
as steering play an active role in the reaction, as was also previously suggested
by Carter and co-workers?229, Steering effects have also been indicated in other
DC systems of slowly rotating molecules incident on a surface at low translational
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energies®®?’278 The importance of steering effects can be investigated with the
hole model, as will now be discussed.

3.3.5 The hole model

An interesting way to test for the importance of dynamical effects is by applying
the hole model®®*. Put simply, the hole model states that for a particular
geometry, a reaction will occur if the translational plus internal energy of the
molecule is equal to or greater than the barrier height®®. Using the hole model
the reaction probability can be computed using Equation 3.3. The method does
not include any dynamical effects, but it does include the effect of the
distribution of the initial rovibrational O, states through its dependence on the
initial energy of the molecule. It also includes the effects of the minimum barrier
height, the corrugation of the barrier, and the anisotropy of the barrier. The
Monte-Carlo-like implementation of the hole model we use is described in detail
above, in Section 3.2.6.

In Figure 3.8 we show reaction probability curves computed with four different
interpretations of the hole model, where each point on the curve is based on 10°
samples of initial O, energies and geometries taken on the HSE03-1/3x@RPBE
PES, and compared them to QCT results obtained with the same PES. The
uppermost curve implements the regular hole model (i.e., initial vibrational
energy included, gold upward triangles interpolated by a dotted line), and the
lowest curve shows hole model results where we excluded the vibrational
energy of the molecule (light green downward triangles, dotted line). Lastly,
Figure 3.8 presents these same reaction probability curves shifted horizontally
with 6.73 kJ/mol and -3.54 kl/mol respectively (darker colour variants and
dashed lines) to achieve optimal agreement with QCT results.
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Figure 3.8: Reaction probability as a function of incidence energy for the HSEO3-1/3x@RPBE DF
PES. The results of the QCT method (orange diamonds and solid line), the hole model including
vibrational energy (triangles down), and the hole model excluding vibrational energy (triangles up)
are shown with dotted lines. The dashed lines represent shifted reaction probabilities obtained with
these versions of the hole model. The shift in incidence energy is 6.73 ki/mol to the right for the
hole model including vibrational energy, and 3.54 kJ/mol to the left for the hole model excluding
vibrational energy.

The agreement between the regular hole model and the QCT results is
reasonable, although it seems that the regular hole model yields a slightly wider
reaction probability curve, and systematically overestimates the QCT reaction
probability. However, this overestimation is not unexpected. The hole model
assumes that all of the internal energy of the molecule is available to overcome
the reaction barrier. This includes zero point energy (ZPE), which cannot all be
used to overcome a barrier. Additionally, we know from Polanyi’s rules?’® that
converting vibrational energy into motion along the reaction path should be
inefficient for an early barrier reaction. We therefore also included hole model
results where we excluded the initial vibrational energy from the total energy of
05, which leads to a reaction probability curve that is shifted to higher energy by
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about 10 kJ/mol relative to the regular hole model curve. This shift is
approximately equal to the vibrational energy of O, in v=0(99% of O, isinv=20
at Ty = 300 K, see Table 3.1). These results, predictably, now underestimate the
QCT reaction probability. Excluding all vibrational energy of the molecule is of
course a slight overcorrection on Polanyi’s rules, as the early barrier is often
found at slightly expanded bond lengths (see also Figure 3.7). It is also an
overcorrection for the ZPE, as the gas-phase ZPE of the O, molecule is not the
same as, and typically higher than, the ZPE of O, at the TS in reduced
dimensionality if only r and Z are considered.

To best evaluate the different hole model results we shifted the two different
hole model curves horizontally to match the onset of the QCT curve as well as
possible (the lowest value of the regular hole model is at a reaction probability
of 0.186, thus we match the curves in E; to this value of the reaction probability)
Figure 3.9 and Figure 3.10 in the Section 3.5.2 show the continuous energy shifts
required to superimpose the reaction probability curves for the incidence energy
range of 5-30 kJ/mol similar to Figure 3.4). Matching the curves with the QCT
results required shifting the regular hole model curve to higher energies by 6.7
kJ/mol, and shifting the hole model curve excluding the effect of the vibration by
3.5 kij/mol to lower energies. Based on this we can say that the amount of
vibrational energy used to overcome the barrier is roughly one-third that of the
vibrational energy of O; in the gas-phase. Interestingly, shifting the hole model
curves like this reveals a small but clear difference between the widths (or
slopes) of the reaction probability curves: the hole model reaction probability
curves are broader than the QCT reaction probability curve. This suggests that
dynamical effects, possibly related to steering, occur and that these favour the
dissociation of O, on Al(111) most at the low incidence energies where there is
time for the forces acting on the molecule to steer it to more favourable
geometries for reaction. At the same time, this effect appears to be rather small,
suggesting that the hole model can be used as a computationally cheaper
screening tool to test electronic structure methods for O, + Al(111), or more
generally systems where dynamical effects are limited. The use of the hole model
allows for savings on computation time not only because dynamics calculations
can be skipped, but also because the PES is not required beyond the barrier
geometries (i.e., in the exit channel).
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3.4 Conclusions

0O, + Al(111) is a benchmark system for modelling O, dissociation on metal
surfaces and oxide formation. Thus far, the theoretical community has not been
able to come to a consensus on the fundamental mechanisms at play in the
dissociative chemisorption of O, on Al(111). One underlying cause is that GGA
functionals (the most commonly used functionals in the study of gas-metal
surface interactions) are unable to describe barriers of O, dissociative
chemisorption on metals correctly if the charge transfer energy (¢ - EA) is smaller
than 7 eV 1%, Recent work!** suggested that using a screened hybrid DF will yield
better results than GGA functionals even if the screened hybrid DF is applied in
an NSCF manner to a GGA electron density. Here we tested this idea for O, +
Al(111).

Our results show that the NSCF approach to a screened hybrid density functional
(DF) (HSE03-1/3x@RPBE) is indeed a major improvement over GGA (RPBE) or
even meta-GGA (MS-RPBEI) DFs for describing the dissociative chemisorption of
02 on Al(111), while also limiting the extra computational cost by at least one
order of magnitude compared to fully self-consistent hybrid calculations. The
sticking curves generated with the NSCF-DF are within near chemical accuracy
of the SCF-DF results for both full molecular beam simulations and rotationally
aligned sticking. Moreover, with the NSCF approach, the quantitative agreement
with experiments was inadvertently improved over that obtained with the SCF
HSE03-1/3x approach.

The NSCF-screened hybrid DF was not able to exactly reproduce the SCF-
screened hybrid functional results. The onset of the NSCF DF reaction probability
at low incidence energy is within chemical accuracy of the SCF results. The NSCF
approach leads to a slightly reduced slope of the reaction probability curve,
resulting in a slightly increased disagreement with the SCF results at larger
incidence energies. This can be traced back to the differences in barrier heights
between the SCF and NSCF methods. The NSCF barrier heights are shifted to
higher energies relative to the SCF barriers by a minimum of 1.8 kJ/mol, with the
difference increasing with the SCF barrier height. Overall the anisotropic
variation of the barrier height and the corrugation of the barrier height have
been increased by the NSCF approach relative to the SCF HSE03-1/3x DF case.
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This has resulted in a minor decrease in the slope of the reaction probability
curve and, conversely, a slight increase in its width.

Irrespective of the small quantitative disagreement of sticking probabilities and
barrier heights obtained with the NSCF and SCF approaches, the argument that
originally inspired us to explore the NSCF approach (accurate while much
cheaper computationally) still holds considerable credence based on the results
of this chapter. It is clear that based on only a GGA density we can achieve a vast
improvement of the interaction energy of O, + Al(111) simply by non-self-
consistently applying a screened hybrid functional to a GGA electron density
once. Based on the small differences between the SCF and the NSCF results, we
conclude that the greater part of the error in describing the O, + Al(111) system
with a GGA DF is functional-driven and not density-driven. However, the
remaining disagreement between the SCF and NSCF results suggests that a small
density-driven error from using a GGA-level functional is still present.

Increasing the width of the sticking curve of O, 0n Al(111) remains a priority for
future work as the onset of the sticking curve is described with good agreement
with both the SCF and NSCF functionals. Previous work suggested that this could
be achieved by increasing the corrugation and anisotropy of barriers by
incorporating Van der Waals correlation into the DF. The QCT and hole model
reaction probability comparison suggests that the corrugation and anisotropy of
the barrier may, however, not be the only factors influencing the width of the
sticking curve. Nonetheless, the effect of including Van der Waals correlation in
the DF on the dynamics should still be investigated. At the same time, due to the
low charge transfer energy, electron-hole-pair excitations may need to be taken
into account in future work, which could help to further broaden the sticking
curve. Furthermore, introducing surface atom motion could also affect the width
of the computed sticking probability curve for O, on Al(111) by either influencing
the barriers via thermal surface atom displacements or through energy transfer
between the motions of O, and the Al surface atoms.
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3.5 Appendices

This chapter has two minor appendices. The first (Section 3.5.1) compares the
barrier energies extracted from the CRP-PES to the corresponding HSEO03-
1/3x@RPBE DFT energy and shows the difference in energy and the RMSE. The
second appendix (Section 3.5.2) shows two figures presenting the different
energy shifts between the QCT and hole model sticking probabilities.
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3.5.1 CRP test set

Table 3.3: Barrier energies as extracted from the CRP PES, and computed with DFT single point
calculations for the CRP barrier geometries, the deviation (A) between them, and the resulting root
mean squared error based on the deviations. See Figure 3.1B for the name and location of the high
symmetry sites; the O orientation is indicated with P(parallel) for =90 N(Normal) for 8=0° and

T(Tilted) for 0=45°,

High Symmetry CRP DFT A (DFT-CRP) Barrier
geometry HSE03-1/3x@RPBE HSE03-1/3x@RPBE height
Barrier height Barrier height (&//mol)
(k]/mol) (k]/mol)

Top N 29.833 29.735 -0.098
Top B ¢: 0° 24.423 24.152 -0.271
Top B ¢: 30° 24.409 24.189 -0.220
Bridge N 25.451 25.334 -0.117
Bridge E @: 0° 6.559 6.533 -0.027
Bridge B ¢: 60° | 29.727 29.470 -0.257
Bridge B : 90° | 51.360 54.332 2.972
TtF N 29.108 29.127 0.019
TtF T : 150° 37.979 37.285 -0.694
TtF T : 240° 16.688 16.686 -0.003
TtF T : 330° 16.625 16.625 0.000
TtF B @: 240° 28.736 28527 -0.209
TtF B @: 330° 12.835 12.624 -0212
TtH N 27.718 27.690 -0.028
TtH T, : 30° 16.821 16.832 0.011
TtH T : 120° 16.920 16.930 0.009
TtHT @: 210° 36.335 35.837 -0.498
TtH B ¢: 30° 12313 12.031 -0.282
TtHE @: 120° 37.847 37.466 -0.381
FCCN 38521 38.982 0.460
FCCT @: 150° 32,487 32.623 0.136
FCCT ¢: 330° 60.026 59.569 -0.457
FCCE ¢: 0° 13.507 13.218 -0.289
FCCE @: 330° 14.612 14.289 -0.332
HCPN 34.616 34.929 0.313
HCPT ¢p:210° 30.969 31.125 0.156
HCP T @: 30° 56.217 56.139 -0.078
HCPE @: 0° 12.707 12,455 -0.252
HCP B @: 30° 13.700 13.551 -0.149
RMSE - - 0.614
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3.5.2 Hole model and QCT energy shifts
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Figure 3.9: The absolute difference of incidence energy between the hole model reaction
probability and the QCT reaction probability curve as a function of the incidence energy of the Hole
model, moving the reaction probability curves in Figure 3.8 from left (hole model) to right(QCT).
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Figure 3.10: The absolute difference of incidence energy between the QCT reaction probability and
the reaction probability curve of the hole model excluding vibrational energies as a function of the
incidence energy of the QCT, moving the reaction probability curves in Figure 3.8 from left(QCT)
to right (hole model Excl. Vibrations).
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4 Limits of BOSS DFT: O, + Al(111)
dynamics on a screened hybrid Van der
Waals DFT potential energy surface

This chapter is based on:

van Bree, R. A. B.; Kroes, G. J. Limits of BOSS DFT: O, + Al(111) Dynamics on a Screened Hybrid
Van der Waals DFT Potential Energy Surface. J. Phys. Chem. C 2025, 129 (11), 5408-5421.
https://doi.org/10.1021/acs.jpcc.5c00327.
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Abstract

The activated dissociative chemisorption (DC) of O, on Al(111) is a thoroughly
studied benchmark system for oxygen—metal interactions. However, research
based on density functional theory (DFT) has not yet been able to accurately
determine the electronic structure, and theory as a whole has so far been unable
to reproduce measured sticking probabilities with chemical accuracy. Previous
work has argued that this is likely due to the inability of DFT at the generalised
gradient approximation (GGA) level to describe the barriers to DC of O, on
Al(111) correctly. The argument is that the most commonly applied electronic
structure approach in surface science, which involves the use of GGA-DFT, yields
too low reaction barriers for the DC of O, on Al(111). Moreover, it seems that
GGAs will generally fail to accurately predict barriers for systems with low charge
transfer energy, i.e., systems for which charge transfer from metal to molecule
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at the transition state is likely. Subsequent work on both O, + Al(111), i.e.,
Chapter 3, and O, + Cu(111), i.e., Chapter 5, has suggested that screened hybrid
density functionals (DF) yield more accurate barrier heights for DC on metal
surfaces. However, so far the use of only a screened hybrid DF was not enough
to ensure a highly accurate description for O, + Al(111). Even though the onset
of the sticking probability (So) curve was correctly described, the slope, or width,
of the curve was not. The use of a non-local correlation DF combined with an
increased fraction of exact exchange in the screened hybrid exchange DF was
believed to further improve the description of the electronic structure by
increasing the energetic corrugation of the barrier. This approach was assumed
to increase the width of the sticking curve without lowering the incidence energy
for the reaction onset, thus reducing the slope of the sticking curve. To test this,
we present quasi-classical trajectory (QCT) calculations on the O, + Al(111)
system based on a potential energy surface (PES) computed with the HSEO6-
1/2x-VdWDF2 screened hybrid Van der Waals DF, using the Born-Oppenheimer
static surface (BOSS) model. The resulting PES shows the presence of shallow
Van der Waals wells in the entrance channel. Furthermore, the barriers to DC
show a slightly higher energetic corrugation than the previously used HSEO3-
1/3x screened hybrid DF, although most differences are smaller than 1 kcal/mol.
These minor alterations in the PES with respect to previous work mean that the
So computed for O, + Al(111) using the HSE06-1/2x-VdWDF2 DF are somewhat
improved over the previous results. Specifically, the onset of the Sp curve is now
somewhat better described and the curve is broadened a little compared to the
HSE03-1/3x description. These results, in combination with previous studies,
imply that future electronic structure methods would need to provide larger
changes in the PES, or a different dynamical model would need to be used to
bring theory in better agreement with the experiment. Moreover, future higher-
level theory also needs to address the currently very demanding computational
costs of screened hybrid plane-wave-DFT for molecule-metal interactions.
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4.1 Introduction

The rate of heterogeneously catalysed processes is often controlled by the
dissociative chemisorption (DC) of a molecule on the active centre of the
catalyst®212213 Furthermore, for oxidative catalysis or oxide formation, the DC of

0, is often the first and most critical step?#-216218 The key interactions that are

d12&22a231

at play in the DC of O, on metals are not yet fully understoo and are

therefore of substantial scientific interest>>°%219 The 0, + Al(111) system has

over the years become a benchmark for the DC of O, on metal systems?24222-227,

However, unlike the perhaps better-known H; + Cu(111) benchmark

system>>119135 theoretical models are not yet able to describe the DC of O, on

124 nor is there a clear scientific consensus on the

228-235

Al within chemical accuracy
origins of the barrier to DC for this system

Both the failure of theoretical models to describe the DC of O, on Al(111) and
the ongoing discussion on the origin of the barrier to reaction can be related to
the inability of the most commonly applied density functional theory (DFT)
method in surface science to compute the DC barrier!4228240,229-231,234-238 ' Thg
generalised gradient approximation (GGA) approach to the density functional
(DF) remains the most commonly used approach to compute reaction barriers®®
within surface science because it represents a good compromise between
accuracy and computational costs. However, recent work!** strongly suggests
that the GGA approach will fail to compute accurate reaction barriers if the
charge transfer energy (Ecr) is below 7 eV, where Ecris defined as:
Ecr = ¢ —EA (4.2).

Here ¢ is the work function of the metal surface, and EA is the electron affinity

124 If Ecris below 7 eV even one of the

of the molecule reacting on that surface
most “repulsive” (i.e., a “more repulsive DF” is a DF generally predicting higher
DC barriers) GGA DFs (i.e., RPBE®®) tends to underestimate the barrier height to
DC>>°6129161 This means that, when constructing a chemically accurate semi-
empirical DF using the specific reaction parameter approach, i.e., an SRP DF,
basing this DF on GGA DFs will probably not be possible?*12°, For O, + Al(111)
Ecr = 3.8 eV*?*, and all GGA DFs fail to compute any relevant barrier. This in turn
results in computed reaction probabilities that are always equal or close to one

and thereby in disagreement with the experiment, which shows activated
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dissociation for O, on Al(111)¥%236-238 | jkewise, meta-GGA DFs, which are on

the next rung up on Jacob’s ladder?”

results for O, + Al(111)%4,

, show only a minor improvement over GGA

At this time it is not fully understood why Ecr < 7 eV results in a failure of DFs
containing semi-local exchange for DC on metals. The failure of GGA DFs to
accurately predict barriers for molecule-metal reactions may be related to the
more general failure of GGA DFs to predict barriers for gas-phase reactions, as
also previously discussed by Gerrits et al.}**. The commonly applied reasoning is
that GGA DFs favour the delocalised nature of a transition state (TS) and thus
result in TS-energies that are too low compared to the reactants, resulting in too
low or even eliminating the barriers. For gas-phase reactions such a “density-
driven” error could then be and has been resolved by using semi-local DFs in a
non-self-consistent-field (NSCF) manner by applying a GGA-DF once to a
converged density obtained with a hybrid DF, i.e., a “HF-based density”, where
HF stands for Hartree-Fock¥7-1492%3 However, the explanation that this approach
yields more accurate barriers due to correcting for density-driven errors has
come under scrutiny as recent work indicates that the improved agreement is
due to a cancellation between both density-driven and “functional-driven”
errors®®1%1, Moreover, the explanation in terms of only density-driven errors is
also at odds with previous results from Chapter 3 for O, + Al(111), which showed
that good sticking probabilities can be computed with both SCF- and NSCF-
screened hybrid approaches, where in the latter a screened hybrid DF is applied
just once to a converged GGA density. This implies that the greater part of the
GGA-DFT error for O, + Al(111) should be functional-driven4"2328 gee also
Chapter 3.

Regardless of the origin of the error of the semi-local exchange DF, previous work
suggests that the failure of these types of DFs for O, + Al(111) should be avoided
by employing a screened hybrid DF instead!?*?8°, The use of the screened hybrid
HSE03-1/3x DF resulted in reaction probabilities that were in semi-quantitative
agreement with the experiments. Especially the reaction probabilities at lower
normal incidence energy (E#) closely reproduce experimental results?414>280,
However, at higher Ei the computed sticking probabilities still overestimate the

experimentally determined sticking probabilities. This resulted in a reaction

105



Getting the electrons right for O;-on-metal systems

probability curve that is too steep, or too narrow!?*?, as also seen in Chapter
3. To find a DF that can reproduce experiments with chemical accuracy for
systems like O, + Al(111), this problem still needs to be fixed.

Several alternative possibilities could contribute to a too-narrow reaction
probability curve. The first few are due to the use of the Born-Oppenheimer
static surface (BOSS) model. In the Born-Oppenheimer approximation, the
electronic energy is decoupled from nuclear motion, and in the static surface
approximation, the surface atoms of the metal are kept fixed in their ideal
surface lattice positions. Because experiments indicate a limited influence of
surface temperature on the reaction probability of O, on Al(111)?%, it is not
immediately expected that the inclusion of surface phonon motion will
substantially influence the reactivity'?4#22428, Furthermore, if the barrier location
as described by the HSE03-1/3x DF is to be taken as accurate, which is likely
according to previous work!?®, then the O, + Al(111) system will generally have
“early” barriers, i.e., the barriers will be located at large molecule-surface
distances!?4145228-230.280 g ch early barriers tend to limit the effects of energy
dissipation from the motion of the molecule to surface atom motion24274275,
Furthermore, the early barrier and the high mass of O, also suggest that the
effects of electron-hole pair (ehp) excitation, which can be described with
electronic friction approaches, should be small62170281  Thjs likely also
eliminates the effects of ehp excitation as a possible important cause for the
disagreement between theory and experiments for O, + Al(111).

