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Introduction
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1.1 Reactions of molecules on surfaces

Molecule surface interactions are very important, not only in many indus-
trial applications [1], but also in our daily life. There are very simple
examples of molecule-surface interactions in the world around us. For ex-
ample, when an iron chain has turned to red, oxidation reactions have taken
place: iron reacts with the oxygen in the air and get rusted in a humid en-
vironment. Many physicists and chemists study these kinds of phenomena
to understand how gas or liquid molecules interact with solids.

The simplest aspect of a chemical reaction based on our elementary
background of chemistry knowledge is that two molecules approach each
other and climb the potential energy barrier, their bonds get pulled apart
in the transition state and finally separate. New products are formed. How-
ever, complexity is added in chemical reactions when the reactant is a metal
surface [2]. In the meantime, it is known that catalysts reduce the energy
required for material productions. Catalysts create an alternative energy
pathway to increase the speed and outcome of the reaction. It would be dif-
ficult to imagine our industrialized world without catalysts. For example,
catalytic converters in vehicles convert pollutants in the exhaust to safer
substances [3]. Catalytic production of ammonia (the so-called Haber-Bosch
process [4]) enabled a dramatic increase of the agricultural production [5].
Heterogeneous catalysis, which has a crucial role in chemical technology, is a
type of catalysis in which the molecules involved in the catalytic reaction are
in a different phase (often in the gas phase) and the catalyst is often a solid
metal surface. The understanding of catalysis has rapidly increased in the
last decades [6]. However, there are many complexities. The catalyst itself
may have a very complicated structure, and understanding catalysts under
real working conditions often involving high temperature and pressure is
not easy.

Surface science techniques have already enabled us to understand many
catalytic reactions both from an experimental and theoretical perspective.
One of the most well-known examples is the understanding of the reaction
mechanism for ammonia synthesis, for which Gerhard Ertl has been awarded
the Nobel Prize in chemistry [7]. The experimental works on this process,
also known as the Haber-Bosch process, lead to the conclusion that the rate-
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limiting step of this process is the dissociative chemisorption of nitrogen
on the catalyst surface. For the Haber-Bosch process commonly iron or
ruthenium based catalysts are used.

The modern instruments provide the facilities to clean and orient cata-
lyst samples with very high accuracy. To avoid polluting atoms and mo-
lecules which might deposit on a surface, the samples are kept at very low
pressure under ultrahigh vacuum conditions. Clean and well-defined flat
surfaces reduce the complexity of the system to a great extent. Several
spectroscopic, diffraction and microscopic methods are used to study cata-
lysis. Supersonic molecular beams experiments are especially useful among
the methods to study catalysts. The translational energy of the gas mo-
lecules can be controlled by changing the nozzle temperature, or by seeding
with other gases. The angle of incidence is often controlled in the molecular
beam experiments. These experiments allow measuring sticking probabilit-
ies of gas molecules to a surface as a function of all these observables (i.e.,
incidence energy, angle, or in some cases initial rotational or vibrational
state of the gas molecule).

A large amount of information on the gas surface interaction can thus
be obtained from molecular beam experiments. It is also very beneficial to
understand the underlying potential energy surface (PES) for the molecule-
surface interaction. However, based on the experimental results only, under-
standing microscopic details of the interaction is very difficult. Theoretical
modeling and molecular dynamics simulations are now able to reproduce
molecular beam experiments, which is crucial to understanding the details
of the molecule-surface interaction. Molecular dynamics simulations are of-
ten cheaper than the experiments. Molecular beam simulation in some cases
is able to match experiments very accurately, however in other cases there is
still plenty of room for improvement. From another point of view, molecu-
lar beam experiments can be of help with the development of theoretical
models for the molecule-surface interactions [8]. In the absence of an accur-
ate ab initio method for computing molecule-metal surface interactions, it
seems that the best can be achieved by a combination of both experiments
and theoretical modeling to understand and develop new catalysts [8].

Modeling a reaction on a surface is typically a two-step process. First,
the interaction energy of the molecule on the surface is computed for vari-
ous configurations and then used to construct a PES. In this step, the most
important challenge is to obtain a reaction barrier within chemical accur-
acy. The next step is to calculate the dynamics, i.e., to determine how
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the molecule moves on the PES and exchanges energy until the products
are formed. This two-step procedure amounts to modeling the reaction with
the so-called Born-Oppenheimer (BO) approximation [9]. In molecule-metal
surface interactions, the continuum of electronic states of a metal surface
can be an extra energy exchange channel between molecule and surface. A
small amount of energy can be transferred from molecular degrees of free-
dom (DOF) to the electrons lying just under the Fermi level. This generates
an electron-hole pair. The accurate description of the effect of electron-hole
pair excitation on molecule-surface reactions is an important challenge to
achieving chemical accuracy for some molecule-surface reactions. Multiple
electronic states and coupling between them may have to be taken into
account.

When a molecule meets a surface, various events can occur. The most
common events are shown in Figure 1.1. The process of adsorption of mo-
lecules or atoms is one of the key steps in molecule-surface reactions. A
molecule can be adsorbed to a surface through several mechanisms: (a) dis-
sociative chemisorption, in which a bond of an incoming molecule is broken
and two new bonds are formed between the fragments and surface atoms,
(b) abstraction, in which a bond of the incoming molecule is also broken
but only one fragment is absorbed to the surface while the other fragment
escapes to the gas phase, (c) molecular adsorption, in which a molecule
gets adsorbed on the surface as a whole, either by chemisorption or phys-
isorption, but the bond in the molecule is not broken. The combination of
adsorbed fragments is also possible. Three other events are shown in the
figure : (d) the Langmuir-Hinshelwood reaction, in which two fragments
that are accommodated to the surface meet each other, form a new bond
and the newly formed molecule desorbs (This mechanism can be regarded
to be the reverse of dissociative chemisorption, and is also called associative
desorption.), (e) Eley-Rideal reaction, in which a fragment coming from the
gas phase collides with an adsorbed fragment, forms a new bond and the
molecule that is formed in this way, desorbs, (f) hot atom reaction, in which
a fragment coming from the gas phase collides with the surface and makes
several bounces while it is not yet in thermal equilibrium with surface, col-
lides with an other adsorbed fragment on the surface which is in thermal
equilibrium with it, forming a new bond and the molecule formed desorbs.
Dissociative chemisorption is an elementary step in many catalyzed reac-
tions and often a rate-limiting step in the overall reaction [7]. This reaction
is therefore of particular interest in the field of heterogeneous catalysis.
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Figure 1.1: Different mechanisms for molecule-surface reactions: (a) dis-
sociative chemisorption, (b) abstraction, (c¢) molecular adsorption, (d)
Langmuir-Hinshelwood, (e) Eley-Rideal and (f) the hot-atom mechanism.
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1.2 Scattering of molecules from surfaces

To study the chemical reaction occurring at a surface, it is conceptually
important to understand the scattering and adsorption of a molecule on
the surface. A relatively simple molecule like hydrogen scattering from or
getting adsorbed on a surface can serve as an ideal model system to study.
There are several reasons for this. First, a hydrogen molecule is a homo-
nuclear diatomic molecule and the simplest molecule for which dissociative
chemisorption occurs. Second, in spite of the fact that phonon and nonadia-
batic effects play a role in dissociative and reactive scattering, both thermal
surface atom displacements due to phonons and electron-hole pair excita-
tions are expected to have a small effect on the dissociative chemisorption
of hydrogen on metal surfaces [10]. The full discussion of these effects and a
detailed overview of theoretical results on Hy dissociation on and scattering
from a surface can be found in Refs. [10-13]. For a Ha-metal surface system
we can then assume reaction to take place on a ground state PES, and on
a static surface. Briefly, it has been argued that electron-hole pair excita-
tion can be neglected for Ho-metal systems because, for Hs dissociation on
Pt(111) and using a single PES it was possible to accurately describe both
reaction and diffractive scattering [14]. Furthermore, electron-hole pair ex-
citation effects were studied explicitly in Hy dissociation on Cu(111) [15,
16], Cu(110) [17] and Ru(0001) [18] in dynamical calculations using the
molecular dynamics with electronic friction (MDEF) model. These studies
have shown that non-adiabatic effects play a small role in these systems.
Additionally, due to the large mismatch between the mass of Hs and the
surface atoms, the energy transfer from the molecule to the metal surface
should be small and unlikely to influence the scattering results [19-21]. If
we neglect the surface atoms DOFs, we only consider the motion of the
molecule in its six DOFs on the ground state PES.