If we assume that the BOSS model is not to blame for the currently deficient
theoretical description of the DC of O, on Al(111), only the electronic structure
description remains a likely cause of error, as also previously argued in Chapter
3 and Refs. 124280 As stated above it was expected that the inclusion of long-
range Van der Waals (VdW) correlation in the exchange-correlation functional
could result in a broadening of the reaction probability curve, but this has so far
not yet been corroborated. This hypothesis is supported by the argument that
the introduction of a VAW well will increase both the energetic and geometric
corrugation of the barrier?®®, The energetic corrugation is the extent to which
the barrier height varies with the impact point of the surface and the orientation
of the molecule and this strongly influences the width of the reaction probability
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curve®l24 Additionally, a VAW well could alter the dynamics of O, impinging on
the surface by accelerating the molecule towards the metal surface before
dissociation*2,

In this chapter, we aim to investigate the simultaneous effects of the inclusion of
VdW correlation and of admixing a larger amount of exact exchange on the
potential energy surface (PES) as well as the dynamics of the DC of O, on Al(111),
by computing and analysing a PES based on the HSE06-1/2x-VdWDF2 DF and
comparing quasi-classical trajectory (QCT) dynamics results based on this PES to
experiments and previous theoretical studies. The aim of applying this DF is to
hopefully resolve the current shortcomings in the description of the DC of O, +
Al(111). This chapter is set up as follows: Section 4.2.1 will discuss the details of
the DF used to compute the electronic structure, Section 4.2.2 the
computational details of the DFT calculations, Section 4.2.3 the Al(111) lattice
details, Section 4.2.4 the PES fitting technique, and Section 4.2.5 the QCT
calculations. Thereafter, the DFT results are shown in Section 4.3.1, and in
Section 4.3.2 the QCT dynamics results are shown. Section 4.3.3 then discusses
the results in the context of previous work and presents an outlook for future
work. The chapter is summarised and conclusions are provided in Section 4.4.
Lastly, the appendixes to the chapter are presented in Section 4.5.

4.2 Methods

In this chapter, the Born-Oppenheimer static surface (BOSS) model is
employed®®. In short, this signifies that the motion of the nuclei is decoupled
from the motion of the electron via the Born-Oppenheimer approximation, and
that the Al surface atoms are kept static in their ideal (111) surface lattice
positions. As a result, the dynamics of the O, on the Al(111) system only requires
a description of the motion in the remaining six molecular degrees of freedom.
These six degrees of freedom in addition to a description of the high symmetry
sites on the Al(111) surface are shown in Figure 4.1 and discussed in greater
detail in other work>>12428 see also Chapter 3.
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N

Figure 4.1: The coordinate system and its relation to the Al(111) unit cell; A: six-dimensional centre-
of-mass coordinate system for the O, molecule; B: (111) surface unit cell for an FCC metal (Al) with
all high symmetry sites indicated. A darker shade represents an atom that is in a deeper layer in
the slab.
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4.2.1 Electronic structure

For this chapter, a combination of two different types of DFs is used to improve
the description of the electronic structure. Specifically, the non-local Van der
Waals-DF2 (VdWDF2)*#3%%> correlation functional and the screened exact
exchange DF of the HSE068%1% DF are combined. Below we will briefly discuss
these DFs, first as standalone DFs and then quickly as their combination.

Local or semi-local DFs will inherently not be able to describe the longer-range
electronic correlation necessary to accurately describe effects like VAW forces.
Several different approaches have been developed to correct the long-range
correlation of the exchange-correlation functional for such shortcomings. For
instance, approaches that use a pair-wise potential based on time-dependent
DFT to include VdW interaction have been developed by Grimme and co-
workers®>18_ |nitial work of Lundqvist et al.®2, forms the basis for multiple
different VAW methods better suited for metal-molecule interactions, like the
VV10'®, rvv10%®* VdWDF1'8, and VdWDF2'*> DFs. Of these DFs VdWDF1
represents a truly non-empirical DF,, i.e., this method is not based on fitted
adjustable parameters.

In this chapter we use the VAWDF2'%> approach, in which a non-local (NL) longer-
range correlation energy is added to a local (LDA) correlation energy, resulting in

the following expression for the correlation functional:
EYAWDF2 — pLDA 4 EéVL,VdWDF2 (4.2).

Note that an exchange DF (Ex) can be added to this DF that can be local, semi-
local or even a non-local DF including exact exchange. The Van der Waals
correction to the correlation energy can be written as

EéVL,VdWDFZ _ -[ dr f dr' p(r)®(r,r)p(r")

Here 1 is the position vector of the electron density, p(r) the electronic density,

(4.3).

and ®(r,r") the Van der Waals kernel describing the electron density-density
interactions. A full discussion of this kernel is out of scope for this chapter and
the reader is referred to Refs. 319 for more details.
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The effects of the VAWDF2 correlation on the PES are not known a priori,
although its addition will generally improve the description of longer-range
interactions and improves over PBE in describing the adsorption of molecules on
metals®®282, The presumption is that a longer-range attraction, i.e., a Van der
Waals well will form in the PES'?, although it is not uncommon for the middle-
range interaction to become slightly more repulsive®2. As the barriers for O, on
Al(111) are far away from the surface, it is expected that the use of VdW
correlation will tend to reduce the barrier height??%.

Moving on to the screened hybrid exchange functional, we use the HSE06!%° DF.
This DF is very similar to the HSEO3 DF®, the expression of which was later
revised to obtain the HSEO6 DF!®. The HSEO6 DF is a hybrid DF because a fraction
(a) of exact (Hartree-Fock) exchange is admixed with the semi-local PBE®*
exchange-correlation functional according to

EFBEO = qEHF + (1 — a)EFBE + EFBE (4.4).

This makes the HSEO6 DF similar to the better-known PBEQ*>3 DF. However, unlike
the PBEO DF, the HSEO6 DF also screens the exact exchange at longer electron-
electron distances. As a result, at short distances, the DF behaves like PBEO but
at longer distances like PBE. This screening is done with a continuous and quick
switching function between a long-range (LR) and short-range (SR) part in the
Hartree-Fock (HF) exchange potential, such that the coulomb operator splits

into:
1 1-erf(w,n;) N erf(w, 73) (4.5),
rij rij rij
SR LR

where rjjis the distance between electrons i and j, erf(w, ;) is the Gaussian error
function, and w is the screening length parameter'®1%0 The result of this
adaptation of the HF exchange potential is that the HSE06 exchange-correlation
functional can also be partitioned into a short and long-range part, such that:

EJ$E06 = aEFSR(w) + (1 — ) ELPESR (w) + ELPER (w) + EEBE (4.6).

The screening of the HF exchange for longer distances is needed to reduce

computational costs®

, and the screening is required to obtain a good
description of the metal surface itself. Without it, the density of states of the

electrons at the Fermi level would be artificially reduced*.
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The implementation of the screened hybrid exchange functional in this chapter
has an important difference from that of the original HSEO6 DF®°: In this chapter,
we use a larger fraction of exact exchange. Originally, the HSEO6 DF comes with
a maximum exact exchange fraction « of 1/4. Previous work with an HSEOQ3-like
DF used a = 1/3'* but still resulted in overestimated sticking probabilities,
suggesting that a should be increased further. In this work, we therefore opted
to use an exact exchange fraction a of 1/2. Increasing the fraction of exact
exchange is a common approach to improve the performance of the DF for gas-
phase barriers by increasing the barrier height¥¥2°728, An exact exchange
fraction of 1/2 could also result in an overestimation of the barrier height?®, as
it did in similar work on O, + Cu(111)?®*, see also Chapter 5. However, at the
outset, we realised that we might need to compensate for a barrier-lowering
effect by replacing the PBE correlation with the Van der Waals correlation?#126,
as also discussed above, and for this, an increased fraction of exact exchange
over the previously used value of 1/3 was deemed necessary.

The combination of both the screened hybrid exchange and the Van der Waals
correlation DF results in the HSE06-1/2x-VdWDF2 DF

E}IEI(.:S‘E06—VdWDF2 (4.7)'
1 HF,SR 1 PBE,SR PBE,LR
=SB (@) + 5B (W) + B (@) + EgPT

It is expected that the HSE06-1/2x-VdWDF2 DF will adequately describe longer-
range interactions and thereby result in the presence of a VdW well in the
entrance channel, whilst hopefully also still correctly describing the barrier
height. In the next chapter, i.e., Chapter 5, the DF defined by Equation 4.7 is
presented as the first hybrid-VdW DF to yield dynamics results for the DC of O,
on Cu(111). For that system the DF tended to underestimate the reaction
probability, i.e., it overestimated the barrier heights?®* (see also Chapter 5).
Although for O, + Cu(111) this was the first DFT result to ever underestimate
sticking, we do not expect that the HSE06-1/2x-VdWDF2 would also result in an
underestimated sticking probability for the O, + Al(111) system based on the

124280 and on O, + Al(111) having only a

previous results obtained with a = 1/3
single barrier to reaction in the entrance channel, unlike the O, + Cu(111) system

which also has a second barrier in the exit channel.
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Lastly, it is important to differentiate the HSE06-1/2x-VdWDF2 DF from screened
hybrid VdW DFs where the exchange part of the DF is not tailored to or made
consistent with the Van der Waals correlation functional, e.g., VAW-DF2-ahbr®3,
The HSE06-1/2x-VdWDF2 DF does not represent a completely new screened
hybrid VAW DF, as provided by the recent work of Hyldgaard and co-

193,194

workers . Instead, our DF is simply a combination of two established

exchange and correlation DFs, as described above.

4.2.2 Computational details

All DFT calculations are done with the Vienna Ab Initio Simulation Package
(VASP) version 6.3.2200258262 ;sing the Van der Waals DFT implementation of
Klimes et al.?8>28_ |n this chapter, all energies from the HSE06-1/2x-VdWDF2 DF
are based on three distinct successive self-consistent-field (SCF) single-point
calculations. The computational costs of converging the electronic structure
energy with the HSE06-1/2x-VdWDF2 DF from scratch are high. Therefore, two
pre-calculations, or “primers”, have been performed to set up initial guesses for
the electronic density and Kohn-Sham (KS) wavefunction. The first SCF primer
uses the PBE-VAWDF2 DF, the second SCF calculation the HSE06-1/2x-VdWDF2
DF with a sparse HF integration grid, and the third and final SCF single point
calculation uses a normal HF integration grid to improve accuracy.

All three SCF calculations, that is the two primers and the final SCF calculation,
are spin-polarised calculations and use a 2x2 4-layer Al supercell (see the next
section for the lattice details) with 15.0 A vacuum above the slab. All three use a
10x10x1 I-centred k-point grid and a cutoff energy of 400 eV. The core electrons
of both Al and O are described by the projector augmented wave (PAW)®
method, as developed for the PBE DF. Methfessel-Paxton smearing with a width
of 0.2 eV is used to improve convergence. The PBE-VdAWDF2 primer uses the
“conjugate” algorithm?®”:28 with a convergence tolerance of 10° eV, as done in

other work?8.284

, see also Chapters 3 and 5. After this primer is finished, its
electron density and KS-wavefunction are used for the next primer with the
HSE06-1/2x-VdWDF2 DF, using the damped algorithm, as without this algorithm
numeric stability is limited, and a convergence criteria of 10 eV, or a limit of

240 SCF steps is used. Furthermore, the “Fast”, i.e., sparse HF integration grid is
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employed?®. This final primer single-point calculation will, if all goes well, usually
consume the bulk of the computational time. After this, another HSE06-1/2x-
VAdWDF2 single-point calculation is started using the previous KS-wavefunction
with a normal HF integration grid to improve the accuracy of the final result. This
final SCF single point is then converged to 10 eV again. Converged results were
obtained for all but one data point (U=0, V=0, 8=90°, ¢ =30° Z=4.04, r =
1.175 A), the energy of which was interpolated based on surrounding data
points. Despite the use of these tricks, the computational demands for this
project are still large: we have consumed upwards of 30 million CPU hours for
this PES, where a single point typically takes a minimum of one week but can
easily take two weeks or longer on a modern dual socket AMD EPYC 7351 32
core node, depending on the difficulty of the convergence.

4.2.3 Lattice details

The Al bulk lattice has been relaxed using the HSE06-1/2x-VdWDF2 DF, using a
Ix1x1 bulk supercell with 11x11x11 l-centred k-points, whilst maintaining the
other computational settings as described above. The lattice constant is relaxed
at 4.041 A. This is in good agreement with the experimental lattice constant of
4.032 A*°. The surface lattice structure was then further relaxed using a 1x1, 4-
layer supercell with the bottom 2 layers frozen and 15 A of vacuum using a
20x20x1 l-centred k-point grid. This resulted in interlayer distances of di; =
2.376, dy3= 2.306, with d3, = 2.333. Table 4.1 presents comparisons of this lattice
expansion/contraction to other works, which shows that the top layer expansion
is in good agreement with experimental and other theoretical work. To maintain
consistency with the 2x2 unit cell the number of k-points parallel to the Al
surface is halved for the PES production, see the computational details above.

Table 4.1: Comparing Al(111) surface layer expansion and contractions of this work with
experiments and other theories.

LEED Experiments HSE03-1/3x124 LDA22 HSE06-1/2x-VdWDF2
on 160 K** (this work)

diz 17%+03% 14 % 1.18% 1.83 %

dz3 0.5%+0.7 % - -040 % -1.16 %

ds4 - - 022 % -
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4.2.4 Fitting the PES

The interaction of O, + A(111) is described with a continuous six-dimensional
(6D) PES that is interpolated from the electronic structure calculations
performed with the above-described HSE06-1/2x-VdWDF2 density functional. To
obtain a good interpolation quality the corrugation reduction procedure
(CRP)1292 js ysed. In this procedure, two three-dimensional (3D), or atomic,
PESs are subtracted from the 6D diatomic PES. This is done to obtain a residual
PES with reduced corrugation, which is easier to interpolate accurately. After
this, the 3D PESs are added back to the full interpolated result. The resulting
error of the CRP for predicting energies of points not part of the interpolation
grid used to obtain the PES should be minor!>130.202.280. hreyious work using the
same (U, V, 8, ¢) geometries and comparably fine grids in r and Z has shown an
RMSE of 0.8 ki/mol (0.2 kcal/mol) as long as interaction energies of the molecule
with the metal are smaller than 4 eV* with outliers usually below 3
kJ/mol*t>%0228 see also Chapter 3. The CRP as implemented in this chapter is
similar to that of Refs. 124263280 However, a few distinctions will be highlighted
below.

First, the atomic PES is not based on the HSE06-1/2x-VdWDF2 DF but on the PBE-
VJdWDF2 DF. This is done to mitigate the computational cost. Additionally, the
atomic PES is based on spin unpolarised DFT, unlike the 6D molecular PES. This
avoids convergence issues as the open-shell nature of an O atom results in
significant noise in the DFT energies far away from the Al surface. Computing the
3D atomic PES with spin-unpolarised DFT does not affect the accuracy of the full
6D PES as subtracting the 3D atomic PESs from the full 6D PES merely serves to
yield a 6D residual term with decreased corrugation and anisotropy. Adding the
3D atomic correction terms back on to the residual PES then yields the spin-
polarised 6D DFT data at the points used for interpolation. Furthermore, the
convergence criteria are slightly lighter than in the primer calculations, as
discussed in Section 4.2.2, and are set to 10 eV. These nuances are possible
because the atomic PES does not need to be very accurate as long as it is
physically reasonable, as also discussed in Refs. 124280284 Fqor instance, by using
the cheaper to evaluate PBE-VAWDF2 DF we ensure that the long-range
interactions are described. As a result, one or two orders of magnitude in
computational costs can be saved for the atomic potential. The U, V grid for this
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3D atomic PES is similar to that used in earlier CRP work'?42%328 and the Z-Grid
is an equidistant grid between -1.20 and 8.50 A with a 0.05 A spacing, leading to
a total of 194 grid points for each of the 10 different surface sites.

Second, the 6D PES grid is not equidistant as in Ref. 2%, Instead a similar grid
structure as in Chapters 3 and 5, and references 2#28 s used but extended to
allow for longer-range interactions captured by the addition of the VdW-DF2 DF.
Thus, this results in the grid: Z = [1.00, 1.50, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25,
3.50, 3.75, 4.00, 4.25, 4.50, 4.75, 5.00] A, and r = [1.000, 1.100, 1.150, 1.175,
1.190, 1.200, 1.225, 1.250, 1.300, 1.400, 1.500, 1.600] A. To clarify this point
further, these Z and r grids are used for each U, V, § and ¢ geometry employed,
and the values of the coordinates of the relevant geometries are shown in Table
4.2. The PES in the gas-phase is extrapolated beyond 5.00 A up to 7.50 A via a
switching function to a 2D potential, similar to previous work?®, This grid spacing
limits the total number of required single points whilst maintaining enough
details near the transition state and in the gas-phase to properly describe both
the dissociative chemisorption and the Van der Waals interaction. All in all, this
makes for a total of 5260 different single points used to interpolate the PES.

Table 4.2: The different combinations of the U, V, 6, and ¢ coordinates that are used in the grid to
interpolate the PES. The U and V coordinates are shown in Figure 4.1.

Sitename U 14 [6, ¢]

Top 0 0 [0,0] /90, 0] [90, 30]

Bridge /2 0  [0,0] /90, 0] [90, 60}, [90, 90]

HCP 1/3  1/3 [0, 0], [45, 30], [45, 210], [90, 0], [90, 30]

TtH 1/6  1/6 [0, 0] [45 30}, [45, 120}, [45, 210}, [90, 30}, [90, 120]
TtF 1/3  -1/6 [0, 0], [45, 150}, [45, 240], [45, 330], [90, 240], [90, 330]
Fcc 2/3  -1/3 [0, 0], [45, 150], [45, 330}, [90, 0], [90, 330]

4.2.5 Quasi-classical trajectory dynamics

The continuous 6D CRP-PES can be used to compute the reaction probabilities
of O, on Al(111) with dynamics calculation using the quasi-classical trajectory
(QCT) method 219211, QCT calculations include the zero-point energy of the
molecule through the initial conditions imposed, after which the equations of
motion are propagated classically in time?'%2!1, The molecule is initially placed at
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7.00 A above the surface with a given incidence energy, with its velocity vector
pointing along the surface normal. The trajectory is counted as reacted if the O,
bond length exceeds 1.59 A, or it is considered scattered if the molecule-surface
distance exceeds 7.00 A and the velocity of the molecule points away from the
Al surface. The reaction probability is then calculated as:

_N; (4.8),
TNy

where Nris the total number of trajectories, and N, the number of trajectories

b

that reacted. See Refs.124125130 for further details on the implementation of the
QCT dynamics.

To assess the quality of the DF, computed sticking probabilities need to be
compared to King and Wells experiments®>®%1%, |n this chapter, we compare
with the supersonic molecular beam experiments of Osterlund et al.??*. The
experimentalist varied the nozzle temperature (Ty) and used seeding in He and
anti-seeding in Xe to vary the E*. For the sticking curve that we aim to reproduce
the authors stated that all O, molecules were in the vibrational ground state.
However, no time of flight measurements are available for this study??.
Moreover, previous theoretical studies used a Ty = 300 K**?%, thus, to fairly
compare the effect of the incidence energy on the DC of O, we computed the
reaction probabilities as a function of single E/* values with the vibrational
temperature of O, taken to be the same as in the previous chapter, i.e., 300
K428 To describe the effect of the high rotational cooling of O, the rotational
temperature is simply taken as having a single value of 9 K?®*; this represents an
approximation. In the QCT of this chapter, we have allowed the statesv=0- 3
and j = 1 - 49 to get occupied. This results in an 80% occupation of the

130,136

rovibrational ground state: v = 0, j = 1, see Ref. or Chapter 3 for more

information. Note that even j states are forbidden via nuclear spin statistics for
0; in the electronic ground state. The supporting information (SI) of Ref. %°
provides a breakdown of all the occupied initial states (or see the previous
chapter Section 3.2.5.). To compute the reaction probabilities(P,) with converged

statistics we ran at least 10° trajectories per Ei.
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4.3 Results and discussion

Below the results will be discussed in three distinct sections. In the first section,
the effects of the DF on the electronic structure description and potential energy
surface are discussed. The second section discusses the QCT results and
compares them to previous work. Lastly, the impact of the new HSE06-1/2x-
VAWDF2 DF is discussed in the context of the literature and what these results
mean for future descriptions of this system.

4.3.1 Potential energy surface and barrier analysis

Before discussing the new QCT dynamics results, it may be insightful to discuss
the effects of the VAW correlation and the increased exact exchange fraction of
the HSE06-1/2x-VAWDF2 DF on the electronic structure of the O, + Al(111)
system, and the resulting changes of the PES compared to previous electronic

structure calculations with o = 1/3 and using PBE correlation?4145280,

The most immediate and important change is the consistent presence of a VdW
well. This well appears in the entrance channel, i.e., at larger molecule-surface
distances than where the barrier to dissociation is found, at about 3.5 A above
the Al(111) surface. In Figure 4.2 a selection of potential curves including VdW
wells are plotted as a function of the molecule-surface distance (Z) for O, at a
constant bond length r = 1.19 A. The PES cuts shown in Figure 4.2 differ in the
surface site (U, V) and O, orientation given by dand ¢. Figure 4.2 shows that the
VdW well appears to be almost completely independent of the O, adsorption
site and ¢. However, the depth and location in Z of the well do depend on & The
well-depth depends on whether the molecule is orientated parallel or normal to
the surface. The well tends to be shallowest and furthest away from the surface
for O, orientated normal to the surface, and deepest and closest to the surface
for the planar orientation. These results are reminiscent of the VdW wells that
are computed for O, + Cu(111), see Chapter 5, with the same HSE06-1/2x-VdW
DF as used here®4.
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----- Bridge ©: 0° HCP 8: 45° : 210° |

— Bridge 6: 90° @: 0° HCP 6: 90° ¢: 30°

----- Top 6: 0° TtF 6: 45° @: 150°

— Top 8: 90° ¢: 0° TtF 6: 90° @: 240°
FCC 8: 0° - TtH 8: 45° ¢: 120°

FCC 6: 90° ¢: 0° TtH 8: 90° ¢: 30°

E (kJ/mol)

Figure 4.2: The electronic potential energy (in ki/mol) as a function of the molecule surface-
distance Z for a fixed Oz bond length of 1.19 A at different U, V impact sites and for different
molecular orientations (see also Figure 4.1).

Unlike the surface site independence of the VdW well, Figure 4.2 also shows a
glimpse of a different dependence effect, i.e., a strong dependence of the barrier
height on the impact site of the molecule. Although the bond length is kept
constant in Figure 4.2 the results obtained at lower Z values strongly suggest that
the barriers vary greatly depending on the O, geometries. The actual barriers to
dissociation occur at slightly elongated bond lengths as also found earlier®° in
Chapter 3. The actual barrier heights are presented in Table 4.3. This table also
compares with the barrier heights obtained with the HSE03-1/3x DF'?* and the
non-self-consistent field (NSCF) approach implemented through the HSEQ03-
1/3x@RPBE DF (see Chapter 3), which amounts to obtaining the electronic
energy through a single application of the HSE03-1/3x DF to a converged RPBE
density°. Furthermore, the left column of the table is colour-coded depending
on the relative difference of barrier heights between the results of the HSEQ6-
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1/2x-VdWDF2 DF and the HSE03-1/3x DF to aid the reader in judging the shifts
in barrier heights.

Table 4.3: Barrier heights (in kJ/mol) computed for specific U, V, 6 ¢ geometries for O, + Al(111)
with the HSE06-1/2x-VdWDF2 DF, the HSE03-1/3x DF'?%, and the NSCF HSE03-1/3x@RPBE
DF(Chapter 3)28°, The colour of the barrier location tab indicates the difference between the barrier
height computed with the HSE06-1/2x-VDWDF2 DF and the HSE03-1/3x DF. Red indicates a higher
barrier energy for the HSE06-1/2x-VdWDF2 DF and blue a lower energy. A deeper/darker colour
indicates a larger effect. Colour distinctions are made, i.e., binned per 0.5 kcal/mol (= 2 ki/mol).
For each DF the lowest and highest values of the barrier height computed with the DF are indicated
with single and double underlining, respectively.

Location | HSE06-1/2x-VdWDF2 HSE03-1/3x HSE03-1/3x@RPBE
(&]/mol) (&)/mol) (&)/mol)

26.7 22.9 29.1
TtF 6: 45° p: 150° 254 26.1 38.0
TtF 0: 45° p: 240° 134 12.5 16.7
TtF 6: 45° p: 330° 15.9 14.4 16.6
26.4 23.6 28.7
TtF 6: 90° p: 330° 9.9 10.7 12.8
26.1 21.9 27.7
TtH 6: 45° @: 120° 14.1 12.8 16.9
TtH 6: 45° @: 210° 24.9 25.3 36.3
TtH 0: 45° @: 30° 15.9 14.4 16.8
25.8 23.7 37.9
TtH 6: 90° p: 30° 9.3 10.1 12.3
34.4 26.9 385
FCC 6: 45° : 150° 25.0 24.6 32.5
FCC 6: 45° : 330° 39.1 39.9 60.0
FCC 6: 90° ¢: 0° 11.0 11.5 13.5
FCC 6: 90° p: 330° 124 12.4 14.6
23.0 19.5 25.5
Bridge 6: 90° : 0° 20 4.7 6.6
Bridge 6: 90° : 60° 21.0 19.6 29.7
Bridge 6: 90° @: 90° 30.7 29.5 51.4
28.6 22.8 34.6
HCP 6: 45° p: 210° 23.9 23.3 31.0
HCP 6: 45° ¢: 30° 39.2 39.9 56.2
HCP 6: 90° ¢: 0° 9.8 10.4 12.7
HCP 0: 90° p: 30° 11.2 11.4 13.7
30.9 26.8 29.8
254 22.7 24.4
252 22.5 24.4

The results presented in Table 4.3 are also shown in the form of a bar plot in
Figure 4.5 in Section 4.5.1. Both Table 4.3 and Figure 4.5 show that the barrier
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heights to DC computed with the HSE06-1/2x-VdWDF2 are not very different
from the values computed with the HSE03-1/3x DF: The majority of the barrier
heights are within # 1 kcal/mol (= 4.2 kJ/mol), of one another. This is true except
for three configurations in which O, is oriented normal to the surface and
impinges on an HCP, FCC, or TtH site. The barrier heights at these geometries
differ by more than 1 kcal/mol. Another noteworthy element is that the
difference in barriers does not seem to follow any clear trend, i.e., some barriers
are lower when computed with the HSE06-1/2x-VdWDF2 DF but most are
slightly higher in energy. The overall effect is that the energy range over which
the barriers are spread is increased slightly when employing the HSE06-1/2x-
VAdWDF2 DF, or, put differently, the energetic corrugation of the barrier is
increased meaning that the barrier height varies more strongly with impact site
and orientation of the molecule.

The increased energetic corrugation may result in a slight broadening of the
sticking probability curve. This is what was both desired and expected from the
use of the screened hybrid Van der Waals DF. However, we should note that the
effect on the barriers by switching DFs is small. As discussed above, most barriers
are within 1 kcal/mol of the old results and thus the effectiveness of this
increased energetic corrugation may be limited. Furthermore, Table 4.3 also
shows the barrier heights as computed in Chapter 3 with the NSCF HSEO3-
1/3x@RPBE DF*°, Switching to the NSCF approach only results in higher barriers
than obtained with the SCF HSE03-1/3x DF, but generally seems to increase the
energetic corrugation of the barrier more than switching to the HSE06-1/2x-
VdWDF2 DF does. The differences between the sticking curves computed based
on the NSCF and SCF HSE03-1/3x DFs were minor?¥® and thus, the effectiveness
of increasing the barrier corrugation and anisotropy by the use of the HSE06-
1/2x-VdWDF2 may be expected to be limited. This concern was also raised in the
previous chapter. Thus, the effectiveness of changing to the HSE06-1/2x-
VAWDF2 DF might be smaller than we had hoped for unless, e.g., the presence
of the VAW well would substantially alter the nature of the dynamics.
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4.3.2 Quasi-classical trajectory results

The QCT dynamics calculations were performed for 491 different normal
incidence energies varying from 0.020 eV to 1.000 eV with steps of 0.002 eV. For
every incidence energy, a total of 10° trajectories were simulated using a
maximum propagation time of 1 ns. The resulting sticking probabilities (So) are
presented in purple in Figure 4.3. The experimental Sp and the Sp computed by
other theories are also presented as a comparison.
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0.8F

0.6

So

Experiment: Osterlund et. al.
ECW: Yin et. al.

RPBE: Gerrits et. al.

MS-RPBEI: Gerrits et. al.
HSE03-1/3x: Gerrits et. al.

NSCF HSE03-1/3x: van Bree et. al.
QCT: HSE06-1/2x-VdWDF2
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—e— MS-RPBEI: Gerrits et. al.
—e— HSEO03-1/3x: Gerrits et. al.
NSCF HSE03-1/3x: van Bree et. al.
QCT: HSE06-1/2x-VdWDF2

10—-2 b

10-3 s " n L L s
0 5 10 15 20 25 30 35 40 45

E+ (k)/mol)

Figure 4.3: Sticking probabilities as a function of normal incidence energy; A: normal y-axis; B: Log
y-axis, and shorter range of the x-axis, for clarity. Plotted are the sticking probabilities of the
experiments (black diamonds) by Osterlund et al.224, ECW results of Yin et al.23°(Grey dashed line),
results using the RPBE DF (green solid line), MS-RPBEI DF(blue solid line), and the HSE03-1/3x DF
(red solid line) of Gerrits et al.124, the NSCF HSE03-1/3@RPBE DF (orange dotted line) of Chapter 3,
and the HSE06-1/2x-VdWDF2 DF (this work, purple solid line).
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The onset of Sp for the HSE06-1/2x-VdWDF2 DF is best seen in the log plot of
Figure 4.3B and shows that some reaction already occurs at E/* = 2 ki/mol. The
reactivity then quickly increases to 1 over the range of 2 — 32 kJ/mol, as seen in
both Figure 4.3A and Figure 4.3B. For higher E/ the Sp remains constant around
1, although a maximum of 0.996 is found at E/* = 57 kJ/mol after which Sp seems
to consistently drop slowly, with a tiny amount, to 0.992 for Ei* = 100 kJ/mol.

The low energy threshold to the reactivity is not unexpected as the
corresponding normal incidence energy of 2 kJ/mol is similar to the smallest
barrier height found in Table 4.3 (see the singly underlined minimum barrier).
As discussed earlier®®® in Chapter 3, the shape of the PES and the lack of
accessible rovibrational energy for the DC of O, means that most of the
dissociation will be driven by the normal incidence energy of the molecule.
Furthermore, the maximum barrier height found in Table 4.3 is only a few kJ/mol
higher than the value of E/ at which the computed sticking probability appears
saturated. Unlike found for the dissociation of O, on Cu(111)%®* in the next
chapter, the overwhelmingly greater part (by more than one order of
magnitude) of the DC of O; on Al(111) occurs via a direct mechanism (Section
4.5.2. and Figure 4.6). The minor drop in reactivity for very high Ei is most likely
caused by an effect similar to the bobsled effect?’*29%2% where the fast O,
molecules barrel beyond the early barrier to hit a potential wall behind it and
are forced to scatter back before the O, bond length becomes large enough for
dissociation. However, it is clear that this effect is very small, and therefore not
worthy of much discussion.

The QCT results based on the HSE06-1/2x-VdWDF2 DF are close to the HSEO3-
1/3x results of Gerrits et al.'?*. The onset of sticking obtained with the HSE06-
1/2x-VdWDF2 DF occurs at somewhat lower E/ and the saturation of the sticking
occurs at a somewhat higher energy. That is, the sticking curve undergoes a slight
broadening, which is expected when looking at the increased energetic
corrugation of the barriers seen in Table 4.3 and Figure 4.5. Like the previous
HSE03-1/3x result, the HSE06-1/2x-VdWDF2 curve represents a substantial
improvement over previous GGA or mGGA-based results. The newly computed
curve captures the onset of the experimentally determined So very well,
although it is still not able to describe the Sy accurately for larger E7.
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4.3.3 Discussion and future prospects

The comparison of the quality of the different DFs is further aided by Figure 4.4.
In this figure, the estimated energy shift of the Sy curve obtained for a specific
DF from the experimental curve is plotted as a function of the E# of the
experimental reference. This means that for any £/ shown on the x-axis in Figure
4.4, the energy shift shown on the y-axis needs to be applied to the experimental
result for that £/ to match the Sy values computed with the specific DF.
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Figure 4.4: Estimated normal incidence energy shift (in kl/mol) of the computed sticking
probabilities relative to the experimental results of Osterlund et al.224 as a function of the normal
incidence energy of the same experimental reference. The 1 kcal/mol boundary is indicated by
dashed lines. Shown are results based on the MS-RPBEI DF (blue) of Gerrits et al.'?*, HSE03-1/3x
DF (red) of Gerrtis et al.1?*, the NSCF HSE03-1/3x@RPBE DF (orange dotted) of Chapter 3, and the
HSE06-1/2x-VdWDF2 used here (purple). The x-axis is cut off at 60kJ/mol and energy shifts smaller
than -20 kJ/mol are not plotted for clarity of the plot.

Figure 4.4 shows very clearly that the onset of the Sy curve is described very
accurately by the HSE06-1/2x-VdWDF2 DF. Even though the description of the

HSE03-1/3x DF was already within chemical accuracy for the onset, the HSEO6-
1/2x-VAWDF2 is a better match to the experimental onset, as can also be seen
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in Figure 4.3. However, the results depicted in Figure 4.4 are very sobering for
the impact of the combined effect of using VAW correlation and increasing the
fraction of exact exchange on the 6D dynamics. The overall improvement over
the HSE03-1/3x DF is limited as both DFs quickly deviate from the experimental
So once the incidence energy in the experiments exceeds 22 kJ/mol. It is clear
that the minor broadening of the sticking curve that resulted from the
implementation of the VAW correlation, although present, is not enough to lead
to agreement with experiments within chemical accuracy over the entire energy
range shown.

In the end, these results raise a major question for the O, + Al(111) system: what
does this mean for the ability of DFT combined with the BOSS model to
accurately describe Oz + Al(111)? In this chapter, we have employed one of the
least reactive forms of a screened hybrid VdW DF that can be constructed based
on the generic HSEQ6 expression. Any reduction of the fraction of exact exchange
will result in more GGA-like results, thus increasing the reactivity. Using even
higher mixing ratios seems doubtful as there are formal reasons for limiting the
fraction of exact exchange to values equal to 1/n with n a whole number®*2, and
the use of n=1 would be completely replacing the semi-local exchange with exact
exchange. Furthermore, the VdW-DF2 description of electron correlation
remains one of the better methods to describe long-range molecule-metal
interactions'?1%, Yet, the composite DF tested here with a = 1/2 yields only
marginal improvements over the previously used screened hybrid DF with a =
1/3. Lastly, the NSCF HSE03-1/3x@RPBE approach?®? yielded a larger energetic
corrugation of the barrier than either SCF approach, yet still resulted in only
small changes in the computed Sy curve relative to the SCF curve. Thus, an
improvement of the computed S, for O, on Al(111), by any new DF, would need
to come from a larger increase of the energetic corrugation of the barrier, or
another large change of an aspect of the PES of which the importance is not
foreseen at present. However, the similarities between the HSE06-1/2x-VdWDF2
and HSE03-1/3x barriers cast doubt on the possibility of any other screened
hybrid-based DF to achieve such radical changes. Therefore, we argue that it is
unlikely that the combination of screened HF exchange with VAW correlation DFs
shall result in an accurate description of the O, + Al(111) system if one also sticks
to the use of the BOSS model for the dynamics.
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To improve the accuracy of the theoretical description we could try to go beyond
the hybrid level of DFT. However, we emphasise the already high computational
demands of plane-wave screened hybrid DFT for this system and for O, +
Cu(111)?®, see also Chapter 5. These high costs make the brute-force use of any
higher level of theory impractical at this time. This means that DFT methods like
the random phase approximation (RPA) or other types of theory like Quantum
Monte Carlo remain unfeasible to be used for more than the calculation of a few
barrier heights. Although these types of calculations can be insightful to

114,115.243,295 - sych calculations will not

benchmark a select few barrier heights
allow for QCT dynamics to compute sticking curves. Another option to possibly
improve the quality of the screened hybrid DF is to mix mGGA exchange instead
of GGA exchange with exact exchange °7:2%, This type of mGGA-hybrid DF is still
untested for molecule-metal systems. One could also try the recent DFs in which
screened exchange DFs that are tailored to and are consistent with VdW-DFs
combined with them?****, However, before mapping out a completely new PES
with a new DF and then testing it with dynamics calculations one might also
attempt the QMC-DF approach!®®, in which one would try to reproduce the
barrier height computed with diffusion Monte-Carlo by fitting a parameter in the
generic, well-chosen, combination of a screened hybrid DF with a VdwW
correlation DF. For a proper description of the energetic barrier corrugation one
might need to verify beforehand whether the energetic corrugation is well
described with this approach of at least a few different barrier geometries.

If the construction of a PES at the screened hybrid or higher level of theory will
remain as computationally expensive as in this chapter, then choosing a more
advanced electronic structure method cannot be done lightly, as already
explained. Thus, before trying yet another new DF or electronic structure
approach to improve the description of DC of O, + Al(111) it may be more fruitful
to briefly explore the effects and limitations of the approximations made in the
BOSS model. Eliminating unfounded approximation in the BOSS model may, at
this point, prove computationally less demanding than any further
advancements in electronic structure calculations.
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Surface temperature (Ts) effects, whether associated with surface phonons or
electronic excitations in the metal, remain an unlikely cause for the
disagreement with experiment, as the experiments of Osterlund et al.?** have
shown no discernible influence of Ts on the reactivity over a Ts range of 90 — 650
K2, Thus, only a minor effect of surface atom displacements arising from the
non-zero surface temperature in the experiments would be expected on So.
Furthermore, the barriers to DC are generally located early in the entrance
channel, i.e., at molecule-metal distances commonly larger than 2.5 A, which
also means that the perturbation of surface atom motion due to the incoming
molecule may be limited?*?”, This suggests a limited effect of any energy loss
of the impinging molecule to surface atom motion that might occur before
overcoming the barrier. As an additional test, the expected upper bound of the
effect surface atom motion can be calculated using the simple, Baule model®’
and we show the effect in Figure 4.7 in Section 4.5.3. The Baule method treats
the molecule and the surface atoms as hard spheres, and will likely result in an
overestimated effect of surface atom motion. Nevertheless, Figure 4.7 does
indicate that including surface atom motion may result in better agreement of
the computed S, with experiments for low incidence energies, i.e., Ef < 26
kJ/mol. For larger Ei* the influence of surface atom motion will likely remain too
small to result in an improved agreement with experiments. Therefore, the
effect of the static surface approximation, i.e., of using an ideal and static surface
in the dynamical model, may be relatively small.

If using the static surface approximation would not have a large impact, could
making the Born-Oppenheimer approximation still be a cause of concern?
Systems with low charge transfer energies may be more susceptible to, e.g., ehp
excitation’%2812% Ehp excitation is commonly modelled by the use of electronic
friction techniques®®, but the effect of electronic friction has not yet been
modelled for the O, + Al(111) system in conjunction with a PES obtained using a
DF featuring screened exact exchange. One reason for this may be that there are
two strong arguments against electronic friction having a substantial effect. First,
the barrier is early, so the O, will likely not sample higher electronic densities of
the metal, thus limiting the effectiveness of electronic friction. Second,

)162

electronically adiabatic calculations on DC of O, on Ag(111)*®, in which reaction

occurs at much higher energies than on Al(111)%%2224 and calculations employing
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the local density friction approximation (LDFA) on DC of N; on a metal
surface!’*3% syggest that the DC of these “heavier molecule”, i.e. heavier than
H,, is not much affected by ehp excitation, likely due to the lower velocities
exhibited by molecules heavier than H,3%. This might seem to suggest that ehp-
excitation may also have only a small influence on reducing reactivity. There are
two reasons why this preliminary conclusion might not hold. Firstly, calculations
using a different electron friction model, e.g., orbital dependent friction (ODF),
suggest a much larger influence of ehp excitation on DC of N, + Ru(0001) than
calculations using the LDFA model'’*. Currently, it is not yet known which of the
two electronic friction methods is best, or whether either of the two methods is
accurate for modelling the effect of ehp excitation on DC on metals'®?. Secondly,
for low Ecr systems, a strong electronically non-adiabatic effect can also occur
through jumps of electrons between electronic states in which either the neutral
molecule or the molecular anion interacts with the surface®**. The non-adiabatic
couplings between such states are quite strong, and modelling of the associated
non-adiabaticity requires a method that is suited to deal with the associated
“strong-coupling case”, like the independent electron-surface hopping (IESH)
method of Tully and co-workers®32%2,

An argument in favour of the BOSS model is the semi-quantitative agreement
achieved with experiment of sticking probabilities computed with the BOSS
model using a PES calculated with the embedded correlated wavefunction (ECW)
approach by Yin et al. who used CASPT2 for the embedded cluster?® (see also
Figure 4.3). This would seem to suggest that an accurate sticking probability
curve can be computed within the BOSS dynamical model, but leaves open the
questions of whether this can be done with DFT, and how accurate the ECW
method employing CASPT2 for the active site actually is.