1.2.1 The hydrogen molecule

Let us consider the hydrogen molecule in the gas phase and solve the
Schrédinger equation. The solutions are labelled with three quantum num-
bers, v , j and m;. The first quantum number, v defines the vibrational
motion of the molecule. The interaction energy between two atoms in the
diatomic molecule is shown as a function of the vibrational coordinate, i.e.,
the internuclear distance r. r = r¢4 is the equilibrium bond length of the
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mj‘ 171=~j(j+1)

Figure 1.2: (a) Interaction energy curve as a function of molecular bond
length for hydrogen molecule. The equilibrium bond length and the disso-
ciative energy are shown as r. and D, respectively. (b) Classical represent-
ation of the angular momentum vector ; of Hs together with its projection
(mj) on the surface normal (Z), and the definition of its angular momentum
quantum number j.

molecule where the energy curve has its minimum. Near the equilibrium po-
sition in the potential energy curve, the molecule can be described fairly well
by a quadratic equation (as a simple harmonic oscillator). The energy curve
increases for both smaller and larger values of r than r.. For large inter-
nuclear distances the interaction energy is close to the dissociation energy.
The horizontal lines in Figure 1.2 (a) represent the allowed energy levels
associated with the vibrational quantum number. v = 0 has a particular
vibrational energy called the zero-point energy (ZPE) (E,, = 1/2hv). The
rotational motion of the molecule is represented by the next two quantum
numbers, j, and m;. The angular momentum vector ] together with its
projection m; onto a space-fixed axis (Z) are shown in Figure 1.2 (b) . j
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is oriented perpendicular to the plane of rotation and has a length equal
to v/7(7 + 1) in atomic units, where j is an integer number and called the
rotational or angular momentum quantum number. The projection of ] on
the surface normal, m;, the rotational magnetic quantum number can take
any integer value between —j and j. Therefore, for a given value of j, there
are 2(j + 1) possible m; states for a nuclear wave function, which are degen-
erate. In the rigid rotor approximation the rotational energy of the molecule

is given by ]gu%zl) in which p is the reduced mass of the molecule, and is

€

a function of only the quantum number j. In the gas phase, the hydrogen
molecule, not only vibrates (associated with one DOF) and rotates (associ-
ated with two DOFs) but it also moves translationally in three directions.
Therefore, translational motion of the molecule accounts for three of the six
molecular DOFs. Molecular translational motion is not quantized. Hence,
the molecule can have any amount of initial translational energy with an
arbitrary incidence direction.

Hydrogen interacting with a surface

When a hydrogen molecule situated in the gas phase has translational en-
ergy towards the metal surface, it will approach the surface and finally
interact with the surface. The bond length of the approaching molecule
may extend and if the molecule has enough translational or internal energy,
it may overcome the barrier to dissociation. The PES of Hy interacting
with a metal surface is not that of a molecule interacting with an ideal flat
surface; the corrugation in X and Y can give rise to scattering in or out of
the incidence collision plane (See Figure 1.3). During this physical process,
the molecule can also transfer (gain) energy to (from) the surface. Based
also on this energy transfer we can distinguish the following phenomena:(a)
elastic scattering: if no energy is transferred between the molecule and the
surface during the collision; (b) vibrationally inelastic scattering: the mo-
lecular vibrational energy increases or decreases during the collision, because
energy is transferred towards (from) the molecular vibrational motion;(c)
rotationally inelastic scattering: the molecular rotational energy increases
or decreases during the collision;(d) diffraction or diffractive scattering: the
parallel (to the surface) momentum of the molecule near a surface can only
change by discrete quantities, due to the periodicity of the surface; as a
result the angular distribution of the scattered molecule presents a discrete
peaks distribution. The associated quantum numbers are n and m and
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Figure 1.3: Graphical representation of some of the possible outcomes that
can happen when a molecule approaches to a surface. (a) elastic scattering,
(b) vibrationally inelastic scattering, (c) rotationally inelastic scattering,
(d) diffractive scattering (i- in plane, ii- out-of-plane scattering) (e) phonon
inelastic scattering.

the diffraction quantum Ak is a surface reciprocal lattice vector and is de-
termined by the periodicity of the direct lattice. For a square surface the
diffraction quanta are given by Akx = LQ—; and Aky = f—’;, where Lx and
Ly are the length of surface unit cell, respectively. There is special case of
diffraction called specular scattering or specular reflection when n = m = 0.
In all these processes, the molecule may also excite surface DOFs, i.e., phon-
ons (surface vibrations) and electron-hole pairs (Figure 1.3 (e)).

The details of the dynamics give us information about the topography of
the PES. To study the reaction mechanisms, the reaction barrier height, and
the barrier position are very important to classify the dynamics of molecule-
surface interactions. The existence or lack of a barrier to dissociation in the
most favorable reaction pathway on the PES distinguishes the type of Ho-
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metal surface system. Such a system can show activated or non-activated
dissociation.

H, dissociation is activated on noble metals, examples of activated sys-
tems include Ha dissociation on Cu(111) [22], Cu(110) [22], Cu(100) [22],
Ag(111) [23] and Au(111) [23]. These systems show late (close to the sur-
face, long H—H distance), high barriers to dissociation for all possible con-
figurations of the molecule relative to the surface. The reaction probability
generally increases as a function of incidence energy monotonically up to
saturation value.

Dissociation of Hsy is often non-activated on transition metal surfaces.
The systems with non-activated dissociation show no barrier at least in
some of the reaction pathways. The other reaction pathways show barriers
that can be either early or late. In contrast to the case of direct activated
dissociation, in which the reaction probability increases with increasing in-
cidence energy, for lower incidence energies the reaction may also increase
with decreasing incidence energy due to trapping of a molecule in a well in
the potential. Trapping is only prevalent at low energies when physisorption
is important. Examples of non-activated systems include Hy dissociation on
Pd(111) [24], Pd(100) [25], Ni(110) [25], and Ni(100) [25].

There are also systems in between strongly activated and non-activated
systems that share properties of both these systems. Examples of these
systems are Hp dissociation on Ru(0001) [26, 27], Pt(111) [14, 28] and
Ni(111) [25]. The PES shows only very low barriers to dissociation that
often are far away from the surface, i.e., early barriers. The reaction prob-
ability curve in these systems is similar to that in highly activated systems,
in that reaction increases with increasing incidence energy.

The barrier to dissociation can also change in two different ways when
the molecule moves across the surface. Different ways in which the barrier
changes give rise to different corrugations of the PES are called energetic
corrugation, in which the barrier changes its height, and geometric cor-
rugation, in which the barrier changes its distance to the surface [29, 30].
PES corrugations couple molecular motion parallel and perpendicular to
the surface. If there is a specific balance between energetic and geometric
corrugation on the surface, it would be expected that dissociation depends
only on the component of the incidence energy normal to the surface (nor-
mal energy scaling ) [30, 31].
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Approximations

Unfortunately, it is usually impossible to solve the Schrodinger equation for
systems of very high-dimensions. Evidently, some approximations should be
made to render the problem tractable. Almost all discussions of chemical
reaction dynamics begin with the BO approximation [9]. Under the fol-
lowing circumstances, the validity of the BO approximation holds : (1) the
rearrangement of the electron cloud associated with a change of nuclear posi-
tions must be gradual; i.e., non-adiabatic coupling must be small; (2) there
must be a wide separation in energy between the electronic states of the
system; and (3) to permit the electrons to adjust completely their motions,
the velocities of the nuclei must be sufficiently small. It can be anticipated
that the BO approximation breaks down in molecule-metal surface reac-
tions, because the metal surface exhibits a continuum of electronic states,
i.e., there is no energetic gap between electronic states. When a molecule
collides with a surface, it can excite electrons on the surface. Electron-hole
pair excitation in the electronic levels in the metal can provide a mechanism
for energy transfer with an adsorbate molecule, which may cast doubt on
the concept of nuclear motion on a PES. Classical mechanical based models
which are called friction models have been applied to describe energy trans-
fer between molecular motion and electron-hole pair excitations at metals
surfaces [32-34]. One of these methods is called molecular dynamics with
electronic friction (MDEF) [34-36], which treats non-adiabatic dynamics at
metal surfaces. For Hy dissociation on Cu(111) [15, 16, 37], Cu(110) [17]
and Ru(0001) [18] MDEF has been used to study non-adiabatic effects in
dynamical calculations. The studies showed that for Ho dissociation on
metal surfaces, electron-hole pair excitations have a very small effect on re-
active and non-reactive scattering, and the BO approximation should work
rather well for the reaction of Hy and Do on metal surfaces.

The next approximation is the ideal static surface approximation, in
which the surface atoms are fixed and sit in their ideal lattice positions, and
as a result, energy exchange between the molecule and the surface atoms
and the effect of the increased corrugation of the surface due to surface
atom motion are neglected. However, a broadening of the reaction probab-
ility curve with surface temperature is found in experiments on Hy and Do
desorbing from hot Cu(111) surfaces [38, 39]. Ab initio molecular dynamics
(AIMD) calculations provide the opportunity to model the effect of surface
temperature and surface atom motion on a gas-surface reaction, and have
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recently been used to study the dissociation of CH4 on metal surfaces [40—
42]. The study of static surface temperature effects on Hy dissociation on
Cu(111) [43] and AIMD calculations on dissociation of Dy on Cu(111) [44]
showed that the approximation of an ideal static surface works rather well
for low surface temperatures, in particular for the simulation of molecular
beam experiments for these systems (75 = 120 K).

For many-body systems like a molecule interacting with a metal surface,
density functional theory (DFT) is the current method of choice for obtain-
ing an approximate solution to the Schrédinger equation. The central object
in DFT is the so-called exchange-correlation (XC) functional. Approxim-
ations have to be used to construct the XC functionals, and this affects
the accuracy of the description of a molecule-surface reaction. The well-
known generalized gradient approximation (GGA) [45, 46] level functionals
are commonly used to describe molecule-surface reactions, and these are
available in many quantum chemistry software packages. At a lower level
than the GGA is the local density approximation (LDA) [47], which does not
work well for molecule-surface reactions [48-50]; it yields too low barriers for
activated processes compared to experimental data. Further descriptions of
the approximation levels for the XC functionals are found in Section 2.2.1.