In summary, the low Ecr of O, + Al(111) may still imply the presence of non-
adiabatic effects in the DC of O, on Al(111) that can, per definition, not be
captured by the currently employed BOSS model. Moreover, O incidence energy
loss, whether through ehp excitation or dissipation to surface atom motion,
would be expected to have its largest effect on the reactivity in the higher
incidence energy range, i.e., the energy range currently most poorly described
by our current BOSS-DFT approach. For future work, it should therefore be
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insightful to test the effect of allowing surface-atom motion, and of ehp
excitation, if only for the purpose of elimination, before looking into further
alterations of the DF used.

A computationally cheap method to model the effects of surface atom motion
may be the dynamic corrugation method, previously successfully implemented
for H, + Cu(111)*°. For this method, we would only need a few hundred
additional DFT single-point calculations to construct the coupling potential®®.
Alternatively one could use a high-dimensional neural network (HDNN)
approach to fit the PES3%33%4, The cheapest method to treat electronically non-
adiabatic effects is the LDFA method?®!, but one should also test the ODF
approach'’?, and possibly a recently suggested electronic friction approach
called scattering potential friction®®. Lastly, any future work with screened
hybrid DFs will have to deal with the high computational demands. Future work
could try to further reduce the amount of DFT data needed for the CRP method
when building the PES, as the direct product and rigid grid now used require
multiple geometries that are of limited use for fitting the dynamically relevant
parts of the PES. The possibilities of a A-machine learning neural network
approach, for example, as previously implemented for liquid H,03, come to
mind to further decrease the amount of computationally demanding
calculations using a screened hybrid DF. In such an approach one might first fit a
GGA-VdW potential energy surface to a large amount of points and then upgrade
to a screened hybrid-VdW quality PES by fitting and using the difference of
energies computed for far lesser points. To our knowledge, such an approach has
not yet been tested on the DC of molecules on metal surfaces.

Finally, one may look for errors in the procedure used by the experimentalists to
estimate the sticking probabilities for O, at fixed energies. The experimentalists
calculated what they called the "beam energy" from the known heat capacities
of He, 0, and Xe, which is an approximate procedure??*. According to the
experimentalists??* the spread in the incidence energy of the beams employed,
and the rotational temperature used in an experiment were estimated from
earlier work3®. These approximate procedures to obtain the results to which we
compare here may all have led to errors. Given the important role of O, + Al(111)
as a benchmark system it might be useful if the experiments were repeated, with
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time-of-flight measurements to more accurately determine the energy
distributions of O, in He-seeded and Xe anti-seeded beams and more accurate
determination of their rotational and vibrational temperature than was possible
before.

4.4 Conclusions

The combination of a DFT approach for the electronic structure of the PES and
the use of the BOSS dynamical model has thus far not been able to accurately
describe the DC of O, on Al(111). Past work has strongly suggested that this is
due to the inability of the workhorse electronic structure approach in surface
science, i.e., GGA-DFT, to accurately describe systems for which the charge
transfer energy is below 7 eV. Although the cause of the failure of GGA-DFT is
still debated, several prior works suggest that the use of hybrid DFT leads to
substantial improvement in the description of systems characterised by a low
charge transfer energy. Previous work on O, + Al(111) additionally suggested that
the description of this system could be improved further by increasing the
energetic corrugation of the barrier. It was believed that this could be achieved
by including improved long-range, VdW-, electronic correlation while
simultaneously increasing the fraction of exact exchange in the exchange-
correlation DF.

To test this assumption, this chapter used the HSE06-1/2x-VdWDF2 DF. This DF
is a screened hybrid DF that includes a maximum admixing of a = 1/2 of exact
exchange and relies on the VAWDF2 electronic correlation description. To test
this DF a 6D static surface PES was fitted to DFT energies for over five thousand
different O, + Al(111) configurations, using the CRP. This PES was used to perform
QCT dynamics calculations for different initial O, conditions to compute the Sy of
0, on Al(111) as a function of E#, using the BOSS dynamical model.

The use of VAWDF2 correlation and the increase of the fraction of exact
exchange results in two changes in the PES relative to the previous HSE03-1/3x
screened hybrid PES. Firstly, a VAW well now appears in the entrance channel of
the PES. This well is generally only dependent on the angle the O, molecule
makes with the surface normal. Secondly, the reaction barriers also change. The
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barriers of HSE06-1/2x-VdWDF2 in some cases shift to lower but in most cases
to higher energies. This results in a slight increase of the energetic corrugation
of the barrier, although the changes remain small and are smaller than the
changes seen in the barriers when applying the HSE03-1/3x DF in the NSCF
approach to an RPBE density, as has been done previously.

The small changes in the PES from the use of the HSE06-1/2x-VdWDF2 DF do
result in some changes in the So. The onset of the sticking curve moves to a
somewhat lower energy and the sticking curve has undergone a slight
broadening, due to the increase in the energetic corrugation of the barrier.
However, the changes are not very large, and the distinction between the SCF
and NSCF application of a hybrid DF is more substantial. As such, even though
the changes in the PES and Sy are as expected, the small magnitude of these
changes means that the use of the HSE06-1/2x-VdWDF2 DF has not yet resulted
in the desired degree of improvement of the description of sticking of O, on
Al(111).

Furthermore, based on the comparison of the three different DF-approaches,
i.e., SCF HSE03-1/3x, NSCF HSE03-1/3x@RPBE, and HSE06-1/2x-VdWDF2, we
argue that much larger changes in the PES will be required to more closely
reproduce the experimental Sp with the use of the BOSS-model. The results
obtained here at high computational cost signal that it is unlikely that the
combined BOSS and DFT approach, as currently implemented, can be made
accurate enough for the DC of O, + Al(111).

Given the above, we suggest that future work on O, + Al(111) would first aim at
eliminating the possible influences and errors associated with the dynamical
approximations inherent in the BOSS model. Addressing the effects of surface
atom motion can be cost-effectively done by applying the dynamical corrugation
method, while one might also use the HDNN method to obtain a PES
incorporating the effect of surface atom motion. The influence of electronically
non-adiabatic effects like ehp excitation can be modelled with different electron
friction approaches or with a method more appropriate for strong non-adiabatic
electron coupling, like the IESH method, in combination with the QCT method.
Future work would also do best to try and address the mounting computational
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costs associated with screened hybrid DFT or other higher-level electronic
structure approaches. Finally, given the important role of the O, + Al(111) as a
benchmark system, it would be good if the experiments were to be repeated to
investigate the quality of the approximate procedure used by the
experimentalist to arrive at initial-rovibrational-state-selective sticking
probabilities for specific single incidence energies.

4.5 Appendices

This chapter has three appendices. The first appendix presents a visual aid for
Table 4.3, by plotting the barrier heights displayed in the table as a bar plot. The
second appendix is a brief overview of the deconvolution of the indirect and
direct reaction mechanism as simulated in the QCT calculations and shows that
an indirect mechanism has a minor and negligible contribution to the total
sticking probability. The third appendix briefly discusses the Baule model to
molecule-metal surface energy transfer and presents a figure showing an
expected lower bound for the reactivity of the O, + Al(111) system if energy
transfer to the Al surface phonons were to be included.

4.5.1 Reaction barrier bar-plot

The barriers to dissociative chemisorption as presented in Table 4.3 of the main
text are shown in a bar plot in Figure 4.5 as an additional visual aid to
understanding the differences in energetic corrugation of the barrier. Also
plotted are the reaction barriers based on the SCF HSE03-1/3x DF of Gerrits et
al.*** and the NSCF HSE03-1/3x@RPBE DF of Chapter 3. Figure 4.5 shows that
some barriers described by the HSE06-1/2x-VdWDF2 DF are lower than those of
the HSEO03-1/3x DF, but most others are higher. Furthermore, Figure 4.5 shows
that there are no clear patterns based on surface site or O, geometry as to the
screened hybrid VdW DF resulting in either a lower or higher barrier energy.
Lastly, the NSCF results are also presented. The NSCF DF inadvertently but

280 3and can thus

considerably increased the energetic corrugation of the barrier
also function as a useful DF for assessing the effect of the energetic corrugation

on the sticking.
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Figure 4.5: Barplot comparing barrier heights for twenty-nine different O, + Al(111) geometries
computed with the HSE06-1/2x-VdWDF2 DF (purple), HSEO3-1/3x DF (red) as adapted from the

work of Gerrits et al.14, and the non-self-consistent field HSE03-1/3x@RPBE DF (orange) as taken
from Chapter 3.

4.5.2 Direct and indirect dissociative chemisorption

The reaction probability of O, on Al(111) can be divided into contributions of
different types of events in a similar way as was done for O, + Cu(111) in previous
work??, i.e. Chapter 5. In short, the total reaction probability is the sum of both
the direct and the indirect reaction probability where the sticking probability is
the sum of the total reaction probability and the trapping probability:
So=1-P=P"+P,=P°+P +P, (4.9).

Here P is the scattering probability. Any probability of a specific event is
computed analogously to Equation 8 of the main text, and the conditions for
reaction and scattering are described in Section 4.2.5 of the main text.
Furthermore, a molecule is considered trapped if it has neither scattered nor
reacted after the limit of 1 ns propagation time has been reached. The reaction
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probability is considered indirect if the molecule makes more than one “bounce”
on the surface. A bounce is defined by a sign change in the momentum vector
of the COM of the O, molecule along the surface normal. For more details, the
reader is referred to Chapter 5.

If the Sp shown in Figure 4.3 of the main text is divided into the probabilities of
the separate sticking events as described by Equation 4.9 then this results in
Figure 4.6. From this figure, it is immediately clear that no trapping of O, on the
Al(111) surface occurs within the time limit we use, i.e., 1 ns. That is, all O,
molecules will either scatter or react within this timeframe. Furthermore, the
contribution of indirect reaction is minimal, i.e., always one order of magnitude
smaller than the contribution of direct dissociative chemisorption. The influence
of the indirect mechanism is thus small although not entirely negligible.

Moreover, the indirect mechanism only occurs in an Ei regime where the Ei can
be either higher or lower than an encountered reaction barrier, i.e., within the
barrier energy range, see also Table 4.3 or Figure 4.5. As such, one can assume
that the indirect mechanism occurs via the O, molecule impinging the surface at
a geometry for which the barrier is slightly too high, with the initial collision
leading to, e.g., enhanced molecular rotational motion, which leads to
temporary adsorption if not enough energy is left in translational motion normal
to the surface for the molecule to escape to the gas-phase. Once the molecule
returns to the surface it may find a more favourable geometry for reaction, but
since it has experienced at least one bounce with the Al(111) surface the reactive
event will be classified as indirect.
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Figure 4.6: Specific probabilities characterising the reactive scattering of O, from Al(111) as
computed by quasi-classical trajectory calculations using the HSE06-1/2x-VdWDF2 PES. The
probabilities are plotted as a function of normal incidence energy (E#), and plotted are the total
reaction probability (P:"), the direct reaction probability (P,°), the indirect probability (P/) and the
trapping probability (P:). For definitions of each type of event see the text and Ref. 28* or Chapter

5.
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4.5.3 Baule model

An expected upper bound of energy transfer between O, and an Al surface

atom can be estimated using the Baule model®’

, along similar lines as done in
the work of Nattino et al. to estimate the effect of allowing surface atom
motion on the inelastic scattering of N, from W(110)*%. The energy transfer in

the Baule model can be computed as

4u (4.10)
AE=———F
aA+w?’
with
2%15.999 1 (4.11)
H=eosza 11859
thus,
4 % 1.1859
AE E; = 0.992E, (4.12).

~ (1 + 1.1859)2
We estimate that for sticking only half the total energy transfer occurs before
the barrier is crossed, as only “half” a collision occurs before the system
“decides” that sticking occurred. The estimated shift of Sy of Figure 4.3 can then
be estimated by shifting the S, through changing its argument E as follows:

1 0.992
Ef + S AE=(1+—— VE} (4.13).

The sticking probability shifted in this way, along with the experimental and
original QCT-based Sy is presented in Figure 4.7. This figure shows that we may
still expect a non-trivial drop in Sy if the motion of surface atoms is included in
future models. However, we note that the Baule model is simplistic and may well
overestimate the energy transfer to surface atom motion, as was also previously
shown for the scattering of N, from W(110)®!. Furthermore, the barriers to
reaction for O, + Al(111) are so early in the entrance channel that the barriers
tend to be encountered before a “hard-sphere-like” collision of the molecule and
the surface atoms actually can take place as the Baule model would imply. Thus,
it is more likely that any future Sp computed with the inclusion of the effects of
surface atom motion will end up somewhere between the QCT results of the
current chapter and the lower bound as calculated with the Baule model. This
area is indicated as the grey area in Figure 4.7.
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Figure 4.7: Sticking probabilities as a function of normal incidence energy. Plotted are the sticking
probabilities measured in the experiments (black diamonds) by Osterlund et al.?24, as computed
with the HSE06-1/2x-VdWDF2 DF using the static surface model (purple solid line), ), and as
estimated from the latter by taking into account energy transfer to surface atom motion as
calculated by the Baule model (purple dashed line). The grey shaded area estimates future
computational results including the effects of surface atom motion.

Application of the Baule model shows that, with the use of the HSE06-1/2x-
VdWDF2 DF and quasi-classical dynamics for molecular motion, the addition of
surface atom motion to the model may result in substantially better agreement
with experiment for incidence energies up to about Ef = 26 ki/mol. However,
based on these results it seems that surface atom motion will be an unlikely
candidate to improve agreement much for any higher E*.
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5 0O, dissociation on Cu(111): Dynamics on
a novel screened hybrid Van der Waals
DFT potential energy surface

This chapter is based on:

van Bree, R. A. B.; Kroes, G. J. O, Dissociation on Cu(111) Dynamics on a Novel Screened Hybrid
Van der Waals DFT Potential Energy Surface. J. Phys. Chem. C 2024, 128 (45), 19182-19196.
https://doi.org/10.1021/acs.jpcc.4c05466.

Abstract

The dissociative chemisorption (DC) of O, on Cu(111) has been extensively
studied by both theory and experiment. Different experiments disagree on the
underlying mechanisms (direct or indirect) for the sticking of O,. Thus far, studies
based on density functional theory (DFT) favour the indirect mechanism.
However, DFT has not fully resolved the discussion, as DFT based on the
generalised gradient approximation (GGA) has always substantially
overestimated the reactivity and sticking probabilities of O, on Cu(111) and
other Cu surfaces. Recent work indicated that this overestimation is due to the
failure of GGA DFT to describe molecule-metal systems where the charge
transfer energy (Ecr), i.e., the work function of the metal surface minus the
electron affinity of the molecule, is below 7 eV. O, + Cu(111) is one such system.
This chapter presents computed sticking probabilities for O, + Cu(111) based on
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the HSE06-1/2x-VdWDF2 screened hybrid Van der Waals density functional (DF),
which is applied self-consistently. A six-dimensional static surface potential
energy surface (PES) was constructed using the corrugation-reducing procedure.
This PES was used to perform quasi-classical trajectory calculations to compute
the sticking probabilities of O, + Cu(111). For the first time, we present DFT-
based sticking probabilities that underestimate the experimental sticking
probabilities. While reproducing the experimental results would have been even
more desirable the fact that we found a DF which underestimates the measured
sticking probabilities means a DF using a lower fraction of exact exchange will
most likely describe the O, + Cu(111) system with high accuracy. Furthermore,
our work shows evidence for the presence of both indirect and direct
dissociative chemisorption. The indirect precursor-mediated mechanism occurs
for low-incidence energy 0,. The mechanism is supplanted by a direct
dissociative mechanism at higher incidence energies. Lastly, our work suggests
that the Cu surface temperature may also effect the dissociation mechanism, but
this still needs further verification with a different theoretical framework that
allows for the simulation of surface temperature.
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5.1 Introduction

The adsorption or dissociative chemisorption (DC) of oxygen molecules (O;) on
metal surfaces is the first step in many oxygen-related chemical processes
6212213 These can be useful processes as seen in, for instance, the heterogeneous
catalysis of methanol formation?”?® or oxidative catalysis reactions?'>-%'8, But
processes can also be undesired, for example in unwanted oxide formation
during catalysis or in the corrosion of metal materials?1>216218:306,307 Aq 3 result,
the study of the DC of O, on metal surfaces is not only of fundamental but also
of high practical importance'?®. Furthermore, copper (Cu) is one of the most
widely studied transition metals for catalytic activity, both experimentally®876:308
315 and theoretically>>°5126:129.316-320 |n 3ddition, the H, on Cu(111) system is well
known as a benchmark system for activated DC reactions on transition metal
surfaces>>°6:110221,263321 - Hawever, the electronic structure of O, + Cu(111) is
considerably more complicated than that of H, + Cu(111) due to the high
electron affinity of the molecule and the triplet-spin ground state of the
molecule!?#14>228231,280315  The (0, on Cu(111) system has seen plenty of
experimental and theoretical development3!3319322325 gnd js as a useful
benchmark system for the interaction of O, with transition metals.

The majority of studies on O, + Cu(111) and other Cu surfaces have focused on
the initial sticking probability (So) of O, impinging on the Cu surface3*"
315,318319,324-326 The studies generally show that the (110) and (100) surfaces have
a higher reactivity towards O, than the (111) surface, i.e., the sticking probability
as a function of the normal component of the incidence energy of the O,
molecule is highest for the more “open” (110) and (100) faces31431>324-326 The
literature generally describes two possible mechanisms for the sticking of O, on
Cu surfaces, where the sticking of the molecule to the metal surface can proceed
via a direct DC reaction or via a non-dissociative chemisorbed (or even

physisorbed) precursor state.

The first of these two mechanisms is discussed in the work of Hall et al. for O,
on Cu(100)3?® and of Zhang et al. for O, + Cu(111)3*%. Both provide evidence that
0, sticking on Cu(100) and Cu(111) takes place largely through direct activated
DC3%3%, Additionally, the Sp on both surfaces appear to follow normal energy
scaling (NES), i.e., the Sp only depends on the normal component of the
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incidence energy of the molecule (E#). Both works3*>326 also found that the Sp is
positively and linearly correlated with the Cu surface temperature (Ts).
Interestingly, the work of Zhang et al.3?® seems to indicate a deviation from this
linearity of O, sticking on Cu(111) at the lowest Ts shown (90 K), however, the
exact Ts at which such a deviation of linearity starts to occur is not clearly
determined3?. Hall et al. also showed evidence for a considerable energy
transfer from the incidence energy (E;) of the impinging O; to the Cu(100) surface
atoms3?®, It is plausible that such energy transfer also occurs for O, sticking on
Cu(111), but the work of Zhang et al. did not specify this.

Importantly, the work of Zhang et al.3% seems to be in stark disagreement with
the O, on Cu(111) sticking measurements of Minniti et al.3?* which predate the
work of Zhang et al.3* by about ten years. Although the work of Minniti et al.
was focused on the sticking of O, and H, on Cu monolayers on a Ru(0001)
surface, they also reported O, sticking probabilities for a clean Cu(111) surface.
The Sp measured by Zhang et al.3?> are considerably higher than those of Minniti
et al.3?*, The authors of Ref. 3% also noted this discrepancy but were unable to
explain the major disagreements between measurements, even though both
experiments were similar in conditions and both used the King and Wells (K&W)
technique®. This does raise the question of what the actual reactivity of O, on
Cu(111) is.