In order to accurately describe the molecule-surface interaction, a highly
accurate PES is required. The PESs obtained from the latest electronic
structure theory based on DFT with functionals incorporating a GGA or
one step higher level of theory than GGA, i.e., meta-GGA [10, 12, 51] ex-
hibit errors for barrier heights. Furthermore, the long range interaction
(van der Waals interaction), which could be important for molecule-metal
systems, is not taken into account in common semi-local XC functionals at
the GGA level. Recently, a novel implementation of the specific reaction
parameter (SRP) approach to DFT, adopted to molecule-surface interac-
tions, was proposed [52]. At present, this methodology is the only DFT
approach that has been demonstrated to provide chemically accurate val-
ues of barrier heights for reactions of small molecules with metal surfaces.
This approach has yielded accurate values of barrier heights for the disso-
ciative chemisorption of Hy on Cu(111) [52], Cu(100) [53], and Pt(111) [54]
and of CHD3 on Ni(111) [41], Pt(111), and Pt(211) [42]. The SRP—DFT
method is semi-empirical, and systematically improves the accuracy of the
XC functional by fitting an adjustable parameter in the density functional,
such that supersonic molecular beam experiments on the system of interest
are reproduced. This method is at the heart of this thesis and it will be
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discussed thoroughly in the following chapters.

1.3 Aim of this thesis

As discussed before, one of the main problems in the accurate description
of a molecule interacting with a metal surface is the choice of the XC func-
tional used to perform the DFT calculations. In this thesis, the main aim
is to provide an improved description of Ho dissociative chemisorption on
metal surfaces based on the semi-empirical SRP method in which the ac-
curacy of XC functionals are systematically improved in a semi-empirical
and system specific way, by comparing the experimental data with theor-
etical results. The goal is to construct a database of reaction barriers with
chemical accuracy for Hs interacting with metal surfaces. The aims of the
work reported in the following chapters are briefly summarized here.

e In Chapter 2 the modeling of molecule-surface interactions is de-

scribed. The basis of the DFT method is described and the SRP
method is also briefly explained. The interpolation method used for
construction of the PES is given. Finally, the theory of the molecular
dynamics methods used in this thesis is represented.

In Chapter 3, the aim is to extend the development of SRP density
functionals, and the database, with a result for a weakly activated dis-
sociative chemisorption reaction of Hy with a transition metal surface.
For this aim, a SRP—DF is developed, in which a SRP functional in-
corporates in the correlation part the revised version of the vdW-DF
developed by Lee et al. [55] and called vdW-DF2, for the dissociation
of dihydrogen on Pt(111) . The study has been performed using semi-
empirical density functional theory and the quasi-classical trajectory
(QCT) method. The validity of the QCT method is investigated by
showing that QCT calculations on reaction of Dy with Pt(111) closely
reproduce quantum dynamics (QD) results for reaction of Dy in its
rovibrational ground state. The goal is to achieve a chemically ac-
curate description of Dy dissociation on Pt(111) with molecular beam
simulations, while reproducing the experimental results at normal and
off-normal incidence.
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e In Chapter 4, the main focus is on the transferability of an SRP func-
tional among chemically related systems. The SRP functional origin-
ally developed to describe chemisorption of dihydrogen on Cu(111) [56]
(called SRP48 functional) is tested here on dissociation of the same
molecule on Ag(111), with Cu and Ag belonging to the same group
of the periodic table. We investigate whether the SRP density func-
tional derived for Hy + Cu(111) also gives chemically accurate results
for Ho + Ag(111). For this purpose, we performed QCT calculations
using the six-dimensional PES of Hy + Ag(111) within the Born-
Oppenheimer static surface (BOSS) approximation. The computed
reaction probabilities are compared with both state-resolved associat-
ive desorption and molecular beam sticking experiments.

e In Chapter 5, the main goal is to address the question whether the
SRP-DF functional derived for Hy 4+ Pt(111) is transferable to the
Hs + Pt(211) system. Most importantly, the work reported in Chapter 5
also investigates the transferability among systems in which Hs inter-
acts with different faces of the same transition metal, which is relevant
to heterogeneous catalysis.

e In Chapter 6, the focus is on two basic problems of the SRP—DFT
methodology. The first problem is that sticking probabilities (to which
SRP-DFs functionals are usually fitted) might show differences across
experiments, of which the origins are not always clear. The second
problem is that it has proven hard to use experiments on diffractive
scattering of Ho from metals for validation purposes, as dynamics
calculations using a SRP—DF may yield a rather poor description of
the measured data, especially if the potential used contains a van der
Waals well.

1.4 Main results

The main results of the work reported in the following chapters are discussed
here.
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Chapter 3: Chemically Accurate Simulation of Dissociative
Chemisorption of Dy on Pt(111)

In Chapter 3, we obtained an SRP density functional for Hy + Pt(111) by
adjusting the a parameter in the PBEa-vdW-DF2 functional until reaction
probabilities computed with the QCT method reproduced sticking prob-
abilities measured for normally incident Dy with chemical accuracy. We
found that using the vdW-DF2 functional improves the description of the
molecule-surface interaction compared to the original vdW-DF. Compar-
ison of QD calculations for the initial (v = 0,5 = 0) state of Ds with the
QCT results establishes the appropriateness of the use of the QCT method.
Reproducing the experimental data by using the SRP—DF functional and
QCT calculations for off-normal incidence for 8; = 30° and 45°, for which
computed reaction probabilities show no dependence on the plane of in-
cidence, confirms the quality of the SRP functional. We report that the
minimum barrier height obtained for the reaction is -8 meV, in agreement
with the experimental observation of no, or only a small energetic threshold
to reaction [28]. This value can be entered into a small [8], but growing [41]
database with barriers of reactions of molecules with metal surfaces, for
which chemical accuracy is claimed.

Chapter 4: Test of the Transferability of the Specific
Reaction Parameter Functional for Hy, + Cu(111) to D, +
Ag(111)

In Chapter 4, we study the transferability of the SRP48 functional, which
was initially derived to reproduce experiments for Hy on Cu(111) with chem-
ical accuracy [56]. In this chapter, we use the QCT method to compute mo-
lecular beam sticking probabilities and initial-state resolved reaction prob-
abilities. To establish the appropriateness of the QCT method, we per-
formed the QD calculations for several rovibrational states, and compared
with the QCT results. It is found that the QCT reproduces the QD results
very well. Results for vibrationally (in)elastic scattering, i.e., probabilit-
ies P(v = 2,57 = 0 — v = /) as function of incidence energy, are also
presented and discussed. It is found that the barrier heights in the SRP48
PES are higher than obtained with the PBE functional as reported by Ji-
ang et al. [57]. We also computed molecular beam sticking probabilities
and compared with the experimental results of Cottrell et al. [58]. The
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energy differences between the computed data and the spline interpolated
experimental curve were in the range 2 — 2.3 kcal/mol. Thus, no chemical
accuracy was achieved in our theoretical results. Our results show that the
SRP48 functional is not transferable to the Ho + Ag(111) system, although
Cu and Ag belong to the same group.

Chapter 5: Transferability of the Specific Reaction
Parameter Density Functional for H, + Pt(111) to Hy +
Pt(211)

In Chapter 5, we study the transferability of the SRP—DF functional which
was originally derived for the Hy + Pt(111) system and is able to reproduce
experiments on this system with chemical accuracy. We used the same
functional to model the reaction of Hy on the stepped Pt(211) surface. We
have performed molecular beam simulations with the QCT method using the
BOSS model. The accuracy of the QCT method was assessed by comparison
with QD results for reaction of the ro-vibrational ground state of Ho. The
study shows that the theoretical results for sticking of Hy and Dy on Pt(211)
are in quite good agreement with experiment, but uncertainties remain due
to a lack of accuracy of the QCT simulations at low incidence energies, and
possible inaccuracies in the reported experimental incidence energies at high
energies. We also investigate the non-adiabatic effect of electron-hole pair
excitation on the reactivity using the MDEF method, employing the local
density friction approximation (LDFA). Only small effects of electron-hole
pair excitation on sticking are found.

Chapter 6: Assessment of Two Problems of Specific
Reaction Parameter Density Functional Theory : Sticking
and Diffraction of H, on Pt(111)

In Chapter 6, we study two problems faced by the SRP—DFT approach.
To address the first problem of the SRP—DFT approach, we have simu-
lated three sets of measurements of sticking probabilities available for Dy +
Pt(111), using four different sets of molecular beam parameters. We com-
pared these experiments on a one-to-one basis. We report that substantial
differences exist between the three sticking probability curves measured for
D2 + Pt(111). We discuss the origin of the discrepancies between differ-
ent experimental data and report the mean absolute deviations between
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the data of the experiments. We use four different sets of molecular beam
parameters to simulate molecular beam sticking probabilities. Theoretical
results for different sets of parameters are compared with available experi-
mental data, and the agreement (disagreement) of theory with experiments
is discussed and shown in this chapter. We also discuss the question of which
set of beam parameters can best be used to simulate a particular set of mo-
lecular beam experiments. We obtained that all three sets of experiments
can be described with chemical accuracy using molecular beam parameters
describing seeded molecular beams that are broad in energy. Performing
simulations with different sets of molecular beam parameters also provide
insight into under which conditions the experiments should agree with one
another.