The second, indirect, mechanism for the sticking of O, is supported by the

313-315,318,319,322,323 This second

experimental and theoretical works of Refs.
mechanism, which proceeds via a precursor state, usually occurs at low E..
Already in 1979, Habraken et al. published work®® studying the O,
chemisorption on Cu(111) using low energy electron diffraction (LEED) and
ellipsometry. Based on the dependence of the Sy on both Ts and the O, surface
coverage they argued that O, would have to dissociate on Cu(111) via a “mobile”
precursor state. Additionally, in 1993 Hodgson et al. extensively discussed
sticking results for O, on Cu(110)3'® obtained with the K&W technique® and
distinctively identified two separate DC channels. The first channel, which occurs
for low E;, seems to be a precursor-mediated dissociation, and the second at
higher E; was identified as direct DC. A similar two-channel observation was

made in 2004 for the sticking of O, on Cu(100) by Junell et al.3!*. Furthermore,
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in 1996 Sueyoshi et al. identified the existence of an adsorbed molecular O3
species on a 100 K Cu(111) surface3??
spectroscopy (HREELS). This chemisorbed O, species dissociated upon annealing
the Cu surface to 170 - 300 K322

using high-resolution electron energy loss

The second mechanism, and the presence of at least two reaction channels for
0, on low index faces of Cu, is similarly supported in theoretical work 318319323,
In support of the work of Sueyoshi et al.3*2, Xu et al.3?* used density functional
theory (DFT)*?%122 calculations at the generalised gradient approximation (GGA)
level with the PW91# density functional (DF) to calculate the binding energies
of molecularly chemisorbed O, on Cu(111). They found energy barriers to
dissociation from this precursor state of about 16 - 22 kJ/mol, depending on
whether or not the Cu(111) surface is allowed to relax in response to the
presence of the adsorbed 0,33, Also using the PW91 DF, Martin-Gondre et al.
constructed a complete six-dimensional (6D) static surface potential energy
surface (PES) for O, + Cu(100), using the FPLEPS model?!%247:2%8 g fit the DFT
data, and simulated the DC with quasi-classical trajectory (QCT) calculations3®,
The computed reaction probabilities considerably overestimated the existing
experimental results. The authors also identified two distinct reaction channels
(direct and indirect), with the fractional contribution of the indirect channel

being greatest at low E* and declining as E/ increases®®,

Lastly, in an attempt to reproduce the experimental work of Minniti et al.3?*
Ramos et al.3'® used the more repulsive, i.e., less reactive, RPBE**® GGA DF to
compute the sticking probabilities of O, on Cu(111) (and also O, on Cum-
/Ru(0001)) with the QCT method. They used the corrugation reducing procedure
(CRP)2°1292 tg fit the DFT data and the Cu surface atom motion was modelled
using the generalised Langevin oscillator (GLO)**” method. Their computed S;**°
overestimated the experimental S, of both Ref. 32* and Ref. 3%°. However, Ramos
et al. likewise identified the existence of a precursor-mediated dissociation
channel in O, + Cu(111). Moreover, they found that at Ts= 100 K the greater part
of the Sy is caused by the non-dissociative chemisorption of O, molecules on the
Cu(111) surface, in contrast to Ts= 350 K, where nearly all chemisorption was

dissociative3'°.
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To properly understand the two reaction mechanisms or channels and
distinguish between them, it will probably be necessary to compute the reaction
probabilities within chemical accuracy, i.e. within an accuracy of 1 kcal/mol>>*®.
However, the substantial overestimation of the measured So for O, on Cu(111)
with even the least reactive GGA DF3?, i.e., RPBE, is concerning, as this suggests
that a chemically accurate description of the reaction is likely not possible at the
semi-local (GGA) DFT level®®. This problem is not unique to the dissociation of
O on Cu surfaces but is also a well-documented issue for the activated direct
dissociative chemisorption of O, on Al(111) considered in an electronically
adiabatic framework!?4228-230.234-238.240 NMoreover, the failure of semi-local GGA
DFT is likely caused by the same origin'?*, and may also be resolved by the same
solution as tried recently for O, + Al(111)24226:28

The failure of semi-local (GGA or meta-GGA) DFs to accurately describe the
reaction of O, on Al(111) has been attributed to the charge transfer energy (Ecr)
of the system being below 7 eV*?*, Here Ecr is defined as the work function of
the metal surface minus the electron affinity of the molecule. Ecr is a measure
to investigate the likelihood of electron transfer from the metal surface to the

molecule during their collision'*

. It is not yet fully understood why Ecr < 7 eV
results in a failure of semi-local DFs for DC on metals. As discussed in Ref. 124, for
gas-phase reactions it has been argued that semi-local exchange-correlation (XC)
DFs generally favour, i.e., yield a lower energy for, situations where charge
delocalisation occurs!*¢328, This would then result in transition state energies
being too low relative to the energies of the reactants and would explain why
semi-local DFs applied to Hartree-Fock densities tend to give much better results
for gas-phase reactions¥’-1492%3  Consequently, such errors have been labelled

as "density-driven"147-149.253

, i.e., as resulting from errors in semi-local densities.
However, this explanation is at odds with calculations on O, + Al(111), which
showed that quite reasonable results can be obtained for this system using semi-
local densities provided that a screened hybrid functional was applied to these
densities in a non-self-consistent way?*14528_ The error made for O, + Al(111)
should then be labelled as “functional-driven”12414>147.253,.280 " |nterestingly, the
explanation that the underestimation of gas-phase reaction barriers by semi-
local density functionals should be due to density-driven errors is now under

scrutiny: recent papers argue that the improved agreement resulting from the
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non-self-consistent application of semi-local density functionals to Hartree-Fock
densities is due to cancellation between functional-driven and density-driven
errorst®0151,

The Ecr of O, + Cu(111) is approximately 4.4 eV*?4, thus also substantially below
the 7 eV boundary. This could be a good reason why one of the least reactive
GGA DFs (RPBE) is still too reactive to describe the O, + Cu(111) reaction3®. As
such, the employment of a non-local XC in the form of a screened hybrid DF may,
similarly to O, + Al(111)*?*, help to resolve the overestimation of the reactivity.

The goal of the present chapter is to investigate whether the use of a screened
hybrid DF may result in a better description of the experimentally determined
reactivity of O, on Cu(111). We do this by constructing a static surface PES using
the screened HSE06-1/2x-VdW-DF2 DF, applied self-consistently, and by
comparing the resulting sticking probabilities, as computed with QCT, to
experiments and other theoretical work. We will show that we were able to, for
the first time, compute reaction probabilities that underestimate instead of
overestimate the experimental sticking probabilities of O, on Cu(111). This
indicates that a non-local DF that can describe the measured sticking probability
with high accuracy must be within reach. Furthermore, we show that for a static
surface there seems to be a significant contribution of the indirect reaction
channel to the DC for lower incidence energies of O,, and that the indirect
reaction does not follow normal energy scaling in contrast to the direct reaction.

This chapter proceeds as follows: Section 5.2.1 will briefly discuss the Born-
Oppenheimer static surface (BOSS) approximation, Section 5.2.2 will broadly
discuss the choice of screened hybrid DF, and 5.2.3 will discuss the
computational setup for the DFT calculations. Then, Section 5.2.4 will discuss the
CRP PES fitting method, and the details concerning the QCT calculations are
found in Section 5.2.5. Thereafter, Section 5.3.1 will discuss the resulting
screened hybrid PES, 5.3.2 will compare our computed Sp with experimental and
other computed Sp, Section 5.3.3 will discuss the direct and indirect components
of Sp and investigate the NES of both components and, lastly, Section 5.3.4 will
discuss our results within the framework of current literature. Section 5.4
presents conclusions and an outlook.
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5.2 Methods

5.2.1 The dynamical model

The dynamics calculations are done with the motion of the nuclei decoupled
from the motion of the electrons via the Born-Oppenheimer approximation. The
Cu atoms are also kept static in their relaxed, or ideal (i.e., 0 K) lattice position.
This results in a total of six degrees of freedom for the motion of the O-atoms
(Figure 5.1A). The centre of mass (COM) of the diatomic molecule is described
by its Cartesian coordinates. Here, Z indicates the distance between the surface
and the COM of O, and X and Y describe the projection of the COM on the
Cu(111) surface. X and Y are represented in U, V-space such that the angle
between the two axes is taken as 60° (see Figure 5.1B) to describe the (111)
surface unit cell. Furthermore, r is the bond length of the molecule, 8the polar
angle the O, bond makes with the Z-axis, and ¢ the azimuthal orientation angle
of the molecular relative to the Cu surface, as indicated in Figure 5.1A. Figure
5.1B additionally shows the locations of the high symmetry sites of Cu(111).
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Figure 5.1: Coordinate system and its relation to the Cu(111) unit cell; A: six-dimensional centre-
of-mass coordinate system for the O, molecule; B: (111) surface unit cell for an FCC metal (like Cu)
with all high symmetry sites indicated. A lighter shade represents an atom that is in a deeper layer
in the slab.
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5.2.2 Electronic structure approach

The exchange-correlation functional chosen for this work consists of a
combination of two distinct DFs. The first part is the exchange part of the
screened hybrid DF named HSE06%1% but using a fraction of 1/2 of screened
exact exchange instead of 1/4. The second part is the Van der Waals DF2

5

correlation function'®. Below we will discuss both components and their

combination.

The HSE06 DF, based on the better known PBEQ'*%>3 DF, is a hybrid DF, meaning
that a certain fraction (a) of exact (i.e., Hartree Fock) exchange(E"f) is mixed into
the PBE™* exchange-correlation energy (Exc) such that
Exc = EPBE + aEHF + (1 — a)ELPE (5.1),

here the two E, contributions taken together form the exchange part of the
exchange-correlation functional and E. is the correlation part. HSEO6 is distinct
from PBEQ™%1>3 a5 described by Equation 5.1, due to the addition of screening.
Such screening is required for a more physically correct, and more
computationally efficient, description of the metal slab®>1>"18 For example,
without screening, the electronic density of states would be substantially and
artificially reduced at the Fermi-level8,

The screening of the exact exchange is done by introducing a continuous
switching function (based on the screening parameter w) in the coulomb
operator describing the electron-electron interaction®%, such that the long-
range electron-electron interaction is only described with the semi-local
exchange DF!91% This results in the following description:
E3E06 (5.2),
= EPBE 4 aE,fF'SR(w) +(1- a)E,?BE’SR(w) + E;’BE'LR(w)

where SR indicates a short-range interaction relative to the screening parameter
w and LR a long-range interaction.

In this work, we opted to use a = 1/2, calling the corresponding exchange DF
HSE06-1/2x. The original HSEO6 DF comes with an a of 1/41521531891%0 However,
previous work on the interaction of O, + Al(111) showed that even a = 1/3
resulted in reaction probabilities that overestimated the experimental
results'?#2° Therefore, we opted to increase the a to 1/2 (in principle the
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maximum mixing value®®2), assuming that a higher fraction of exact exchange
should also be required to reproduce the barrier height for O, + Cu(111)*3. This
value may seem high but we note that the BH&HLYP and MPW1K functionals,
with values of a of 0.5 and 0.428, respectively, were found to perform quite well
on gas-phase barriers in the work of Truhlar and co-workers®?°. Moreover,
keeping in mind the addition of the Van der Waals correlation in the DF, as
described below, we anticipated that we might require a high fraction of exact
exchange to compensate for the expected effect®®:124126:132.282 this correlation
might have on the barrier heights, and thus on the computed reaction
probabilities.

In the HSE06-1/2x DF, the correlation functional is the PBE correlation functional.
However, semi-local DFs like PBE are not able to describe long-range interactions
between electrons and the non-local or global nature of the (screened) hybrid
DF does not include a correct description of the attractive Van der Waals
correlation. Therefore we opted to use a non-empirical Van der Waals (VdW) DF
as correlation DF*31% to improve the long-range correlation description of the
functional. To obtain the so-called PBE-VdWDF2 DF, which we use as a ‘primer’
(see Section 5.2.3), the addition of Van der Waals correlation is rather
straightforward:
Exc = ELPA + EYAWDF2Z 4 pPBE (5.3).

Here the correlation part of the DF is now split between that of the local density
approximation (LDA) and a purely non-local VAW correlation correction'®. This
correction is computed with

EYawDF2 — fdrfdr’p(r)cb(r,r’)p(r’)

in which r and r’ are the position vectors of the electron density, p(r) the

(5.4),

electron density of the electron at r, and ®(r,r’) is the Van der Waals kernel
describing the electron density-density interaction. The details of this kernel are
complex and out of scope for this chapter and we refer the interested reader to
Refs. 18319 for more information.

The addition of the VAW correlation is expected to introduce a VdW well in front
of the barrier in the entrance channe|>%126:130282 ' A yd\W-well would speed up the
molecule as it approaches the Cu(111) surface (during dynamics calculations)
and this could influence the dynamics of the reaction!?®!%, The replacement of
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PBE correlation with VdW-DF2 correlation may lower the reaction barrier.
Anticipating that this may lead to a too-low barrier we decided to use a high
fraction of exact exchange, as discussed above. However, it must be noted that
a lowering of the barrier does not always occur and replacing PBE with VdW-
correlation has in the past sometimes caused the opposite to happen?3?. As the
results will show, choosing the maximum fraction of exact exchange, a, to
“tune” a barrier height is still a trial-and-error-based approach.

In conjunction, the combination of exact exchange and VdW-correlation leads to
the following expression for the screened hybrid VdW exchange-correlation
energy of the HSE06-1/2x-VdWDF2 DF:

EHSE06—1/2x—VdWDF2 (5.5).
XC

_ pLDA VAWDF2

=E"? + E,

1 1
n > E)IC-IF,SR (@) + 5 EJ}C’BE,SR (@) + EJ}C’BE,LR (@)

It is important to distinguish this DF from other screened hybrid VdW DFs, as a
simple combination of two established DFs, as described above. Our functional
does not represent a completely new screened hybrid VdW DF, like the recent
VdW-DF2-ahbr DF as developed by Hyldgaard and co-workers in such a way that
the exchange part of the functional is matched to the Van der Waals part'®. It
was expected that the HSE06-1/2x-VdWDF2 DF would adequately describe
longer-range interactions and thereby result in the presence of a VdW-well

before the barrier!?6124
t124

, and we hoped that it would correctly describe the
barrier heigh

5.2.3 Computational details of the DFT calculations

The DFT calculations are done with the Vienna Ab Innitio Simulation Package
(VASP) version 6.3.2200:258-262 yith the Van der Waals implementation of J. Klime3
et al.?®28 All computed DFT energies are based on two different successive self-
consistent field (SCF) spin-polarised single-point calculations. The first is a
“primer” calculation done with the PBE-VdWDF2 DF to establish a decent
estimate for the electron densities and Kohn-Sham (KS) wavefunctions. After
this, the HSE06-1/2x-VdWDF2 SCF single-point calculation is started using the
previously converged PBE-VdWDF2 KS wavefunction. This is done to
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meaningfully improve the convergence speed of the calculation with the
screened hybrid DF.

Both calculations use a 2x2 4-layer Cu(111) slab with 15 A of vacuum separating
the slabs. The lattice constant for Cu was converged with the HSE06-1/2x-
VdWDF2 DF to 3.698 A, and relative to the bulk the top interlayer distance was
reduced by 1.0%. This interlayer relaxation is chosen based on experimental
work, which indicates that at the interface with the vacuum changes in the
interlayer spacings of Cu(111) are only significant between layers one and two,
the relevant change being about 1.0% for low-temperature Cu(111)%°.
Moreover, experimental Cu lattice interlayer distances have been used
successfully in theoretical work in the past®?l. An energy cutoff of 440 eV and an
8x8x1 -centred k-point grid is used. The core electrons are represented with the
projector augmented wave (PAW) method'®. Specifically, the GW
pseudopotentials developed for PBE as implemented in VASP were used. The
GW versions were used to both improve convergence and improve upon the
lattice description of Cu using the HSE06-1/2x-VdWDF2 DF. To ease convergence
even more, Methfessel-Paxton smearing with a width of 0.2 eV is used.

The primer (PBE-VdWDF2) single point energy was converged using the
conjugate algorithm implemented in VASP, using a very tight convergence
criterion, i.e., 107 eV. This is done to best approach the variational minimum of
the electronic density, thus possibly making it a better KS wavefunction starting
point for the screened hybrid single point, in line with earlier published work for
0 on Al(111)%9, j.e., Chapters 3 and 4. Finally, the HSE06-1/2x-VdWDF2 single-
point energy is converged self-consistently using the damped algorithm to within
10 eV, using a sparser (or as indicated in VASP; fast) FFT-grid (fast Fourier
transform-grid) for the exact exchange (HF) calculations. The faster grid was
chosen as the computational cost with the normal FFT grid would not be
manageable, i.e., we would not get the calculations converged. Based on a
section of PES data points for O, + Al(111) presented in Chapter 4, i.e., 4035 out
of the complete 5250, we estimated that the root mean squared error(RMSE)
introduced in the PES by using the sparser HF-FFT-Grid is about 0.9 kJ/mol. We
assume that the error for O, + Cu(111) will be of a similar magnitude, therefore,
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this should not be detrimental to the accuracy of results published in this
chapter.

5.2.4 Fitting the PES

The O, + Cu(111) 6D interaction is described by a continuous spline interpolation
of 5260 computed DFT single points. These 5260 points make up a grid
describing the O, + Cu(111) interaction and a grid describing the molecule in the
gas-phase above the surface. The interaction grid spans 29 combinations of Cu
surface sites and O, orientations, i.e., 29 different sets of U, V, 8 and ¢
coordinates (see Figure 5.1) as also used in previous chapters and other, similar,
work!?#130.280 Eor each combination of surface site and molecular orientation,
the same r and Z grid is set up (see Figure 5.1); where r = [1.000, 1.100, 1.150,
1.175, 1.190, 1.200, 1.225, 1.250, 1.300, 1.400, 1.500, 1.600] AandZ = [1.00,
1.50, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 3.75, 4.00, 4.25, 4.50, 4.75, 5.00] A.
The computational time involved in converging the calculations of the 5260 DFT
single points with the HSE06-1/2x-VdWDF2 DF was more than 25 million CPU
hours (300 — 330 elapsed hours per single point using dual-processor nodes, i.e.,
using nodes containing two octo core 2.4GHz EM64T Xeon E5 processors (E5-
2630v3), or two octo core 2.6GHz EM64T Xeon E5 processors (E5-2650 v2)), thus
starting to push the limits of computational feasibility.

The continuous PES spline-interpolation fitting quality was improved by
employing the corrugation-reducing procedure (CRP)?°%2%2 a5 also done in
previous chapters and Refs. 124263280 Herein, two atom-surface, 3D, PESs of O
interacting with the Cu(111) surface, are subtracted from the molecular, 6D, PES
to obtain a 6D function with less corrugation. This function therefore easier to
fit accurately. After fitting, the atomic PES is re-added to the fitted result. The
procedure is implemented for this chapter along similar lines as in Refs. 12428,
Previously, the application of the CRP resulted in a fitting RMSE of 0.8 kJ/mol as
long as the interaction energies were smaller than 4 eV*?5, where outliers often
remain below 2.9 kJ/mol**>2°2, This error is generally small enough to ensure that

using the CRP-PES tests the quality of the underlying DFT data.
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The atomic 3D PES as needed for the CRP does not necessarily need to be very
accurate as it (and its possible inaccuracies) are first subtracted and later re-
added to the molecular PES. However, for the procedure to work it does need to
be physically reasonable!?®, based on a dense Z-grid, and free of unwanted
fluctuations, inconsistencies, and discontinuities. Achieving these standards with
spin-polarised calculations and a computationally demanding DF is difficult for
an open shell system like atomic O + Cu(111). To resolve this we make use of the
flexibility in the accuracy, i.e., we opted to use spin unpolarised DFT calculations
using the PBE-VdWDF2 DF and to impose a fairly tight convergence criteria of
5.0-107 eV to calculate the O + Cu(111) 3D PES. All other computational details
were kept consistent with the previously discussed “primer” single-point
calculations. A CRP 6D PES computed with a similar procedure has been
successfully developed and tested for O, + Al(111)%428, Additionally, we believe
that the PBE-VdWDF2 DF will capture the longer range O + Cu(111) interaction
well enough not to disrupt the CRP interpolation and that it will allow us to
achieve the high precision standard needed without excessively consuming
computational resources.

5.2.5 Quasi-classical trajectory dynamics calculations

With the continuous 6D PES it is possible to run dynamics calculations of O,
impinging on the Cu(111) surface. Here the dynamics calculations are performed
with the quasi-classical trajectory (QCT)?1%2! method. In QCT the O, molecule is
given an initial zero-point energy after which its reaction with the Cu surface is
propagated classically through time?!%2l, More extensive details on our
implementation of the QCT method can be found in Refs. 39136 Here, the O,
molecule is given an initial rovibrational energy (or assigned to a rovibrational
state) at 7.0 A above the Cu(111) surface with a given incidence energy, along an
incidence vector pointing towards the surface at an angle © with the surface
normal.

The outcome of a trajectory is determined by the molecule encountering specific
conditions that also lead to the termination of the trajectory. The first is when
the bond length (r) of the O, molecule exceeds 1.59 A. At this point, the molecule
is considered dissociated and thus the trajectory is counted as reacted. If the
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molecule-surface distance exceeds 7.0 A and the molecule moves away from the
surface the trajectory is considered scattered. Lastly, if the propagation time limit
of 1 ns is reached without encountering either state, the molecule is considered
trapped on the surface. However, we observed that the majority of O, + Cu(111)
interactions lead to scattering or reaction within the first 10 ps.

Both in scattering and reaction we make an additional distinction between direct
and indirect events. Indirect events occur when the O, molecule makes an extra
bounce on the surface before reaching terminating conditions. A bounce is
defined by a sign change from negative to positive along the Z-component of the
momentum vector of the COM of the O, molecule, i.e., a bounce occurs
whenever the molecule changes from going towards the surface to away from
the surface. An event is considered indirect if the number of bounces is larger
than one. For direct scattering the number of bounces is thus equal to one and
for direct dissociative chemisorption the number of bounces can be equal to or
smaller than one. We note that with our definition of indirect trajectories, their
associated timespan may be too short to directly detect their presence
experimentally.

All together, we distinguish between direct scattering, indirect scattering, direct
reaction, indirect reaction, and trapping as possible events. The probability of a
particular event, P, is easily defined as

p, = Ng (5.6),
Nrotal
where N¢ is the number of trajectories counted as resulting in a particular event
and Nrto is the total number of trajectories run. Furthermore, if trapping is a
relevant event one needs to define the total sticking probability (Sp) as the sum
of contributions from dissociative chemisorption and trapping, such that
So=1—P, =B+ P; (5.7),
where Ps is the scattering probability (direct plus indirect), P; is the trapping
probability and P, is the reaction probability (direct plus indirect).

Experimental sticking probabilities are usually extracted from molecular beam
studies. In a molecular beam, the O, molecules are not in a single rovibrational
state but rather in a distribution of states according to experimental conditions.
The rovibrational state distribution of the O, molecule follows from the nozzle
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temperature (Ty) and the cooling rates in the molecular beam. For O, the
vibrational temperature is the same as Ty, but the cooling rate of the rotational
states is very high?*. Experimental sticking studies of O, on Cu(111) have all
worked with nozzle temperatures of 300 k32*32>, Therefore, we have opted to
use the same O, rovibrational settings as used in previous work?*%° gnd
Chapters 3 and 4. In short, we take the rotational temperature as 9 K*°*, and the
vibrational temperature as 300 K, and we allow the lowest 4 vibrational (v) states
and the lowest 50 rotational (j) states to be occupied. Note that even j-states are
not permitted according to nuclear spin statistics. This results in the majority of
02 molecules being in the rovibrational ground state (v=0, j=1) with higher states

seeing very little occupation?®

, see also Chapter 3.

The (normal) incidence energy of the molecule is experimentally varied by either
changing the seeding ratio of the molecular beam (by mixing the O, with lighter
or heavier nobles gasses) or by varying the incidence angle 0. With the QCT
method, we can look at “monoenergetic” beams, i.e., beams with a constant
incidence energy, where we can vary ©. However, if the experimental time of
flight (TOF) spectra of the O, beams are known we can more closely simulate the
experiment by simulating the flux-weighted incidence velocity distribution
(N(V)) using

_(V-Vg)? (5.8),
N(V)AV = K, V3e @Vs)? dy

where Ky is a proportionality constant, Vis the velocity of the molecule, Vs is the
stream velocity and AVs the width of the velocity distribution®. This can be
rewritten to an energy distribution by using the kinetic energy velocity relation:

1
and by defining:
% _ 2AVs (5.10),
Es — Vs
such that the flux-weighted incidence energy distribution is written as®’
(VE-|[Es)? (5.11),
1 —4Eg~—— V52
N(E)dE =K—Ee (AEs)*  dE
E

where Ke is a normalisation constant. In practice, this means that, just like the
incidence velocity distribution, the distribution of the incidence energy of O, is
described by a slightly skewed Gaussian. The velocity distribution
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characterisations for the experiments of Zhang et al3?®, and our fitted
parameters characterising their beams are described in the first appendix, i.e.,
Section 5.5.1 We refer the reader to the work and electronic supporting
information of Zhang et al.3* for more details regarding their molecular beam
time-of-flight measurements, velocity distributions, and energy distributions.

5.3 Results and discussion

5.3.1 PES analysis

Six different two-dimensional “elbow” cuts through the PES are shown in Figure
5.2, to get an impression of the PES. Geometries (U, V, 8, @, r, Z) and heights of
the barriers shown in Table 5.1 represent the barriers shown with the white dots
in Figure 5.2.

Table 5.1: Barrier in r, Z, and E per elbow cut, as displayed in Figure 5.2; if available the barrier
height of Ramos et al.3'® is displayed in brackets. Energies in eV, distances in A, the underlined
barrier is the lowest barrier found for all 29 different elbow cuts, see Section 5.2.4.

Geometry Tbarrier (A) Zbarrier (A)  Evarrier (Ebarrier Ramos et al.3%) (eV)

Bridge, 8: 90°, @: 0° 122 243 0.28 (0.097)
Top, 6: 0° n/a n/a n/a
Bridge, 8: 90° ¢: 60° 122 2.29 0.35
Top, 6: 90° @: 0° 1.26 2.14 041
Bridge, 6: 90°, ¢: 90° 1.23 2.21 0.39
FCC, 6: 90° ¢: 0° 1.22 2.24 0.32 (0.202)

Following an incoming O, molecule, the elbow cuts show a few general trends.
First, coming from the gas-phase a small and shallow (=2 kcal/mol) well appears
between 5 and 3 A above the surface. The distance of the Van der Waals well to
the surface and its depthis, to a large extent, independent of the O, (U, V) impact
site above the Cu(111) surface (see Figure 5.2, and Figure 5.10 of Section 5.5.2).
However, the Van der Waals interaction does depend on the polar angle of
orientation of the molecule. The well is shallower and further from the surface
if the molecule is not oriented parallel to the surface (see Figure 5.10). The
dependence noted suggests that trapping of the molecule will occur through a
mechanism in which energy in translational motion normal to the surface is
temporarily converted to rotational energy. If the molecule is not orientated
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along the surface normal, it encounters a barrier to molecular chemisorption at
a slight bond elongation and Z = 2.3 A. The barrier height is dependent on surface
site and molecular orientation but its location remains roughly similar. Once this
barrier is overcome the molecule enters what looks like a molecular
chemisorption-well (except for the upright geometry in Figure 5.2B), where the
0, bond length is expanded to between 1.3 and 1.5 A at about 2 A above the
surface. Some channels (Figure 5.2C and Figure 5.2E) seem to allow for further
dissociation (i.e. expansion of the bond length beyond the value of 1.59 4, where
it is considered dissociated in the dynamics) without the need for overcoming
an additional barrier that is higher than the entrance-barrier (Figure 5.2C and
Figure 5.2E). However, for most other combinations of molecular orientation
and surface site the second (exit channel) barrier, if present, would appear to be
higher than the first barrier encountered, for example, in Figure 5.2D and Figure
5.2F. This seems to indicate that for molecules with low-incidence energy a
pathway to dissociation is possible as long as the molecularly chemisorbed O,
species (i.e., after crossing the first barrier) can change its geometry(U, V, 8, and
) to one in which the second barrier is low enough to allow dissociation. An
important assumption made in this chapter is that once the first barrier to
molecular chemisorption is crossed and the bond length (r) exceeds 1.59 A the
molecule will find its way over the second barrier to the state where two
separate O-atoms remain chemisorbed to the surface (see also below).

The lowest entrance barrier that we found has a height of 0.28 eV (27 kJ/mol)
and is located at the bridge site with &= 90° and ¢ = 0° (Figure 5.2A and Table
5.1). However, similar to the findings of Ramos et al.3!® the second, i.e., exit
channel, barrier is very high for this geometry, meaning that at low E; a change
in O, adsorption location or orientation is needed to facilitate full dissociation.
Unlike the work of Ramos et al.3'°, we seem to find our lowest exit barrier at a
different molecular orientation and surface site than the site and orientation of
their lowest exit channel barrier. Still, our PES suggests that for low-incidence
energies of O, a precursor-mediated pathway to full dissociation is not
unexpected.

We note that our PES employs a shorter r-grid(see Figure 5.2 and Section 5.2.4)
than the previous work of Ramos et al.3*°. The chosen limit of r of 1.60 A was
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initially based on previous work on O, on Al(111). However, for O, + Cu(111) the
shorter r-grid compared to the work of Ramos et al.3'® means we may artificially
underestimate the second, or exit channel, barrier. This artificial
underestimation would be the consequence of cutting-off the r-grid before
describing the highest point of the barrier, thus lowering the threshold for full
dissociation. This may result in increased dissociative reactivity of the PES.
However, any increase of the r-grid to improve the second barrier description to
the same size as Ramos et al. would come at computational costs that are
prohibitive for our present work. For example, if we were to adhere to the
current rigorous implementation and methods of the CRP-PES each additional r-
value in the r-grid would come with an additional 435 DFT single-point
calculations. This is because the r-grid would need expansion into the full 15-
point Z-grid and for all 29 combinations of surface site and molecular
orientation. Furthermore, at the lowest minimum r-grid accuracy standard of a
Arof 0.1 A, we would need 9 additional r-values in the r-grid (to expand 1.6 A to
the value of 2.5 A used in Ref. 3!°). Based on the computational costs of this PES
(300 — 330 elapsed hours per single point calculation, see Section 5.2.4) we
estimate that we would need an additional 18 million CPU hours to facilitate
such an r-grid extension.

Lastly, we note that all elbow cuts with parallel orientations (i.e., 8: 90°) through
the fitted PES share a small defect in the PES for higher bond lengths further
away from the Cu(111) surface. This is due to some DFT calculations in the 3D
atomic PES that have not converged as well as others. However, this defect
appears in an area where the classical dynamics should hardly ever sample the
PES (at +1.50 eV in potential energy). Thus, we do not expect to see any influence
of this defect on our QCT results.
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Figure 5.2: Set of six “elbow cuts”, showing slices through the PES as a function of the molecule's
bond length (r) and the distance of O; to the surface (Z) for six different geometries (sampling three
different surface sites and three different molecular orientations). Contour lines are separated by
2 kcal/mol. The white dots show the location of the barrier(if present) in reduced dimensionality.
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5.3.2 Dynamics results

The initial conditions of the O, beam for the K&W experiments of Zhang et al.3%
are simulated as closely as possible with our QCT calculations. The flux-weighted

325 gre fitted with Equation 5.8 using

velocity distributions from the work of Ref.
a least-squared fitting method, see Section 5.5.1. The fitting of the velocity
distribution results in slightly different average incidence translational energies
than those presented by Zhang et al. but the difference is within 10 meV. In
addition to the O, in He seeding ratios, the incidence angle © was varied to
change the E/ (similar to the work of Zhang et al.). The resulting So (based on
500k trajectories per Ei') are presented in Figure 5.3. The corresponding error
bars are generally smaller than the representation of the datapoint. The figure
additionally shows the experimental S of Minniti et al.32*(blue diamonds) and
Zhang et al.3?*(black diamonds), and the semi-local RPBE DF sticking probabilities
of Ramos et al.3*(green solid line) for comparison. We also present calculated Sp
for single values of E*, where 100k trajectories were run for every 4 meV (0.39
kJ/mol) of normal incidence energy ranging from 12 meV to 2000 meV (see
Figure 5.3 and Figure 5.4). In Figure 5.3B and C these results were cut off at 65
kJ/mol for clarity of the plot.

Our “beam simulated” and “mono-energetic” Sp overlap substantially, where the
beam simulated S, starts showing reactivity at a lower average E* and increases
slightly slower than the mono-energetic Sp to eventually reach the same plateau
at Sp = 0.180. Especially at low E, this is not unexpected as the use of the actual
velocity distribution will slightly smear out sticking probability results, as can be
inferred from Equation 5.11 and the steep increase of the monoenergetic Sy at
low Ef.

More importantly, our results underestimate the S, compared to all other S
presented in Figure 5.3. However, the qualitative agreement with the results of
Ramos et al.3'® is noteworthy. Both theoretical studies indicate a plateau in Sp
after aninitial steep rise of the reactivity. Our barriers to sticking are substantially
higher than those of Ramos et al. (as also seen in Figure 5.2 and Table 5.1) thus
considerably reducing the sticking probability. Agreement with the experiment
is best with the results of Minniti et al., as their Sp are lower than those of Zhang
etal.
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Figure 5.3: Sticking probabilities as a function of normal incidence energy; A: normal axes; B:
normal axes, shorter range of the x-axis; C: Log y-axis, shorter range of the x-axis. Black diamonds:
experimental K&W results taken from Ref. 325; Blue diamonds: experimental K&W results taken
from Ref. 32%; Green solid line: RPBE/QCT results taken from Ref. 31%; Orange dots: QCT results of
present work for the molecular beam with stream velocities based on the fit of the Zhang et al. TOF
data using Equation 5.11, 500k trajectories per point; Red line: continuous single E QCT results of

present work based on 100k trajectories per point, one point every 0.39 ki/mol.
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The disagreement with the experiment is more substantial than we would have
hoped, however, this is not disheartening. These are, so far as we are aware, the
only DFT-based results for the sticking of O, + Cu(111) that underestimate
experimental results, where thus far, even the least reactive (RPBE) DF would
still overestimate the measured sticking probability. This means that the
admixing of exact exchange with semi-local exchange in the exchange-
correlation DF is a working method to increase the barrier heights for the
reaction and to reduce the overall reactivity of the DF. Moreover, as the DF
without exact exchange overestimates the sticking probability and the DF with
an exact exchange fraction of 1/2 underestimates the reactivity, we may very
well be able to find a DF with a lower exact exchange fraction with which we can
reproduce the experimental sticking probabilities far more closely.

As already noted in the Introduction, there are fairly large differences between
the sticking probabilities measured by Zhang et al.* and Minniti et al.3?*. These
differences occur at high incidence energies but not at low energies, in a region
where the sticking probabilities are large (Figure 5.3A and 3B). The observed
differences seem consistent with a difference between the cleanliness and the
histories of the crystals used in the different experiments as speculated by Zhang
et al.3%5, and not with the influence of defects like steps that could occur at low
surface concentrations. Specifically, one might speculate that with the exposure
times in the experiments of Minniti et al. at high incidence energies sticking
could occur with averaging over non-zero oxygen pre-coverages, leading to
lower sticking probabilities. However, this is mere speculation, and, even worse,
speculation by theorists on the origin of experimental differences. At the time of
publication of the paper on which this chapter is based, we noted: “Nonetheless,
it would be good if additional molecular beam experiments were done on the
benchmark O, + Cu(111) systems that would conclusively establish both the
reactivity of Cu(111) towards O, and the origin of the differences between the
current experiments.” Additionally, calculations could be done looking at the
effect of oxygen pre-coverage on sticking, to predict under which regime of
oxygen pre-coverages (and therefore molecular beam exposure times)
measured sticking probabilities could be significantly smaller than at zero pre-
coverage conditions.
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Meanwhile, after the publication of the paper on which this chapter is based,
new sticking experiments by Wu et a/.33! have shown good agreement with the
sticking probabilities of Zhang et al.3?°. The validation of the results of Zhang et
al. implies that their sticking results can be considered the benchmark for O, on
Cu(111) over the work of Minniti et al.3?*. Nevertheless, the work presented in
this chapter still underestimates all experiments, and therefore the discussions
and conclusions of this chapter remain consistent with the original paper that
this chapter is based on.

5.3.3 Direct or indirect dissociation and normal energy
scaling in the QCT dynamics

We have also looked into the two possible reaction mechanisms of O,
dissociating on Cu(111) that have been discussed in the literature. To do so we
have disentangled the mono-energetic So(Ei) in contributions due to specific
events (as discussed in Section 5.2.5) and presented those in Figure 5.4.

As discussed before, Sy can be separated into components Pr due to several
different events. The first is the probability of physisorption or non-dissociative
chemisorption in the form of molecular trapping (P:), which may be considered
a non-reactive form of sticking. The other part of the sticking probability is
dissociative (P,’) and can again be separated into a direct (P,°) and an indirect
(P/) component. All definitions and conditions for these states are discussed in
detail in Section 5.2.5. Figure 5.4 presents mono-energetic probabilities of each
of these events for E/ ranging from 12 meV to 2000 meV, for every 4 meV, where
100k trajectories were run per E:.
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Figure 5.4: Decoupled event probabilities as a function of normal incidence energy; P, is the total
reaction probability; P/° is the direct reaction probability; P/ is the indirect reaction probability; P:
is the trapping probability; A: Event probability; B: log plot of event probability; propagation time
of 1 ns per trajectory, 100k trajectories per point, point per Ei£: 0.004 eV (0.38 kJ/mol).
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Figure 5.4 shows that, similarly to the findings of Martin-Gondre et al. (on
Cu(100))**8, there is both indirect and direct DC. The indirect reaction takes off
from Et = 22.0 kJj/mol and increases in importance up to about £ = 39.5 kJ/mol.
After this, an increase in the E/* leads to a decreased probability of the indirect
reaction, which is reduced to~6-10° at Ei* = 180 kJ/mol. The direct dissociation
reaction takes off at £/ = 26.0 kJ/mol and its probability slowly increases until a
kink occurs at £ = 65.0 kJ/mol, beyond which the reaction probability increases
more rapidly to eventually smoothly approach an asymptotic reaction
probability of about 0.7 for very high E.

The interplay of these two mechanisms means that the indirect mechanism is
dominant for E < 53 kJ/mol after which the direct mechanism takes over.
Furthermore, this change of mechanism causes a plateau to form in the total
reaction probability because the decrease of the indirect dissociation is matched
roughly by the increase of the direct dissociation. As a result, the total reaction
probability remained roughly constant in the range of Ef = 45 — 65 ki/mol.
Furthermore, it is tempting to speculate that the dominance of the direct
mechanism seen in Figure 5.4A (for E > 53 ki/mol) could somehow be related
to the observation of Cu,0 formation observed in recent molecular beam
experiments of Taleb et al. for incidence energies greater than 0.48 eV3*(46
kJ/mol). This formation might result as a consequence of the fast dissociation of
oxygen atoms resulting from direct dissociation with subsequent ballistic
motion, from clean patches of Cu(111) to patches where the bulk oxide
formation takes place332. However, firm theoretical evidence for this would have
to come from simulations modelling subsurface adsorption and adsorption of
atomic oxygen following DC, as well as bulk oxide formation. Such calculations,
while certainly of high interest, would require a far larger scale, both in space
and in time, than modelled here, and such a comparison is therefore outside the
scope of this chapter.

Additionally, Figure 5.4B shows non-zero values of Sy (as seen in Figure 5.3B) for
Ei < 5 kJ/mol that, with the definitions we use, are attributed to trapping. The
trapping probability we determined would strongly change had we used a
different maximum propagation time. With a propagation time of 10 ps, it rises
to 0.1, but its maximum decreases to about 0.02 for a maximum propagation
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time of 100 ps, and to about 0.002 for the propagation time limit used here of
1 ns (see Figure 5.11 in Section 5.5.3). The observed trapping can thus be
considered temporary. It is likely due to the physisorption of the O, molecule in
the Van der Waals well observed in the elbows in Figure 5.2, as was also
observed for the trapping of O, on Ag(111)*2. In the relevant mechanism, the
molecule is most likely trapped temporarily in the physisorption well due to
energy transfer from the translational motion normal to the surface to parallel
translational motion or the rotation of the molecule. As there is no mechanism
for energy loss in the BOSS model, at some point, the energy flows back to the
translational motion normal to the surface, and the molecule is desorbed.
However, as also argued in Ref. 162, the energy dissipation of the molecule needs
to be modelled to describe trapping events properly. Energy dissipation of the

molecule via interaction with surface atom motion is most likely31162333

as
electron-hole-pair excitations are less influential for larger diatomic
molecules**, Trapping was not considered further here as how it proceeds here
should largely be an artefact of the BOSS model used, and would not necessarily

reflect reality.

The presence of the indirect mechanism for dissociation (as evident from Figure
5.4 for E > 22 kJ/mol) can be supported along similar lines as argued in Ref. 319
by a brief look at the PES, see Figure 5.2. Ramos et al.3!® showed that the indirect
mechanism was driven by O, adsorbing parallel to the surface on the bridge site,
as this has the lowest barrier for adsorption. After adsorption this precursor O,
could move to the FCC site where it dissociates without a second barrier®. In
our case, Figure 5.2 indicates that the FCC site does have a second barrier to
dissociation. However, a rotation to ¢ = 90° (see Section 5.2.1 and Figure 5.2E)
on the bridge site seems to result in a path to reaction with only a low second
barrier. We do reiterate that our grid in r may not be sufficiently large to
investigate such a pathway in greater detail, as also discussed in Section 5.3.1,
because the expansion of the r-grid would come at very high computational
costs. It may be interesting to investigate the sticking with an extended r-grid
when using a DF with a lower fraction of exact exchange admixed in the
exchange-correlation DF. Because such a DF may yield better agreement with
experiments, it could then be worth the additional computational resources to
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expand the r-grid to exclude inaccuracy in the Sp due to the present use of a small
grid.

It is interesting to study whether NES is maintained for dissociative
chemisorption. As such, Figure 5.5 presents the @ (incidence angle) dependent
reaction probability for six different constant normal incidence energies. To keep
the E constant the total incidence energy (E;) needs to increase for increasing ©
such that

E} = E; cos?(0) (5.12).