To address the second problem of the SRP—DFT approach, we per-
formed diffractive scattering calculations comparing with experiments, us-
ing the SRP—DF. The theoretical results are shown and compared with
experimental results for off-normal incidence for two incidence directions.
Our results show that there are both quantitative and qualitative discrepan-
cies between theory and experiments. Our study suggests that the SRP—DF
for Ha + Pt(111) may not yet be accurate enough to describe the diffraction
in this system. The van der Waals well plays a role in the description of
scattering of Hy from Pt(111) surface and with the use of a PES exhibiting
a van der Waals well, part of the scattering should be indirect. A similar
study on Hy scattering from Ru(0001) [59] has shown that the agreement
between experiment and theory with inclusion of a van der Waals well in
the PES was improved by assuming a static surface disorder of metal sur-
face. However, our results established that making this assumption will not
improve the agreement between theory and experiment in the case of Ho
scattering from Pt(111).

1.5 Outlook

By combining the results of molecular beam experiments and QCT cal-
culations, it has been shown that the SRP functional quantitatively (to
within chemical accuracy) reproduces the initial dissociation probabilities
for Hy on Pt(111), and that it is transferable from the flat (111) surface
to a stepped (211) surface of the same metal, as show in Chapter 3 and
Chapter 5. Several questions still remain open in this thesis, which are
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described and discussed in this section.

It is interesting to check the performance of the SRP—DF functional
which was derived for the Hy + Pt(111) system, for other molecule-metal
surface systems in order to test the transferability of the functional among
the transition metals in the same group of the periodic table that exper-
imental results are available for Ho + Ni(111) [60], Hy + Pd(111) [24].
Experimental results are also available for Do dissociative chemisorption
on Sn/Pt(111) measured by Hodgson and co-workers [61] to investigate
the effect of alloying in an unreactive metal, Sn, on the dynamics of Do
reacting on Pt(111). It is very interesting to test whether the SRP—DF
functional can also be successfully applied to Ho reacting on a Pt surface
with a non-reactive metal alloyed into it. Furthermore, it would be worth-
while to investigate whether the SRP—DF functional developed for Hy +
Pt(111) will also allow a chemically accurate description of the experiment-
ally investigated reaction of Hy on the stepped Pt(533) surface [62], and on
a Pt surface poisoned by CO [63].

In order to construct a diverse database of reaction barriers with chem-
ical accuracy for molecules interacting with the transition metal surfaces, it
is interesting to develop better functionals for these systems, for example,
to develop an SRP functional for the Hy + Cu(111) system that is also able
to describe the Hy + Ag(111) system quantitatively. Our results for Hg
reacting on Ag(111) based on the SRP—DF functional for Hy + Cu(111)
underestimate available experimental results, as shown in Chapter 4. There-
fore, a chemically accurate description of the dissociative chemisorption of
D2 on Ag(111) is not yet obtained with the SRP48 DFT functional. In this
case, the SRP—DF was based on GGA XC functionals. Unfortunately, GGA
functionals are not good at both describing the molecule-surface interaction
accurately, i.e., reaction barrier heights, and metal surfaces, i.e. lattice
constants and surface energies [64]. There are several questions related to
the performance of XC functionals for molecule-surface reactions that are
used so far. The performance of higher level DFT calculations based on for
example meta-GGA XC functional is not clear yet. Among the computa-
tionally efficient semi-local XC functionals, meta-GGA functionals are most
accurate and give both a good description of molecule-surface interaction
as well as the surface itself [65]. However, it is still unclear how adding a
van der Waals correlation by combining vdW-DF or vdW-DF2 correlations
with a meta-GGA exchange functional would affect the PES and dynamics
of molecule-surface systems. Further studies are necessary to address the



20 CHAPTER 1. INTRODUCTION

question whether with a meta-GGA functional it would be possible to get a
chemically accurate description of the dissociative chemisorption of Ho on
Cu(111) while at the same time giving a better description for the lattice
constant of Cu. Additionally, the other open question should be addressed
whether with the meta-GGA functional derived for Hy + Cu(111) it would
be possible to describe accurately the dissociative chemisorption of Hy on
and associative desorption from Ag(111).

The ability to accurately describe the molecule-surface interaction is
dependent on an understanding of the source of error in the design, evalu-
ation and analysis of the underlying model. In general, it is not yet fully
understood how large the error of GGA functionals is for barrier heights of
molecule-surface systems. Additionally, it is not fully clear how this inac-
curacy leads to errors in dynamical observables, which are our only sources
for comparison with experiments. Only for reaction probabilities it is ob-
vious that a too high barrier height will usually result in too low reaction
probabilities and vice versa. Previous studies have shown that the barrier
heights, and also the way in which the barrier height varies with the impact
site are highly dependent on the choice of XC functional [66]. However, bar-
rier calculations alone will not give us more information about the reaction
mechanism, dynamics calculations are also necessary [11]. According to the
hole model [67], the reaction probability reflects the proportion of impact
sites and molecular orientations for which the collision energy exceeds the
barrier height at the impact sites and molecular orientations. There are
reaction paths without or with only very low barriers as well as reaction
paths with substantial barriers to dissociation, i.e., the dissociation takes
place over a distribution of barriers varying in height [68]. The curvature of
the reaction path in the 2D PES, i.e. coupling of translational motion along
the minimum energy path (MEP) to vibrational motion is also dependent
on the choice of the XC functional [11]. It was shown that this coupling is
larger for the SRP functional than GGA functional due to the presence of
the van der Waals well [42]. A dynamical effect (called bobsled effect [69])
may remove energy from motion along the MEP and convert it to motion
away from the MEP, and reduce the reactivity. Vibrational efficacies greater
than 1.0, as shown in Chapter 4, can also be explained in this way that the
molecule cannot follow the MEP and slides off it [52, 70].

There is a clear need for more complicated dynamical properties in or-
der to investigate more detailed properties of the PES. Rotationally inelastic
scattering or diffractive scattering are far more sensitive to subtle details of
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DFT-based PESs [71]. However, the agreement for diffractive scattering of
Hs from Pt(111) compared to diffraction probabilities extracted from the
measured angular distributions by Nieto et al. [14] is clearly not as good as
the agreement obtained for the reaction probabilities of the Hy + Pt(111)
system with the SRP—DF functional. There are qualitatively and quantit-
atively large differences, as shown in Chapter 6. The previous theoretical
results by Nieto et al. [14], which were based on the use of a GGA func-
tional, demonstrated better agreement with the experiments. The inclusion
of van der Waals effects is crucial to properly describe diffraction of Hg from
metal surfaces and the performance of DFT to describe diffraction spectra
may rely on the accuracy of the van der Waals functionals used [72, 73].

Also we note that the SRP—DFT method is semi-empirical and the
accuracy of the computed results is no better than the accuracy of the
underlying experimental data. Therefore, the availability of highly accur-
ate experimental data is essential and lack of accuracy in the experiments
limits the possibility for improving semi-empirical method. As shown in
Chapter 6, parameters that describe translational energy distributions of
molecular beams play roles in accurately calculating the sticking probabilit-
ies. These parameters are extracted from experimental time-of-flight (TOF)
measurements. It should be noted that errors may be made in the analysis
of the TOF measurements. There is a need for measurements of stick-
ing probabilities accompanied by accurate characterization of the molecular
beams used.

Moreover, there is no direct way to compare DF'T energies to the mo-
lecular beam experiments. Instead, intermediate dynamical simulations are
necessary. This makes the fitting procedure indirect and can introduce un-
certainties due to (the simplified description of) phonon and electron-hole
pair excitations in the surface and the (lack of) quantum-classical corres-
pondences. Thus, it is not yet fully clear how much dynamical models
and methods contribute to errors and uncertainties. On the side of theory,
development of the QD method incorporating the effects of phonons and
electron-hole pair excitation would be useful to improve the accuracy in de-
scribing the reaction and describing the diffraction. Also, recent quantum
Monte-Carlo (QMC) results for Hy + Cu(111) suggest that in the future it
may be possible to put the SRF—DFT approach on an ab initio basis by
fitting the SRP—DFT to a few points computed with QMC.
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In this chapter we provide the background that is required for the fol-
lowing chapters. The diatomic molecule interacting with an ideal static
surface model is discussed. A brief description of density functional the-
ory (DFT) is presented followed by methods for construction of potential
energy surfaces. Methods for dynamics calculations on Hs-surface systems
and for computing properties from the results of dynamics calculations are
described.

2.1 Modelling the molecule surface interaction

The interaction between a molecule and a surface is fully described by the
Schrodinger equation [1] as :

Hioph(7, R) = Byt (7, R), (2.1)

in which Ey; is the total energy and (7, E) is the wave function, depending
on all the electronic coordinates 7 and the nuclear coordinates R. ﬁtat is the
Hamiltonian that describes both the electronic and nuclear motions. The
electronic Hamiltonian is composed of kinetic energy term of the electrons

(T%) and electrostatic potentials (V),
He =Te + Vee + Van + Ve, (2.2)
so that the total Hamiltonian is given
Hyo =Ty, + He, (2.3)

where T, is the kinetic energy of the nuclei (with mass M) in atomic units,
given by

Mo
P o2
T, = Z 2ijé. (2.4)
7=1
Note that throughout this chapter we will use atomic units. The kinetic
energy of the electrons is given by

. N
T.=Y -
i=1

V.