Figure 5.5 shows to what extent NES of the total dissociation probability is
obeyed for different values of E/. At the lowest E;* for which non-zero results are
shown (24 kJ/mol), NES is not obeyed. This appears to be due to NES not being
obeyed for indirect reactions, which is the dominant reaction mechanism for this
El. At the highest E/f for which results are shown (> 72 kJ/mol), NES is obeyed
rather well. This appears to be due to NES being obeyed for direct dissociation,
which is the dominant mechanism for these high E. At the intermediate E/* of
48 ki/mol, NES is also obeyed rather well, but now this appears to be due to
opposing trends of indirect and direct reaction, with the indirect reaction
probability decreasing and the direct reaction probability increasing with O.
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Figure 5.5: Reaction probabilities as a function of incidence angle © are shown for six values of
constant normal incidence energy (Ei); P,T is the total reaction probability, P,° is the direct reaction
probability, P/ is the indirect reaction probability; A: reaction probability; B: Log plot of the reaction
probability; a propagation time of 1 ns per trajectory was used, 200k trajectories were run per
point.
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5.3.4 Discussion

To reiterate, the computed reaction probabilities for O, + Cu(111) using the
HSE06-1/2x-vdWDF2 DF are the first DFT results that systematically
underestimate the experimentally determined reaction probabilities. However,
within the scope of the BOSS model, i.e., a 0 K static Cu(111) surface, this work
also shows the possibility for both precursor-mediated dissociation as well as
direct dissociation. The QCT results show that the incidence energy of O; is a key
factor in the interplay between these two mechanisms: the majority of the
molecules with Ei* < 53 ki/mol dissociate via a precursor state, but most of the
molecules with E* > 53 kJ/mol dissociate directly. These results do not
necessarily contradict the results and conclusions of Zhang et al.3%, as they
explicitly stated that they could not rule out a transient, non-equilibrated
molecular precursor with their experiments.

Some experiments have shown evidence for a molecular adsorbed O, species at
Ts < 160 K32, or indicate the possible presence of precursor-mediated
dissociation for low Ts'331% These experiments are supported by previous
theoretical work at the GGA level of theory that included Ts modelling®'°. Ramos
et al. observed that for Ts = 100 K most of Sp was non-dissociative®'?. We
speculate based on the similarities in the shape of our PES (Section 5.3.1) and
that of Ramos et al.?*° that for a PES based on the HSE06-1/2x-VdWDF2 DF, Ts
may play a key role, similar to £/, in the dissociation mechanism or type of So.
Confirming this speculation would require Ts and atom surface motion to be
included in the dynamics calculations. This would also be insightful for the
possible trapping or physisorption at low E/* (Section 5.3.3). Ts and surface atom
motion are also needed to reproduce the experimentally observed linear
dependence of Sp on Ts*%> and whether this linear dependency can be attributed

3%, i.e., whether surface atom motion could help O, overcome

to the recoil effec
the second barrier at higher Ts, as proposed by both Hall et al.32° and Zhang et
al.3?5. Therefore in future work Ts and surface atom motion need to be included

for more definite conclusions on their influence on the sticking mechanisms.

Moving beyond a static surface can be difficult, especially with the already
substantial computational costs involved in constructing the current static
surface PES. A tried and tested method of including surface atom motion would
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5123,303,336,337’ which

be to switch to a high dimensional neural-network (HDNN) PE
will allow for surface atom motion to be included in the PES. However, the
training of such neural networks often requires large datasets and is a more
serial process meaning that the computational expense of the hybrid HSE06-
1/2x-VdWDF2 DF will make this a very time-demanding task. Another option
could be the use of the GLO method, as Ramos et al.3*° did; this would not
require any additional DFT calculations. Additionally, trying the dynamic
corrugation (DCM) method, or if the sudden approximation were to be
maintained the static corrugation (SCM) method, for modelling surface
temperature may be an option, which was previously thoroughly and

successfully tested for H, + Cu(111)109:110.159,160,

Lastly, whilst using our current DF does not yield chemical accuracy, our results
do suggest that a DF with high accuracy is within reach. The most obvious path
forward is to reduce the fraction of exact exchange. As the work of Ramos et al.
used a semi-local DF (i.e., @ = 0) and overestimated the reaction probabilities
and this work (a = 1/2) underestimates the reaction probabilities, it seems that
the truth may be somewhere in the middle. Ironically, it could turn out that the
original HSEO6 DF (with a = 1/4) will be a more accurate DF for this system.
However, guessing the needed fraction of the exact exchange may result in a
repetition of our current mistake. It may be necessary to scan more thoroughly
for different allowed fractions of exact exchange (1/n, forn=2, 3, 4, 5, etc.)**? to
test which one will result in the best agreement with the experiments. But we
also note that scanning different fractions of exact exchange by constructing new
PESs will be computationally very expensive at this moment. Thus, it may be
fruitful to first test the accuracy of the non-self-consistent-field (NSCF) method
as previously tested for O, + Al(111)%° (see Chapter 3). If this NSCF version
produces results closely resembling the results of this chapter, it may be possible
to scan across different fractions of exact exchange using the NSCF approach.
Using the NSCF approach would dramatically reduce the computational costs of
such a scan. From this scan, the ideal exact exchange fraction can then be
estimated and used in the construction of a new fully self-consistent PES. The
determination of this ideal fraction is best done in calculations also modelling Ts
and surface atom motion. Otherwise agreement with experiment might come
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from error cancellation, and the barrier height extracted from optimising the
agreement with experiment could be incorrect.

5.4 Summary, conclusions, and outlook

This chapter presented the first implementation of a screened hybrid Van der
Waals DF PES to quasi-classically model the sticking of O, on Cu(111). The HSEO6-
1/2x-VdWDF2 DF was used to construct a 6D BOSS PES, using the CRP method
to fit the DFT data. QCT calculations were performed using this PES to generate
sticking probabilities for O, + Cu(111) while simulating the experimental
conditions of Zhang et al.3?, also investigating the dependence of sticking on
normal incidence energy and the angle of incidence. Furthermore, we were able
to distinguish between different events in the QCT to disentangle contributions
from trapping, direct, and indirect reactions.

The non-local HSE06-1/2x-VdWDF2 DF is the first DF to underestimate the
sticking probability compared to experimental results. DFT studies based on
semi-local GGA exchange (i.e. excluding exact exchange) always overestimated
the sticking probability. This indicates that a similar screened hybrid DF with a
lower fraction of exact exchange may exist that can describe the O, + Cu(111)
dissociative chemisorption with high accuracy.

Moreover, this chapter shows evidence for the presence of two distinct
mechanisms for dissociation. In our calculations, an indirect mechanism leads to
dissociation of O, when E > 22 kJ/mol, becoming more important with an
increase of the incidence energy up to Ef = 39.5 kJ/mol, after which the
probability of indirect reaction decreases. Meanwhile, the direct dissociative
chemisorption starts to occur at E*> 26 kJ/mol, initially slowly but as the
likelihood of the indirect mechanism decreases at higher incidence energies
direct reaction eventually becomes the dominant mechanism for dissociation at
E! > 55 ki/mol. The interplay of the two mechanisms results in a plateau in the
total reactivity of the system in the incidence energy range of 45 — 65 kJ/mol
where the change of mechanism occurs from predominantly indirect to
predominantly direct dissociation.
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Lastly, in conjunction with other studies, this chapter suggests that the
temperature of the Cu(111) surface may additionally play a key role in the
interplay between the two possible mechanisms, as evidence for both has been
readily found in literature but it is yet unclear which mechanism is dominant.
However, the current study is unable to shine further light on the influence of
surface temperature as this would require incorporating Cu surface atom motion
into the PES. The computational costs of the BOSS-PES were already quite high
so the proper modelling of the surface temperature effect at this level of DFT
may prove challenging.

5.5 Appendices

The appendices contain three sections. In Section 5.5.1 the fitting of the O, flux-
weighted velocity distributions of the work of Zhang et al.3?* are presented and
discussed. This section additionally presents both the resulting fitting
parameters and the resulting average incidence energies. Section 5.5.2 presents
one-dimensional potential energy “cuts” as a function of O, above the surface
for a constant bond length, showing the influence of molecular geometry on the
Van der Waals well. Section 5.5.3 presents the log plot of the probabilities of the
decoupled reactive events as a function of incidence energy of O, for three
different QCT propagation times.

5.5.1 Flux weighted velocity distribution fit

In the computation of sticking probabilities for comparison with supersonic
molecular beam experiments, the molecular beam velocity distributions can be
described by

_(=vg)? (5.13),
N(W)av = K,V3e @Vs)? qy

where V is the velocity of the molecule, K, is a normalisation constant, V; is the
stream velocity and AVs the width of the distribution width®”. Additionally, the
average velocity (V,,) of the molecular beam can be defined as
_JVxNW)av (5.14).
W NW)dV
Similarly, the average energy of O, molecules in the beam can be computed using
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§ (3mozv?) « NVYaY (5.15)

2
[NW)dV
where mo; is the mass of the oxygen molecule.

Eqy =

The work of Zhang et al.3* used four different O, in He seeding ratios, resulting
in four different velocity distributions. These four different velocity distributions
were used in combination with different incidence angles to obtain Sp results for
a range of different normal incidence energies. Below all four different
distributions and the flux-weighted analytical distribution fits are plotted. The
analytical fits are produced using a non-linear least squared fitting method, as
implemented in the SciPy Python package. The integral for computing the
average velocities and energies is based on the SciPy implementation of the
quadpack fortran subroutine33®,

— Fit Fluxl-weight‘ed "+ Data: Zhalng et al.
0.009 E
0.008 F E
0.007 F
0.006
0.005F
0.004 F

0.003 ¢

Distribution (a.u.)

0.002
0.001+F

0.000

1 1 1 L 1 L 1 1 L
0 200 400 600 800 1000 1200 1400 1600 1800
Velocity (m/s)

Figure 5.6: O, molecular beam velocity distribution for the reported average incidence energy of
216 meV3%, Black dots are the data as extracted from Ref. 325, and green solid lines are the flux-
weighted analytical distribution fits.
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Figure 5.7: O, molecular beam velocity distribution for the reported average incidence energy of
332 meV3%, Black dots are the data as extracted from Ref. 325, and green solid lines are the flux-
weighted analytical distribution fits.
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Figure 5.8: O, molecular beam velocity distribution for the reported average incidence energy of
379 meV3%, Black dots are the data as extracted from Ref. 325, and green solid lines are the flux-
weighted analytical distribution fits.
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Figure 5.9: O, molecular beam velocity distribution for the reported average incidence energy of
396 meV32, Black dots are the data as extracted from Ref. 325, and green solid lines are the flux-
weighted analytical distribution fits.

None of the four fits to the measured velocity distributions of Zhang et al.3* are
perfect. However, the average velocity and energy, peak velocity, and velocity
width are all decently described by the flux-weighted fit. Table 5.2 below shows
all parameters of those fits that were used for our QCT dynamics.

Table 5.2: Comparison of the reported and fitted average energies of the molecular beam velocity
distribution per experimental seeding ratio3%. Additionally shown are the average velocities V.,
the fitted V., AVs as used in the QCT dynamics, and the corresponding Es, and AEs.

Seeding  Reported Fitted Eur Fitted Var  Vs(m/s) A4Vs Es AEs
Ratios3?>  Fz?% (meV) (m1/5) (112/5) (meV) (meV)
0,/He (meV)
0.233 216 220.07 1150.65 1142.368 79.613 213 29.9
0.070 332 338.32 1426.98 1418.647  88.975 334 41.9
0.028 379 388.34 152821 1515405 114.054 381 57.3
0.014 396 405.18 1560.92 1547.396 118446 397 60.8

Furthermore, Table 5.3 shows all the average normal incidence energies (E)
used as a result of varying the incidence angle O such that:
E} = E;cos (0)? (5.16).
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Table 5.3: All normal incidence energies Ei* in eV used per total incidence energy Ei (meV) and
incidence angle @ in °.

Ei(meV) o() Et(en
220.07 00 0.22007
220.07 15 0.20533
220.07 30 0.16505
220.07 45 0.11004
338.32 00 0.33832
338.32 15 0.31566
338.32 30 0.25374
338.32 45 0.16916
388.34 00 0.38834
388.34 15 0.36233
388.34 30 0.29126
388.34 45 0.19417
405.18 00 0.40518
405.18 15 0.37804
405.18 30 0.30389
405.18 45 0.20259

5.5.2 Physisorption, Van der Waals, well

The physisorption wells that most likely result from the Van der Wells (VdW)
correlation are shown in Figure 5.10 for different molecular geometries and a
constant bond length. These results clearly show that the VdW-well is almost
independent of the impact site of O, on the surface for parallel orientations to
the surface. However, the depth of the well is influenced by &, the polar
orientation angle of the molecule. The well is shallower if the molecule is
oriented along the surface normal, and for such orientations, the minimum of
the well also occurs further away from the surface.
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Figure 5.10: One-dimensional potential energy (in eV) cuts along the centre of mass Z-coordinate
for an O bond length of 1.19 A at different U, V-locations and for different molecular orientations
(6 ).
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5.5.3 Propagation-time dependent trapping
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Figure 5.11: Log plot of the decoupled event probabilities as a function of normal incidence energy;
P, is the total reaction probability; P,° is the direct reaction probability; P, is the indirect reaction
probability; P: is the trapping probability. Trajectories were run for every 4 meV (0.38 ki/mol); A:
500k trajectories per Ei, propagation time of 10 ps; B: 500k trajectories per Ei, propagation time
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of 100 ps; C: 100k trajectories per Ei, propagation time of 1 ns.
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List of abbreviations, acronyms, and
symbols

A list of abbreviations, acronyms, and symbols commonly used in the thesis:

AES: Auger electron spectroscopy

AIMD: Ab initio molecular dynamics

BOA: Born-Oppenheimer approximation
BOMD: Born-Oppenheimer molecular dynamics
BOSS: Born-Oppenheimer static surface
BuSA: Burlisch—Stoer algorithm

CRP: Corrugation reducing procedure
coM: Centre-of-mass

DC: Dissociative chemisorption

DCM: Dynamic corrugation model

DF: Density functional

DFT: Density functional theory

DOF: Degrees of freedom

EA: Electron affinity

Egoy: Average energy of the molecular beam
Ecr: Charge transfer energy; ¢ - FA

ECW: Embedded correlated wavefunction
EHF: Hartree Fock exchange energy

Ehp: Electron-hole-pair

E;: Incidence energy

Eit: Normal incidence energy

Exin: Kinetic energy

Eo: Rotational energy

Eovib: Rovibrational energy

E;: Stream energy of the molecular beam
Eviv: Vibrational energy

Exc: Exchange-correlation energy

FCC: Face-centred cubic

FFT: Fast-Fourier transform

GGA: Generalised gradient approximation
GLO: Generalised Langevin oscillator
HDNN: High dimensional neural-network

HK: Hohenberg-Kohn

HF: Hartree-Fock

HREELS: High-resolution electron energy loss spectroscopy
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K&W:
KS:

LDA:
LEED:

MD:
mGGA:

NSCF:
NES:

PAW:
PBC:
PEI
PES:
P,:
P°:

P,T:
Ps:
Pt:

QCT:
Qp:

Ref.:
RMSE:

502
SCF:
SCM:
SHZ
Sp

TNI
TOF:
Ts:
TS:

VASP:
Vav:
VdWw:
Vs:

XC:
XPS:
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King & Wells
Kohn-Sham

Local density approximation
Low energy electron diffraction

Molecular dynamics
Meta-generalised gradient approximation

Normal orientation; 8 = 0°
Non-self-consistent field
Normal energy scaling

Parallel orientation; 6 = 90°
Projector augmented wave
Periodic Boundary Conditions
Event probability

Potential energy surface
Reaction probability

Direct reaction probability
Indirect reaction probability
Total reaction probability
Scattering probability
Trapping probability

Quasi-classical trajectory
Quantum dynamics

Reference
Root mean squared error

Sticking probability; 1 - Ps
Self-consistent field

Static corrugation model

So of helicoptering molecules
So of perpendicular molecules

Tilted orientation; 8 = 45°
Nozzle temperature
Time-of-flight

Surface temperature
Transitions state

Vienna Ab Initio Simulation Package
Average velocity of the molecular beam
Van der Waals

Stream velocity of the molecular beam

Exchange-correlation
X-ray photon spectroscopy
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ZPE:

AEsZ
AVsl

Zero-point energy

Distribution width of the energy of the molecular beam
Distribution width of the velocity of the molecular beam
Incidence angle of the molecular beam

Work function
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Samenvatting

Naar een juiste beschrijving van elektronen in 0. op
metaalsystemen

Katalyse is een uiterst belangrijk proces binnen de chemie. Door de toevoeging
van kleine hoeveelheden katalysator kan een chemische reactiesnelheid met
meerdere orders van grootte toenemen. Dit gebeurt zonder dat de katalysator
verbruikt of verloren gaat. Hierdoor speelt katalyse niet alleen een cruciale rol
bij veel chemisch industriéle toepassingen maar is het ook de drijvende motor
achter de chemie van het leven. Een katalysator werkt omdat de stabiliteit van
tussenproducten in de chemische reactie geoptimaliseerd wordt, waardoor een
efficiénter reactiepad beschikbaar komt. Na de omvorming van dit
tussenproduct tot het eindproduct wordt de katalysator vervolgens idealiter
volledig geregenereerd. Hierdoor is de katalysator snel beschikbaar om de
volgende reactie te versnellen. Over het algemeen kan katalyse in drie
verschillende categorieén ingedeeld worden: homogene katalyse, biokatalyse en
heterogene katalyse. In dit proefschrift ligt de aandacht volledig bij de
heterogene katalyse

Bij heterogene katalyse zit er een faseverschil tussen enerzijds reactanten en
producten en anderzijds de katalysator. Dat wil zeggen dat de reactanten en
producten meestal vloeibaar of gasvormig zijn en de katalysator meestal wordt
toegevoegd als vaste stof. Het voordeel hiervan is dat de katalysator en
reactieproducten makkelijk van elkaar te scheiden zijn, wat erg aantrekkelijk is
voor industriéle toepassingen. Het nadeel is dat er minder efficiénte menging
plaatsvindt tussen katalysator en reactanten, wat op zijn beurt de efficiéntie van
de katalysator nadelig kan beinvloeden. Desalniettemin wordt heterogene
katalyse op massale schaal in de chemische industrie toegepast en verbetering
van het katalytische proces kan tot aanzienlijke verbetering van de efficiéntie van
chemische processen leiden of zelfs deuren openen naar hele nieuwe chemische
reacties die cruciaal kunnen worden voor bijvoorbeeld de huidige
energietransitie.
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Verbeteringen van de heterogene katalyse worden echter veelal nog op een
proefondervindelijke basis uitgevoerd. Dit komt omdat een heterogeen
katalytische proces een complex netwerk vormt van chemische reactiestappen
die allemaal van de chemische omgeving, temperatuur, druk en toestand van de
katalysator af zullen hangen. Het zou ideaal zijn als verbeteringen van
katalysatoren of het vinden van nieuwe katalysatoren juist geleid zou kunnen
worden door fundamentele inzichten in de samenhang van al deze variabelen.
Daarom is er grote wetenschappelijke baat bij het doorgronden van onder
andere de elementaire chemische reacties die plaats vinden, de samenhang van
die verschillende stappen, en de effecten van externe factoren op diezelfde
stappen. Om deze kwesties beter te kunnen doorgronden en tot nieuwe
inzichten te komen, worden er in de heterogene katalyse twee keer verschillende
velden uitgesplitst.

De eerste splitsing betreft de tweesprong tussen het bestuderen van de
katalysator onder industriéle condities (ook wel in situ genoemd) en het
bestuderen van de componenten van de katalytische reactie in een zo
gecontroleerd mogelijke omgeving (veelal oppervlaktechemie genoemd). Hierna
volgt voor beide velden de tweede splitsing, beide onderzoeksvelden kunnen
namelijk uitgevoerd worden door middel van experimenten of op basis van
theorie en simulaties. Voor dit proefschrift geld voor beide splitsingen de laatste
keuze. Dat wil zeggen dat dit proefschrift gaat over de theoretische
oppervlaktechemie van heterogene katalyse.

In Hoofdstuk 1 van dit proefschrift wordt de oppervlaktechemie breed, vanuit
zowel de experimentele als theoretische kant, toegelicht. In het kort gaat het
binnen de oppervlaktechemie erom dat de onderzoeker volledige, of zo volledig
mogelijke, controle heeft over alle variabelen die van invloed kunnen zijn op de
reactie. Hierdoor kan de onderzoeker vervolgens zo precies mogelijk observeren
wat de invloeden van deze variabelen zijn. Zowel voor experimentele als
theoretische onderzoeken wordt de katalysator gereduceerd tot een
versimpelde vorm van zijn actieve component, dat wil zeggen de component die
zorgt voor de versnelling van chemische reactie. Deze actieve component is
meestal een metaal, waarbij het belangrijk is dat het oppervlak van dit metaal
zeer goed gedefinieerd is en weinig van de perfecte vorm af zal wijken. Hierdoor
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kan de invloed van de oppervlakstructuur bepaald worden, en kunnen de
vormen van interactie tussen de reactanten en het metaaloppervlak onderzocht
worden.