=N

(2.5)
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Vee is the electron-electron (repulsive) interaction potential

ZZ = —ml (2.6)

=1 k>i

Vi is the nuclear-nuclear (repulsive) interaction potential with atomic num-

bers Z
_ ZZ Zi %k (2.7)

=1 k>j ‘R Rk|

and V). is the nuclear-electron (attractive) interaction potential

_ —Z;
V=2 2 o 28)

In the framework of the Born-Oppenheimer (BO) approximation [2], the
ground state potential energy surface (PES) arises from solving the elec-
tronic Schrodinger equation for the problem by the partition of the problem
into electronic and nuclear degrees of freedom (DOFs),

ﬁewe(fz E) = (Te + Vee + Viun + Vne)"be(f’; Fi) = Ee(ﬁ)%(ﬁ E)a (29)

and

Hnwn<R) = [Tn + Ee<R)]wn<R) (2'10)
This approximation allows us to write the full wave function in a separable
form : . B .

V(7 R) = e (75 R)n(R), (2.11)
where (7 ﬁ) is the corresponding electronic wave function that paramet-
rically depends on all nuclear coordinates R, and (R ) is the nuclear wave
function. In Equation 2.9, FE. is the electronic energy of the system (for
the ground state, this is the lowest value) which depends on the nuclear
positions. For this thesis we neglect the surface atom DOFs and the mo-
lecule interacts with the frozen ideal surface. Ee(ﬁ) will be referred to
as the potential energy surface (PES) for the ground electronic state. The
most efficient electronic structure method to solve the electronic Schédinger
equation for the molecule-surface interaction in an approximative but still
accurate way is density functional theory (DFT). It will be the subject of
the next section in this chapter.
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2.2 Density functional theory

To obtain the potential energy for a particular configuration, which needs to
be done for many configurations to map out a PES, an electronic structure
method is needed. The problem in electronic structure calculations arises
when the system is described by a high dimensional many-electron wave
function. To solve this problem, a much simpler three dimensional quantity,
i.e., the electron density n(7) is used to replace the high-dimensional many-
body wave function [3]. The electron density in a system with N electrons
depends on only three DOFs and the computational cost of the method
scales as N3 instead of N™for the wave function based methods, with m > 4.

Hohenberg and Kohn [3] showed that for any system of interacting
particles in an external potential V. (7), the electron density is uniquely
determined, in other words, the ground state wave function is a unique
functional of the density n(7). Furthermore, they showed that a univer-
sal functional for the energy E[n(7)] can be defined in term of the density.
The exact ground state corresponds to the global minimum value of this
functional. This makes it possible to use the variational principle to obtain
the minimum energy and the ground state electronic density. All physical
information about the system is given by H, and according to the the-
orem, there is a one-to-one correspondence between H, and the ground
state electronic density. Therefore, from the Hohenberg and Kohn theorem,
the energy is a functional of the electron density,

Ee[n(r)] = Te[n(F)] + Vee ()] + Vae[n(7)] = Frr [n(7)] + Vie[n(7)]. (2.12)

Fyk is the Hohenberg and Kohn functional which is universal and inde-
pendent of the system. Vj,.[n(7)] is the system dependent term and is called
the external potential. We note that in practice V,,, is also added to the
electronic Hamiltonian, even though this just adds a constant to the value
of the energy for a specific configuration of the nuclei. Fx is unknown and
approximation is needed to express it. It is very useful to separate Frx in
three different contributions as

Frx = T[n(M] + Enn(7)] + Gxcn(f), (2.13)

in which Eg[n(7)] is the Hartree interaction of the electrons, given by

Eun(7)] = % / MO grage, (2.14)
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Gxc[n(7)] is a functional that contains quantum mechanical many-body ef-
fects and it is unknown. Here, in the Hohenberg and Kohn theorem T}, [n(7)]
is the kinetic energy of the electrons.

Kohn and Sham [4] developed a practical way to avoid problems with
calculating the kinetic energy from the electronic density. They proposed
a fictitious system consisting of non-interacting electrons in an effective ex-
ternal potential (the Kohn-Sham potential Vig). The many-electron prob-
lem can be reformulated as a set of NV single-electron equations referred to
as the Kohn-Sham equations,

2

[+ Vis(M$i(7) = (7). (2.15)

¢; is the single particle orbital or Kohn-Sham (KS) orbital obtained for
an fictitious non-interacting system and yields the electron density of the
original system

N
n() = Y- 6P, (2.16)

The first term on Equation 2.15 yields the kinetic energy of the non- in-
teracting electrons, 7. The total kinetic energy of the system 7. can be
separated in a non-interacting contribution T and an unknown component
T that contains correlation through many-body effects. This component
is also a functional of the electron density and together with G x¢ forms the
well-known exchange-correlation (XC) functional Exc = Gxc + T¢. This
name comes from the fact that it contains the exchange interaction due to
the Pauli exclusion principle and many-body electron-electron correlation.
This unknown XC functional is approximated in particular calculations and
its approximations will be discussed in the Section 2.2.1. The total energy
functional 2.12 can be rewritten with respect to these definitions as

Ee[n(M)] = Ts[n(7)] + B [n(7)] + Vae[n(7)] + Exc[n(7)] . (2.17)

known unknown

Minimizing this energy functional is done through the solution of the
single particle Kohn-Sham equations (Equation 2.15). The Kohn-Sham po-
tential in Equation 2.15 is given by

Vis[n(F)] = Vear[n(F)] + Var [(n(7)] + Vo [n(7)]- (2.18)
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Here, V., is the external potential from the nuclei,

M

Z.
Vet = - (2.19)
;F—Rj

Vi is the Hartree potential, given by

n(r)] = / ;ﬁz‘ dr, (2.20)

and Vyc¢ in the exchange-correlation potential, given by

d0Exc[n(r)]
5n() '

Vxon(r)] = (2.21)
All these functional derivatives that enter in the Kohn-Sham equation de-
pend on the density, and therefore on the KS orbitals. The Kohn-Sham
equations are solved self-consistently.

2.2.1 The exchange-correlation functional

The quality of DFT depends on the form of the unknown XC functional
Exc. The simplest approximation for the XC functional was proposed in
the paper of Kohn-Sham [4] and it is called the local density approximation
(LDA), where the XC functional is written as,

B0 = [ n()ek () ar, (222
where ef(%A is the XC energy per electron of the homogeneous electron gas
(HEG) with the electron density n(7). In the LDA, the XC energy of a
system depends locally on the electron density. eg(%A is usually separated

into exchange and correlation contributions

exe (n() = eXFC (7)) + e (n (7). (2.23)

There is an exact solution for the exchange energy in the HEG, and it is
given by

G (i) = 3 (2D)3, (2.24)

m
However, the correlation energy is not known analytically and needs to be
approximated. The accurate calculation of the correlation part is possible
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based on Quantum Monte Carlo data by Ceperley and Alder [5]. Several
popular approximations for the LDA correlation functional are given in
references [6-8]. Although LDA functionals are simple, they work rather
well in simulating many bulk and surface systems. For systems which have
an electron density far away from the HEG, i.e. systems with strongly
varying densities, LDA usually does not perform very well. This is the case
for molecules and for the interaction of a molecule with a metal surface, for
which LDA does not describe barriers to dissociation accurately, so that for
various strongly activated Hs-metal surface systems no or only a very small
barrier to dissociation is found [9, 10].

A more advanced level of XC functionals is formed by the generalized
gradient approximation (GGA) XC functionals [11, 12]. In the GGA, the
XC energy not only depends on the electron density, but also on the gradient
of electron density Vn(r) , i.e.:

ESE ()] = / (P)eSE (n(P), V(7)) dr (2.25)

Such a functional is often called a semi-local functional, because of the
added density gradient dependence. The XC energy EGGA is split into an
exchange and a correlation contribution, EGGA and EGGA respectively, as
for the LDA. The exchange part of EGGA is always expressed as

ESA ()] = / (PeXPC (n(7) Fx (s)dr, (2.26)

where F'x(s) is generally called the exchange enhancement factor, which is
commonly written as a function of the reduced density gradient s:

- V@ (2.27)
2(37%) i (7

s is dimensionless due to the exponent of the density in the denominator. We
note that all traditional GGA functionals exploit an equation like Equation
2.26 to express the exchange part of the XC energy, so that Peverati and
Truhlar [13] used this expression to define the GGA. However, Peverati
and Truhlar also defined a non-separable gradient approximation (NGA),
in which the electron density and its gradient is employed to represent both
exchange and correlation in a non-separable term [13, 14]. This new kind
of functional approximation includes both exchange and correlation in a
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non-separable way by a new functional type that has the form of a non-
separable gradient enhancement of HEG exchange; it also includes a more
conventional correlation term [13].