Om het oppervlak, de reactanten, en de reactiecondities zo goed mogelijk te
definiéren werkt de experimentele oppervlaktechemie veelal in ultrahoog
vaculim (UHV) condities, zodat er zo weinig mogelijk interacties van moleculen,
anders dan de reactanten, met het metaal kunnen plaats vinden. Ook moeten
de toestanden van de reactanten zo exact mogelijk bepaald worden door middel
van bijvoorbeeld moleculaire bundelexperimenten. Vervolgens moet de reactie
of het reactieproduct zeer gedetailleerd gemeten kunnen worden, waarvoor
verschillende experimentele technieken beschikbaar zijn. Voor dit proefschrift is
het zogenaamde King en Wells (K&W) experiment het belangrijkste type meting.
In een K&W experiment wordt een moleculaire gas bundel op een
metaaloppervilak afgeschoten en door middel van strategisch in de tijd
gescheiden onderbrekingen van deze bundel kan de kans dat de moleculen
blijven plakken op het oppervlakte (de plakkans, Sp), direct worden gemeten.

De gemeten Sy kan door de theoretische oppervlaktechemie bepaald worden
door middel van moleculaire dynamica (MD) berekeningen. In een dergelijke
simulatie kunnen de omstandigheden namelijk goed gedefinieerd worden
omdat het voor theoretisch chemici makkelijk is om de reactiecondities te
controleren. Een belangrijk punt voor de theoretische chemie is echter de
afweging tussen de nauwkeurigheid van de berekening en de hoeveelheid
rekenkracht die nodig is om een simulatie uit te kunnen voeren. Meer
rekenkracht kost namelijk meer tijd, energie en geld. In principe zijn de
kwantummechanische postulaten zodanig bekend dat deze toegepast en
doorgerekend kunnen worden om de chemie volledig te kunnen simuleren.
Echter, de hoeveelheid rekenkracht die beschikbaar is voor zo’n simulatie is niet
genoeg om dat op meer dan zeer kleine schaal te kunnen doen. Daarom moet
er in de theoretische chemie, en ook voor dit proefschrift, een balans gezocht
worden tussen de hoeveelheid rekenkracht die we besteden en het zo
nauwkeurig mogelijk maken van de chemische simulatie.
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In Hoofdstuk 2 worden de onderliggende basis onderdelen en theorieén van
moderne chemische simulatietechnieken behandeld. Voor theoretische
oppervlaktechemie wordt er in veel, maar niet alle, simulaties uit gegaan van
een, op de massa van de deeltjes gebaseerde, scheiding van variabelen, ofwel
de zogenaamde Born-Oppenheimer benadering (BOB). Kort geschreven, is het
door het massaverschil tussen de elektronen en atoomkernen mogelijk om de
energie van de elektronen te ontkoppelen van de beweging van de
atoomkernen. Dit maakt de reactiesimulaties makkelijker omdat de kernen dan
los van de elektronen behandeld kunnen worden en veelal kunnen de
bewegingsvergelijken van de kernen zelfs met klassieke baanberekeningen of
quasi-klassieke baanberekeningen (QKB) opgelost worden. Dit betekent dat de
gecompliceerde kwantummechanica alleen gebruikt hoeft te worden voor het
beschrijven van de elektronen in het system. De oplossing van het elektronische
systeem kan vervolgens gebruikt worden als een potentieel energie-oppervilak
(PEO) om zo de krachten op de atoomkernen uit te rekenen.

In het veld van de oppervlaktechemie is de dichtheidsfunctionaaltheorie (DFT)
de meest gebruikte methode om de elektronenstructuur te berekenen. In deze
theorie worden de elektronen niet als afzonderlijke eenheden behandeld, maar
wordt er gekeken naar de elektronendichtheid van het systeem. Met het werk
van Hohenberg en Kohn (HK) is bewezen dat er een directe relatie moet bestaan
tussen de golffunctie, de energieoperator van de elektronen in het systeem en
de dichtheid van de elektronen, echter is niet bewezen of bekend wat deze
relatie is. Daarom zijn er aannames nodig in de manier waarop zowel de
elektronendichtheid als de energie uit die elektronendichtheid berekend kunnen
worden. Veel werk van het onderzoek binnen de theoretische
oppervlaktechemie is dan ook gericht op het correct afstellen van de aannames
binnen de DFT, zo als ook in dit proefschrift.

Met behulp van het werk van Kohn en Sham (KS) is het mogelijk om de fouten
binnen de aannames van DFT te reduceren tot een klein deel van onbekenden
binnen de dichtheidsfunctionaal (DF). Het deel van onbekenden wordt ook wel
de uitwisseling-en-correlatie-dichtheidsfunctionaal (UC-DF) genoemd, en
meestal als men spreekt over de details van de DF, spreekt men over de UC-DF.
Binnen de oppervlaktechemie is de vorm van de gegeneraliseerde gradiént
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benadering (GGB) op de UC-DF veelal het beste compromis gebleken. In deze
benadering hangt de UC-DF af van een lokale dichtheidsbeschrijving alsmede
van de eerste lokale afgeleide van de dichtheid. GGB is in staat om de elektronen
in het oppervlak van het metaal goed te beschrijven en kan meestal de
elektronen in de overgangstoestand van de reactanten ook goed genoeg
beschrijven. Hierdoor kan op basis van door GGB beschreven elektronen een
PEO gemaakt worden waarmee QKB berekeningen uit te voeren zijn die voor
veel systemen de experimentele Sp tot chemische nauwkeurigheid (+ 1 kcal/mol)
kunnen benaderen met behulp van een semi-empirische DF.

Alhoewel de GGB voor veel molecuul-metaal systemen succesvol lijkt, blijken er
echter een aantal molecuul-metaal systemen te zijn waarvoor het niet mogelijk
is om op basis van de GGB nauwkeurige reactiekansen (So) te berekenen. Recent
onderzoek suggereert dat de GGB zal falen voor systemen waarin de
ladingsoverdrachtsenergie (Eio) kleiner is dan 7 eV. E,o wordt gedefinieerd als
de uittreearbeid van het metaaloppervlak min de elektronenaffiniteit van het
molecuul. De waarde van E;o geeft een beeld van de waarschijnlijkheid dat
ladingsoverdracht van het metaal naar het molecuul zal optreden tijdens de
reactieve verstrooiing van het molecuul aan het metaaloppervlak. Voorbeelden
van systemen met een E,o lager dan 7 eV die in dit proefschrift worden
behandeld zijn O, + Al(111) en O3 + Cu(111).

02 + Al(111) is al langere tijd een systeem met een voorbeeldfunctie voor de
geactiveerde dissociatieve chemisorptie (DC) van O, op metalen. Er is echter
nog geen enkel werk op basis van DFT geweest dat de DC van O, op Al(111)
binnen chemische nauwkeurigheid heeft kunnen berekenen. Sterker nog, de
meeste QKB berekeningen op basis van GGB DFT voorspellen dat de reactiekans
onafhankelijk van de energie van het O, molecuul altijd gelijk zal zijn aan één. Dit
is in tegenstelling tot de experimenten die wel degelijk een afhankelijkheid van
So van de invalsenergie (E;) observeren. De aanname is dat dit falen van de GGB
komt door de hierboven genoemde reden (E;o < 7 eV). Ook is gebleken dat de
meta-GGB (mMGGB) benadering van DFT, waarin ook de tweede afgeleiden van
de elektronendichtheid worden meegenomen, niet heel veel beter presteert.
Echter is er bij het gebruik van mGGB in ieder geval wel sprake van een
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geactiveerde reactie, dat wil zeggen er is een zekere afhankelijkheid van E;, en
de Sy is niet gelijk aan één bij lage E;.

Voor het O, + Cu(111) systeem hebben theoretische simulaties met het gebruik
van verschillende GGB gebaseerde rekenmethodes de gemeten reactiekansen
altijd overschat. Er blijft bij dit systeem echter ook nog extra onduidelijkheid
aangezien verschillende experimenten geen consensus bereiken over de E;
afhankelijke reactiekans en er heerst onduidelijkheid over de onderliggende
reactiemechanismes. Het is voor dit systeem dus ook zeer belangrijk dat de
theorie deze reactie nauwkeurig kan gaan simuleren zodat er uitsluitsel gegeven
kan worden over zowel de geactiveerde reactiekansen als de onderliggende
mechanismes.

Uiteindelijk hebben onderzoeken voorgaand aan dit proefschrift beide systemen
dus nooit kunnen beschrijven, waarschijnlijik omdat de eerder binnen de
oppervlaktechemie gebruikte DFT methodes niet in staat blijken om dit soort Ejo
< 7 eV systemen te beschrijven. Een deel van de voorgaande onderzoeken
suggereren wel dat er mogelijke oplossingen voor dit probleem gevonden
kunnen worden binnen de DFT. Voor O, + Al(111) heeft werk met een
afgeschermde hybride DF een semi-kwantitatieve overeenkomst met de
experimentele Sp kunnen bereiken voor energieén dicht bij de drempelwaarde
van de reactiekans. Bij een hybride DF wordt er een fractie van de exacte
uitwisselingsenergie, ofwel Hartree-Fock (HF) uitwisselingsenergie, bij de UC-DF
van een GGB (of mogelik mGGB) DF gemengd. Hiermee wordt de
uitwisselingsenergie beter beschreven en kan er ook gecorrigeerd worden voor
mogelijk zelfinteractiefouten die plaats kunnen vinden bij gebruik van een GGB
DF. Het idee is dat deze hybride DFs, net zoals voor gasfasereacties, de
reactiebarriéres daardoor beter kunnen beschrijven en de fout in de beschrijving
van experimentele plakkansen verminderd wordt. Het is echter bij
metaaloppervlakken wel belangrijk dat de elektronenuitwisseling op lange
afstand afgeschermd wordt, en daarom wordt in het algemeen een
afgeschermde hybride DF gebruikt voor de interacties van een molecuul met een
metaaloppervlak.
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Op dit moment is het gebruik van (afgeschermde) hybride DFen voor molecuul-
metal reacties nog niet een grondig geteste methode. Alhoewel de resultaten
van voorgaand onderzoek al een substantiéle verbetering in de beschrijving van
de O, + Al(111) reactie opleveren zijn aan deze berekeningen ook meer (twee
orders van grootte meer) rekentijd en rekenkosten verbonden. Ook is de
beschrijving van de O, + Al(111) reactie nog niet chemisch nauwkeurig. In dit
proefschrift wordt er gekeken naar mogelijkheden om zowel de benodigde
rekenkracht te verminderen als naar mogelijkheden om de UC-DF verder te
verbeteren en zodoende een hogere nauwkeurigheid in de beschrijving van de
0.+ Al(111) en Oz + Cu(111) systemen te bereiken.

In Hoofdstuk 3 wordt nieuw onderzoek gepresenteerd naar de mogelijkheden
om een niet-zelfconsistent-veld (NZCV) berekening uit te voeren aan O, + Al(111)
met een afgeschermde hybride DF. Met deze methode wordt een afgeschermde
hybride DFT energie berkend door middel van een correctie die wordt bepaald
op basis van een enkele berekening aan de elektronendichtheid, die op zijn beurt
berekend is met een zelfconsistent-veld (ZCV) GGB berekening. De
nauwkeurigheid van deze NZCV methode wordt onderzocht aan de hand van de
HSE03-1/3x@RPBE DF. Met andere woorden, een NZCV HSEO3 hybride DF met
een fractie van 1/3 HF uitwisselingsenergie wordt toegepast op een ZCV RPBE
elektronen dichtheid. Uit deze berekeningen wordt door middel van de Born-
Oppenheimer statisch oppervlak (BOSO) benadering een PEO opgebouwd en
geinterpoleerd door middel van de golvingsreductieprocedure (GRP). Met het
hieruit volgende PEO worden vervolgens de QKB berekeningen die zijn
uitgevoerd voor de ZCV HSE03-1/3x berekeningen gereproduceerd. De QKB
resultaten laten zien dat de NZCV methode de ZCV resultaten tot binnen 2
kcal/mol, dat wil zeggen bijna met chemische nauwkeurigheid, kunnen
reproduceren. Alhoewel volledige overeenstemming eleganter geweest zou zijn,
suggereren de resultaten wel dat de NZCV methode mogelijk een nuttige
methode zou kunnen zijn om verkennend onderzoek te doen voor systemen
waarbij het gebruik van de ZCV methode veel rekenkracht kost.

Een analyse van het PEO in Hoofdstuk 3 laat zien waarom er een verschil in Sp
resultaten tussen de ZCV en NZCV methodes optreedt. De barrieres voor reactie
op de PEO, zoals brekend met de NZCV methode, hebben namelijk allemaal een
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hogere energie. Hierbij liggen enkele barrieres in de buurt van de ZCV resultaten,
maar sommige juist tientallen kJ/mol hoger. Hierdoor zal de reactiviteit niet
alleen afnemen maar zal de Sy curve ook iets breder uitvallen, wat overeenstemt
met de QKB resultaten zoals eerder genoemd. Als laatste is ook het ‘gatmodel’
gebruikt om de invloed van de dynamica op de reactie te bestuderen. In het
gatmodel wordt de reactiekans ingeschat op basis van de interne energie van
het molecuul en de complete verzameling van reactiebarrierehoogtes op het
PEO zonder daadwerkelijk dynamica uit te voeren. Niet alleen levert deze
methode een mogelijkheid om een schatting te krijgen van reactiekansen zonder
QKB berekeningen te doen, deze methode vereist in principe niet een volledige
PEO. Dit kan de methode geschikt maken voor verkenden onderzoek met dure
DFen. Het gatmodel resulteert in een bredere Sp-curve, waarbij die curve sterk
afhangt van de keuze of de nulpuntsenergie van het molecuul meegenomen mag
worden bij het overbruggen van de reactiebarriere. Hierbij moet de
nulpuntsenergie voor een deel meegenomen worden om tot de beste
overeenstemming te komen met de QKB berekeningen.

In Hoofdstuk 4 wordt voor O, + AIl(111) vervolgens geprobeerd om de
overeenkomst van de Sp curve met de experimentele resultaten te verbeteren
door langeafstand Van der Waals (VdW) correlatie energie mee te nemen in de
afgeschermde hybride UC-DF. De hypothese achter het meenemen van niet-
lokale VAW correlatie energie is dat deze de reactiebarriere afhankelijkheid van
de geometrie van het O, molecuul doet toenemen, waardoor de verschillende
reactiebarriéres verder uit elkaar komen te liggen en zo de Sp curve wordt
verbreed, en dus beter met de experimentele curve overeen zal gaan komen.
Om dit te testen is in Hoofdstuk 4 een HSE06-1/2x-VdWDF2 UC-DF toegepast om
op basis van de BOSO benadering een PEO uit te rekenen. In tegenstelling tot
Hoofdstuk 3 is deze DF dus wel een ZCV DF, heeft het een hogere fractie exacte
uitwisselingsenergie en is de Van der Waals DF2 niet-lokale correlatie DF
gebruikt. Op basis van de PEO zijn dan wederom QKB berekeningen uitgevoerd.
De toevoeging van VdW correlatie energie in de DF heeft er voor gezorgd dat er
in de PEO een VdW put ontstaat voor de reactiebarriere, dat wil zeggen, in het
entree-kanaal van de reactie. Ook blijken de reactiebarrieres met kleine
hoeveelheden energie te veranderen ten opzichte van die berekend met de
HSE03-1/3x DF. Hierdoor is de afhankelijkheid van de barriére van de geometrie
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van het molecuul ten opzichte van het oppervlak licht toegenomen, al zijn de
meeste veranderingen kleiner dan 1 kcal/mol. Uit de QKB berekeningen komt
vervolgens ook een ligt verbrede Sy curve, en daarmee een iets betere
overeenstemming met de experimentele curve. De verbetering is echter niet
heel groot. De kleine verbetering, voor nog steeds zeer hoge rekenkosten, doet
twijfelen aan de mogelijkheden van de BOSO gebaseerde DFT aanpak om de O,
+ Al(111) reactie met hoge nauwkeurigheid te kunnen beschrijven.

Het werk van zowel Hoofdstuk 3 als Hoofdstuk 4 suggereert dat de verbreding
die nodig lijkt in de Sp curve alleen door veranderingen in de PEO kan komen als
deze veranderingen zeer ingrijpend zullen zijn. Op dit moment is het moeilijk in
te zien wat voor veranderingen in de BOSO gebaseerde DFT aanpak nog mogelijk
zijn om dit soort ingrijpende veranderingen in de PEO tot stand te brengen, in
het besef dat geavanceerdere UC-DF vormen naar waarschijnlijkheid
(vooralsnog) te hoge rekenkosten met zich mee zullen brengen. Het is op basis
van dit proefschrift dan ook voor de toekomst aan te raden eerst te kijken naar
de effecten die de BOSO benadering heeft op de reactie van O, + Al(111) voordat
wederom een nieuwe, dure, UC-DF geprobeerd wordt. Er kan bijvoorbeeld
gekeken worden naar het effect van de beweging van de Al atomen in het
oppervlak, naar elektron-gat-paar excitaties van elektronen in het Al oppervlak,
of naar andere effecten die door het BOSO model uitgesloten worden.

Als laatste wordt in Hoofdstuk 5 gekeken naar de effecten van diezelfde, dat wil
zeggen, HSE06-1/2x-VdWDF2, UC-DF op de beschrijving van de O, + Cu(111) DC
reactie. Wederom is hiervoor een op de GRP gebaseerde PEO opgezet, waarna
QKB berekeningen zijn uitgevoerd om de kwaliteit van de DF te testen ten
opzichte van andere theoretische maatstaven en de verschillende experimentele
resultaten. De resultaten laten zien dat de S, curve, berekend met deze DF, de
experimentele reactiekansen onderschat. Dit is, voor zover bekend, de eerste
keer dat theoretische resultaten de plakkansen van O, op Cu(111) onderschatten
in plaats van overschatten. Alhoewel het reproduceren van de experimentele
resultaten een nog beter resultaat geweest zou zijn doet dit resultaat wel
suggereren dat er in ieder geval een hybride VdW DF moet bestaan die de
experimentele Sp curve met hoge nauwkeurigheid kan reproduceren. Daarbij
laten de resultaten ook bewijs zien dat sprake lijkt van zowel directe als indirecte
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DC. O, moleculen met lage E; lijken te reageren via een indirect mechanisme. Het
molecuul blijft in een indirect mechanisme eerst in moleculaire vorm op het
Cu(111) oppervlakte hangen, waarna het pas na enkele botsingen tot volledige
dissociatie overgaat. Bij toenemende E; neemt de indirecte reactiekans initieel
toe tot een maximum bereikt is, waarna de indirecte reactiekans weer afneemt.
De kans op directe DC blijft met hogere E; wel verder toenemen waardoor er een
plateau optreedt in de totale berekende Sp curve. De effecten van deze
mechanismes en uitsluitsel ten aanzien van de discussie over deze mechanismes
tussen experimentatoren kunnen pas echt begrepen en verkregen worden als
de effecten van oppervlakteatoombewegingen en oppervlaktetemperatuur in
een toekomstig model daadwerkelijk worden meegenomen.

Al met al resulteert het gebruik van een afgeschermde hybride-VdW UC-DF in
een verbetering voor de beschrijving van molecuul-metaal reacties met E,o <7
eV. Hierbij lijkt het mogelijk om in de toekomst tot een DF te komen die de O, +
Cu(111) reactie met hoge nauwkeurigheid kan beschrijven. Vervolgens zou een
DF dan door middel van nieuwe technieken die verder gaan dan de BOSO
benadering eindelijk uitsluitsel kunnen geven in de discussie over de bestaande
mechanismes die van toepassing zijn op de reactie. Vooralsnog lijkt de kans
echter wel klein dat een BOSO gebaseerde DFT methode ook in staat zal zijn om
de reactie van O, met Al(111) met hoge nauwkeurigheid te beschrijven. Ook blijft
de benodigde rekenkracht voor het toepassen van afgeschermde hybride
berekeningen een probleem dat verholpen zal moeten worden als deze methode
op grotere schaal toegepast moet worden. Alhoewel de NZCV methode hierin
kan helpen om een voorselectie te maken van UC-DFen, lijkt het vooralsnog niet
als een-op-een vervanging voor ZCV berekeningen gebruikt te kunnen worden,
waardoor het probleem van de hoge rekeneisen voor een PEO nog niet direct
verholpen kunnen worden.
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Lijst van Nederlandstalige afkortingen,
acroniemen en symbolen

Lijst van afkortingen, acroniemen en symbolen die in het Nederlands anders zijn
dan in het Engels. De andere afkortingen zijn in het Engels en Nederlands
hetzelfde. Zie ‘List of abbreviations, acronyms, and symbols’ voor diezelfde

afkortingen.

BOB: Born-Oppenheimer benadering

BOSO: Born-Oppenheimer statisch oppervlakte
Eio: Ladingsoverdrachtenergie

GGB: Gegeneraliseerde gradiént benadering
GRP: Golvingsreductieprocedure

mGGB: Meta-GGB

NZCV: Niet-zelfconsistent-veld

PEO: Potentieel energie-opperviak

QKB: Quasi-klassieke baanberekeningen
UC-DF: Uitwisseling-en-correlatie dichtheidsfunctionaal
ZCV: Zelfconsistent-veld
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