Many different GGA functional forms exist. The functional significantly
improves over LDA results in many cases, and it is relatively accurate for
a large range of systems. The most famous and most used functional in
the surface science community is the PBE [15] functional. The exchange
enhancement factor for the PBE XC functional is given by:

K

Fy(s)=14kK— —
X(S) +K 1+M32/H’

(2.28)
where k and p are derived from physical constants (not semi-empirical
parameters). Another functional frequently used for gas-surface systems
is RPBE [16], in which the exchange enhancement factor is given by:

Fx(s) =14k~ (1 —e /"), (2.29)

Unfortunately, for molecules interacting with metals the GGA is not always
very accurate. For instance, for such systems, it is observed that often
RPBE yields too high reaction barriers, while the PBE functional is too
attractive (yields too low barriers) at the same time, but mixing these two
functionals can provide the required accuracy for the system [17]. Imple-
mentation and references for a large number of other GGA functionals can
be found in Ref. [18]. Construction of new GGA functionals is still an
active research field in the surface science community.

The next step upward from the GGA level on "Jacob’s ladder" proposed
by Perdew and Schmidt [19] is the meta-generalized gradient approxima-
tion (meta-GGA), which depends on the kinetic energy density and /or
the Laplacian of the density in addition to the gradient of the density.
This functional provides the opportunity of a better incorporation of ex-
act quantum mechanical constraints, and in many cases a somewhat higher
accuracy can be achieved compared to GGA results. Popular meta-GGA
functionals are TPSS [20] and revTPSS [21]. The additional variable in the
meta-GGA functional yields an advantage for surface science, by allowing
a better distinction between molecules and solids [21].

The next step on the ladder is the "hyper-GGA" level, in which exact
Hartree-Fock exchange is added into the GGA functional to improve it.
A well-known hybrid functional in the molecular chemistry community is
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B3LYP [19, 22, 23] which gives very good descriptions for energetic and
structural properties of isolated molecular systems. In spite of the good
performance of hybrid functionals in molecular chemistry, they are not so
common in solid state physics and surface science, especially for molecule-
metal systems. The evaluation of the exact exchange functional for metals in
which electrons are de-localized, is computationally very costly and difficult
to achieve for molecule-surface interaction where the goal is to obtain a full
PES [24-26].

An important limitation of all local or semi-local (i.e., up to meta-GGA
level) functionals is that they can not describe long range electronic correl-
ations (which give rise to long range interactions), such as van der Waals
(vdW) interaction. Various methods have been proposed to overcome this
problem, some more or some less applicable to problems involving metals
surfaces. A popular approach is adding a pairwise potential based on Cf
coefficients computed from time-dependent density functional theory (TD-
DFT) in the DFT-D3 method by Grimme et al. [27]. Cg coefficients ob-
tained from the mean-field ground state electron density in other methods
have been reported by Tkatchenko and Scheffler [28]. Very significant pro-
gress was achieved by introducing the non-local correlation density func-
tional vdW-DF, which has been reported by Dion et al. [29]. Since then,
further refinements of vdW-DF functional provided very satisfying results
for many systems [30-32] and other functionals have been reported by im-
proving over the original vdW-DF functional, by either changing the ex-
change functional, the correlation functional or both. The computational
method of Romén-Pérez and Soler [33] has allowed the vdW-DF [29] and
vdW-DF2 [34] correlation functional to be evaluated efficiently.

Specific reaction parameter density functional

The so-called specific reaction parameter (SRP) approach to DFT is a semi-
empirical approach to optimizing the unknown XC functional, which in its
original version was developed by Truhlar and co-workers [35] for reactions
in the condensed phase. This approach is based on fitting one or a few para-
meters in the XC functional to a set of experimental data. The functional
is optimized for describing a specific reaction, then the fitted functional
is tested against at least one other set of experimental data for the same
system. Diaz et al. [17] applied an implementation of this approach to a
gas-surface reaction by fitting a weighted average of two GGA functionals
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to one set of experimental data , which is very sensitive to minimum barrier
height, for Hy + Cu(111). It has been shown that this new semi-empirical
functional is able to reproduce a large range of experimental data for the
Hy + Cu(111) [17] system within chemical accuracy, and is transferable to
Hy interacting with another crystal face of the Cu metal, i.e., Cu(100) [36].
In this thesis, our main focus lies on this method and we apply the SRP
methodology to our selected systems. In the next chapters we discuss more
about how SRP density functionals are derived and can be transferable from
one system to another system.

2.3 Density functional theory for periodic
systems

A metal surface is infinite but periodic. When performing calculations on
a molecule interacting with a metal surface, it is necessary to take into
account the periodicity of the surface to avoid edge effects. DFT is very
suitable for representing an infinite surface. For a periodic system, the
potential of the system should represent this periodicity. In solid state
physics, the Bloch theorem [37] applies to the solution of the Schrédinger
equation of an electron in a periodic potential. This theorem says that an
eigenfunction for an electron in a periodic potential can be written as a
plane wave multiplied with a periodic function with the same periodicity as
the potential. Therefore, to build the periodicity into the DFT calculation a
periodic basis set can be used. Based on the Bloch theorem the eigen-states,
in this case the KS orbitals, can be written as

ik (7) = up(F)eF T, (2.30)

where k is a wave-vector in the first Brillouin zone and u;j is a function

—

with the same periodicity (R) as the potential,
i o (7) = i o (F + R). (2.31)

By expanding u;j in the plane wave basis set (Fourier series), the KS or-
bitals can be written as

Gin=N>_ ci k(G FrOT, (2.32)
G
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where G is a reciprocal lattice vector, ¢; (G) is an expansion coefficient and
N is a normalization factor.

When performing the actual calculations, the number of plane waves
that represent the wave function can not be infinite. The size of the basis
set is specified by the maximum kinetic energy Ec,¢—of¢. In Equation 2.32,
i(k+G)-7

the plane wave e is included in the basis set if:

1 -
i\k + GI? < Eout—of - (2.33)

To determine a suitable E.,;_,fy one should perform several calculations
with increasing Egy:—off to ensure that the property of interest (e.g., energy
) is converged with respect to Ecyi—off. Also in the calculations, continuous
sampling of the first Brillouin zone is computationally problematic and it
has to be sampled by a discrete (and finite) number of grid points (the k-
points). A particularly useful scheme for generation of k-points grids that
will be used in this thesis, was devised by Monkhorst and Pack [38].

The plane wave basis has some advantages. First, they are orthogonal
and easy to use to control the completeness of the basis set. Also, they are
independent of the atomic positions so with plane waves, there is no basis
set superposition error. Furthermore, a computational advantage arises
from the fact that a fast algorithm exist to operate with them and convert
the wave function between real space and momentum space (fast Fourier
transforms (FFTs)). The use of plane waves as a basis set also has some
downsides. To represent core electron orbitals, which are rapidly varying
functions due to their localization close to the nucleus, and also valence
electron orbitals very close to nuclei, which can assume a highly-oscillating
behaviour, a prohibitively large number of plane wave is necessary. How-
ever, core electrons described by these wave functions do not participate
in the interaction with the other atoms, since the rearrangement of the
valence electrons is mainly responsible for bonding. Therefore, it is possible
to remove these electrons and replace them by effective potentials named
pseudopotentials. The name of pseudopotentials comes from the fact that
the strong Coulomb potential of a bare nucleus is replaced with a softer po-
tential of a pseudo-atom. The pseudo-atom includes nuclei, core electrons
and interaction among them including relativistic effects.

The pseudopotential can be constructed in such a way that the potential
and resulting pseudo-wave functions are as smooth as possible inside the
cut-off radius r. close to the nucleus and that they are almost exactly the
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same as the real potential and wave function outside the cut-off radius. In
the pseudopotential approach, the pseudo-wave functions are smoother than
the corresponding all electron wave functions which oscillate rapidly in the
core region, while they reproduce the all electron wave functions beyond a
distance from the nucleus r.. Ultrasoft pseudopotentials were introduced
by Vanderbilt (1990) [39]; these allow calculations to be performed with a
low cutoff energy. A more general approach is provided by the projector-
augmented waves (PAW) method [40, 41], which also allows for calculation
of all-electron observables and which is used in the calculations presented
in this thesis.

In plane wave DFT, there is periodicity in three dimensions in contrast
to the two dimensional periodicity of the surface. To tackle this problem, a
supercell approach [42] is used to treat molecule on surface systems, which
actually have 2D periodicity. A large vacuum space is introduced along the
dimension perpendicular to the surface so that the unit cell is partitioned
into regions of solid (slab) and vacuum [43]. The slab [44] is periodic in
the directions parallel to the surface and contains enough atomic layers in
the direction perpendicular to the surface to converge the molecule-surface
interaction energy. To minimize the artificial interaction between periodic
images (interaction between the slab an its periodic image) a thick enough
vacuum space is needed. In the construction of the supercell all these factors
should be taken into account to keep the computational cost (number of
atoms) as low as possible, while still obtaining accurate results.

2.4 Construction of potential energy surfaces

In the previous section we described the electronic structure methods that
provide the data that one needed to obtain the PES on which the nuclear
motion is propagated. A continuous PES is needed to solve the Schrédinger
equation for nuclear motion, Equation 2.10. To obtain a continuous PES,
the approach is to perform a number of DFT single point calculations for a
set of selected configurations of the system and then interpolate them using
some sort of fitting scheme. For the PES of a diatomic molecule interact-
ing with a frozen metal surface a rather efficient interpolation method is
available, which was proposed by Busnengo et al. [45, 46] and is called the
corrugation reducing procedure (CRP). The CRP method will be used as
an interpolation method through out this thesis and will be described here.
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The main problem in the interpolation of the molecule-surface potential
near to a surface is that it is highly corrugated, i.e., a large variation in the
potential exists when a small change happens in the molecular coordinates.
The idea behind the CRP method is to reduce this corrugation to a man-
ageable level. It is known that the interaction of the individual atoms with
the surface causes most of the corrugation in the potential. Therefore, the
CRP interpolation method, for example for Hs interacting with a surface,
reduces the corrugation near the surface by subtracting the H atom-surface
interactions from the total interaction to obtain a smoother function. Then
the interpolation is carried out of the smoother function and the H-surface
potential is added back to obtain the final full 6D potential. First let us
define the coordinate system of a Hy molecule on a surface. As mentioned
in Section 1.2.1, the geometry of the Ho molecule relative to the surface can
be described by the motion of (the center of mass (COM) of) the Hy mo-
lecule in three dimensions ((X,Y,Z) = R), and the internal motion of the
molecule ((r,0,¢) = q)), i.e., the interatomic distance r, the angle between
the molecular axis and the surface normal 0, and the angle ¢ between the
projection of the molecular axis on the surface and the X axis, respectively.
In the CRP method, the six-dimensional (6D) PES is written as

2
VSP(R,q) = IP(R,q) + Y _ VP (), (2.34)
=1

in which V%" is the full 6D PES of the Hy/surface system and I is
the so-called 6D interpolation function of the Hg/surface system, which
still depends on the center of mass coordinates (R) with respect to the
surface and the internal coordinates of the Hy molecule (7). V3P is the
three-dimensional (3D) PES of the H/surface system, with 7; the vector
representing the coordinates of the ith H atom with respect to the surface.
For the interpolation of the 3D H/surface system PES, the CRP is again
applied using

N
VAP (i) = PP (r) + > VP (Ryy), (2.35)
i

where [, E’D is the 3D interpolation function describing the H/surface system,
and NV is the number of surface atoms to take into account in the summation.
The interaction of a hydrogen atom with a single surface atom is represented
by a one-dimensional (1D) function VP depending on the distance between
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the hydrogen atom 7 and surface atom j (R;;). The V1P function reduces
the corrugation of V;SD .

The first step in this procedure is to calculate the DF'T points for a grid
of geometries. To reduce the computational cost, it is very useful to include
the most symmetric molecular configurations. This is because a periodic
lattice is considered and additional symmetry is usually present in the form
of mirror planes and rotation axes. Furthermore, in the case of a homo-
nuclear diatomic molecule, or when the molecule is above a high symmetry
site of the surface, even more symmetry can be present. Therefore, sev-
eral symmetric X,Y positions are selected and for each of these positions
several orientations (6, ¢) are chosen. Finally for each set of (X,Y.60,¢), a
grid of (r,Z ) values is chosen. The DFT calculations are performed for
each (X,Y, Z,r,0,¢) geometry. Then the CRP approach is applied to these
DFT points. The 3D potentials of each atom of the molecule are subtracted
from the 6D molecule-surface potential points. The remaining interpola-
tion function I is smooth enough to use standard numerical interpolation
methods to interpolate it. In this step typically the 6D problem is decoupled
into four two-dimensional (2D) interpolation steps [47]. For each calculated
(X,Y,0,¢) configuration, 2D cubic splines interpolation method is used to
interpolate the calculated (r,Z ) grid of energy points. Once the inter-
polated values of (r,Z ) grid points are obtained, the (€, ¢) interpolation
for each (X,Y’) combination is carried out. Usually a Fourier interpolation
method is used with basis functions (sines and cosines) incorporating the
symmetry of the system. Finally, the interpolation is performed for the
remaining (X,Y’) coordinates. In this step a symmetry adapted Fourier
expansion or 2D periodic cubic splines can be used. After interpolating
the interpolation function the 3D potentials are again added to obtain the
continuous 6D potential.

In the CRP scheme, the individual 3D atom potentials have to be cal-
culated. They are obtained in a similar way as the 6D PES. First the DFT
values are obtained for a grid of positions of the H-atom (X,Y, Z). The 3D
PES is also corrugated and its corrugation is reduced by subtraction of the
1D pair potentials. Then the 3D interpolation function can be interpolated
using 3D cubic splines. The interpolation is performed in two steps. First,
for each calculated (X,Y") configuration, 1D cubic spline interpolation is
performed to interpolate the calculated (Z) grid of energy points. Then
a Fourier interpolation is performed in the (X,Y’) coordinates, using sym-
metry adopted sine and cosine functions. For V1P the spline interpolation
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of the interaction of the H atom above X = 0,Y = 0 is used.

2.5 Molecular dynamics

Once the 6D PES is constructed one can perform the dynamics calcula-
tions either classically or quantum mechanically. Computing the dynamical
properties gives us the opportunity to understand and compare to the ex-
perimental measurements.

2.5.1 Quasi-classical dynamics

The classical trajectory calculations are performed by solving Newton’s
equations of motion for the 6 molecular DOFs as

&R,
M= = -
d?

ViVSP(R;, R;), i#j (2.36)
where i, j are the indexes of the atoms in the diatomic molecule. To integrate
the equations of motion, different propagators exist and can be used, such
as the (velocity) Verlet propagator [48], the Beeman propagator [49] , etc.

The Quasi-classical trajectory (QCT) method usually gives more accur-
ate results for Ha-surface reactions than the purely classical method be-
cause in a QCT calculation the initial vibrational zero point energy (ZPE)
is modelled using an ensemble of initial conditions for the internal mo-
tion of the molecule that forms a classical microcanonical distribution [50].
The vibrational states of the molecule are calculated using the Fourier grid
Hamiltonian (FGH) method [51]. In the QCT calculations based on the
CRP interpolated PES, Hamilton’s equations of motion are integrated with
the predictor-corrector method of Bulirsch and Stoer [52].

At the beginning of each trajectory calculation the initial conditions
have to be set, i.e., the initial positions, and velocities of the particles. In
modeling Ho dissociation on a surface, the molecule is initially positioned
far away from the surface, where the potential does not yet depend on Z.
The molecule with a particular velocity towards the surface corresponds to
the perpendicular incidence energy E|. The impact site on the surface is
chosen randomly and, if off-normal incidence is considered, a velocity vector
is set up according to the parallel incidence energy Ej, the polar incidence
angle 6;, and the azimuthal incidence angle ¢;.
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Reaction or scattering probabilities, for each initial incidence energy and
initial rovibrational state (E;, v; and j;) are calculated as an average over
molecular initial conditions (position of the molecular center of mass over
the surface unit cell, molecular orientations and orientation of the initial
angular momentum vector) where these initial conditions of the Hy molecule
are selected using a standard Monte Carlo method. To obtain m; resolved
reaction probabilities, the initial angular momentum L of the Hy molecule
is fixed by L = /j(j + 1)k and its orientation is chosen randomly with
the constraint cos(fr) = m;/+/j(j + 1), where 6, is the angle between the
angular momentum vector and the surface normal.

After the propagation over a certain number of time steps, the trajector-
ies are analyzed to determine whether a specific outcome has been reached.
When the interatomic distance of the molecule reaches a particular value,
the molecule is considered to have reacted. When the distance between
the molecule and the surface becomes larger than a certain value where no
interaction is present, the molecule is considered to have scattered. The
molecule is considered to be trapped if neither outcome has occurred.

The reaction probability P, can be obtained from

N,

Pr - 5
Ntotal

(2.37)

where N, is the number of reacted trajectories and Nyq is the total number
of trajectories. Certain observables such as molecular beam sticking probab-
ilities or degeneracy averaged reaction probabilities can be computed using
the QCT method.

2.5.2 Quantum dynamics

For the quantum dynamics (QD) calculations, a time-dependent wave packet
(TDWP) method [53] was used, where the time dependent Schrodinger
equation is solved to generate scattering and reaction probabilities. The
wave packet is represented in a discrete variable representation (DVR) [54]
for Z,r, X, Y and a finite basis representation (FBR) [55, 56] has been used
to describe the angular DOFs. Fast Fourier transforms [57] and discrete
associated Gauss-Legendre transforms [55, 56] were used to transform the
wave function from FBR space to DVR space, and vice versa. The wave
packet is propagated in time using the Split Operator method [58]. The
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initial wave packet, which is placed far away from the surface on a spec-
ular grid (sp), where the interaction with the surface is negligibly small,
is written as a product of a Gaussian wave packet to describe motion per-
pendicular to the surface, plane waves to describe motion parallel to the
surface, and a rovibrational wave function describing the initial state of the
molecule according to

1 i X7Y. 1 i Z
Vo(X, Y, 2,70, 6) = 6y (1)Ym, (8 6) e % / dk” B (kg )5 e 7.

VA
(2.38)

Here ¢,(r) and Yjm, (0, #) are, respectively, the vibrational and rotational
eigenfunction of the Ho molecule in the gas phase with vibrational, rota-
tional and magnetic rotational quantum number v, j and m;. The ini-
tial parallel motion of the wave packet along X and Y is described by
L ik YR

VA

unit cell), k:g( Y is the initial parallel momentum and R is the position vector
(X,Y). The wave packet describing motion in the Z direction is a function

of the initial momentum kZ and is Gaussian shaped and centered on Zy:

, in which A is a normalization factor (the surface area of the

252\ /4 257V (hekZ
BkE) = () e~ k=ko)" gilh=kg) 20, (2.39)
™

Here k is the average momentum in Z and o is a half width parameter.
To ensure that the wave packet moves towards the surface with a range of
translational energies, k is chosen to be negative. When the wave packet
enters the region where it interacts with the surface, it is transferred from
the specular grid to the regular grid using a projection operator formalism
[59, 60]. The part of the wave packet which returns from the surface, is
analyzed using the scattering amplitude formalism [61-63] at Z, where the
molecule and surface (in principle) no longer interact and is integrated over
time to obtain the state-to-state scattering S-matrix elements for all open
vibration, rotation and diffraction channels. Beyond Z., or large r, optical
potentials [64] are used to adsorb the reacted part of the wave packet and
the reflected part of the wave packet.

Scattering probabilities as a function of energy were obtained from S-
matrix elements over the entire range of energies present in the wave packet.
The fully initial state resolved reaction probability is defined as 1 minus the
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sum of the scattering probabilities:

Pr(yajamj)zl_ Z Pscat(yvjamj Hl/aj/amg’vnam)) (240)

AT
v 7.7 7mj ’n?m

where Pscat(v, j,mj — v/, j',m},n,m) are the state to state scattering
probabilities. v(1'), 7(j'), m;(m) ss are the initial(final) vibrational, rota-
tional and magnetic rotational quantum number, respectively, and n and
m are the quantum numbers for diffraction. For more details about this
method see Ref. [65].

2.5.3 Computation of observables
Initial state resolved reaction probabilities

Initial state resolved reaction probabilities Pye,(FE;v,j) are obtained by
degeneracy averaging the fully initial state resolved reaction probabilities
P,(E;v,j,m;) according to

mj=j

Z (2 - 5mj0)'Pr(E;’U7j7mj)
. m;=0
Pdeg(E”)a]): -

2.41
2j+1 ’ (241)
where P, is the fully initial state-resolved reaction probability, ¢ is the
Kronecker delta, and v, j and m; are the initial vibrational, rotational and
magnetic rotational quantum number of the Hy molecule, respectively.

Molecular beam sticking probabilities

In order to make a meaningful comparison of computed reaction probabil-
ities with measured sticking probability results, we have performed simula-
tions of the molecular beam conditions, used in the experiments. For this
one has to take into account two things. First, the initial state resolved
reaction probabilities should be averaged over all rovibrational states which
have a significant population in the molecular beam. Second, it is necessary
to consider the spread of incidence energies present in the molecular beam.
Therefore we need to compute the molecule’s monoenergetic reaction prob-
abilities Pyono(Fi, Tn), which depend on the collision energy E; and on the
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nozzle temperature T,,, and thus, on the rovibrational state populations.
The monoenergetic reaction probability can be written as :

Prono(Ei, Tn) ZFBV]a )Pueg(Ei v, ), (2.42)

where Pyeq(Es; v, j) is the monoenergetic initial state-resolved reaction prob-
ability and Fp(v,j;T),) is the Boltzmann weight of the (v, j) state. The
factor Fp(v,j;T,) is given by:

Fi(v, j; Tn) = (2)+1)el PontD)/FpTal o ol=Brotv D08k Tal 5 N (), (2.43)

where N(j) is the normalization factor which takes into account the correct
nuclear spin statistics for hydrogen and is given by :

. w(7
N(j) = ) S— .
Z (25 + 1)6[ Eyiv(v',§")/kBTn] o ol=Erot(v',j')/0.8kpTn]

V', j'=j(mod 2)

(2.44)

In Equation 2.44, the summation runs only over the values of 7/ which
have the same parity as j. Furthermore, E,;;, and E,.; are the vibrational
and rotational energy of the rovibrational state, respectively, and kp is the
Boltzmann constant. Because there are three parallel nuclear spin states
and only one anti-parallel spin state for Hs, for the molecular beam at
thermal equilibrium at high temperature (room temperature or higher),
which is the usual case in the experiments, a ratio between ortho (odd
j)- and para-hydrogen of 3:1 is expected. At very low temperature, it is
expected that only the » = 0 and 5 = 0 rovibrational state is occupied.
Therefore, the molecular beam in the thermal equilibrium should consist
of pure para-hydrogen at very low temperature. However, the conversion
of ortho- to para-hydrogen is very slow and does not happen on the time
scale of the experiment. The Hy is then either (vibrationally or rotationally)
cooled or heated by the nozzle, but without the possibility of a nuclear spin
flip. Therefore, the 3:1 ortho-para ratio in the N(j) factor (w(j)) is, for
practical purposes, independent of the nozzle temperature. For Ha(Ds),
w(j) is equal to 1/4(2/3) for even j values, and 3/4(1/3) for odd j values.
In the Equations 2.43 and 2.44, the experimental rotational distribu-
tions can be described by a rotational temperature T}, which is assumed
to be lower than the nozzle temperature (T,,+ = 0.87},) [66, 67]. Once the
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monoenergetic reaction probabilities have been computed, one can compute
reaction probabilities convoluted over the incidence energy or velocity dis-
tribution of the experimental molecular beam, according to the expression
[68] :
V=00
fyizo f(Vi; Tn)Pmono(Ei; Tn)dvz
Jo2o” f v Tn)dog 7

where E; = 1/2Mv?2, v; being the velocity of the molecule, and f(v;; T,,) the
flux weighted velocity distribution for a nozzle temperature 7T;, given by:

Pbeam(Tn) - (245)

f(vi; T dv; = Cvdexp|—(v; — v5)? /o] dv;. (2.46)

In this equation, C' is a constant and T,, is the nozzle temperature used in
the corresponding molecular beam experiment. Furthermore, the parameter
v, is the stream velocity and « is the parameter that characterizes the width
of the velocity distribution. Note that the parameters C', vs and a again
parametrically depend on the nozzle temperature. The parameters can be
obtained by fitting the experimental time-of-flight (TOF) spectra, using the
Levenberg-Marquardt algorithm [69], to

G(t;Tn) = ¢1 + ca.vtexp[—(v — vs /), (2.47)

where ¢ and ¢y are constants. In Equation 2.47, v is taken as L/t where L
is the lenghth of the flight path.

Vibrational efficacy

The vibrational efficacy is used to investigate how efficiently vibrational
energy can be used to promote reaction relative to translational energy. It
can be computed by

B (P) — B (P)

v P) = N AN
7 ( ) Evib(l/: 17]) _Evib(’/: 07.7)

(2.48)

where Fy;,(v, 7) is the vibrational energy corresponding to a particular state
of the gas-phase molecule and E; o (P) is the incidence energy at which the
the initial state-resolved reaction probability becomes equal to P for Ho
(D2) initially in its (v,j) state. In evaluating Equation 2.48 j is typically
taken as 0.
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Diffraction probabilities

To study diffraction, a quantum phenomenon, quantum dynamics calcula-
tions should be performed. In the diffractive scattering process, the mo-
lecule’s translational momentum parallel to the surface can only change by
discrete amounts. In order to compare with the experimental diffraction
probabilities [70], as we will see in Chapter 6, the rovibrationally elastic
diffraction probabilities are computed by

an V]am] Pscat V]amj — v/ —V] —]7m n m) (2'49)

,Mb

where P, is the rovibrationally elastic probability for scattering into dif-
fraction state denoted by the n and m quantum numbers. These probabil-
ities are degeneracy averaged by

Pam(v,5) = ) (2= 6mj0) Pam (v, j,m;) /(25 + 1), (2.50)
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Abstract

Using semi-empirical density functional theory and the quasi-classical tra-
jectory (QCT) method, a specific reaction parameter (SRP) density func-
tional is developed for the dissociation of dihydrogen on Pt(111). The valid-
ity of the QCT method was established by showing that QCT calculations
on reaction of Dy with Pt(111) closely reproduce quantum dynamics res-
ults for reaction of Dg in its rovibrational ground state. With the SRP
functional, QCT calculations reproduce experimental data on Do sticking
to Pt(111) at normal and off-normal incidence with chemical accuracy. The
dissociation of dihydrogen on Pt(111) is non-activated, exhibiting a min-
imum barrier height of -8 meV.

3.1 Introduction

The availability of accurate barriers for reactions of molecules on metal sur-
faces is of central importance to chemistry. Catalysis is used to make more
than 80% of the chemicals produced worldwide [1], and the accurate calcu-
lation of the rate of a heterogeneously catalyzed process requires accurate
barriers for the elementary surface reactions involved [2]. This is espe-
cially true for the rate controlling steps [3, 4], which often are dissociative
chemisorption reactions.

Chemistry would thus benefit enormously from the availability of im-
plementations of first principles methods that would enable the chemically
accurate (i.e., to within 1 kcal/mol) calculation of barriers for reactions of
molecules with metal surfaces. However, presently such implementations
do not yet exist [5]. Also, density functional theory (DFT) using function-
als at the gradient approximation (GA) or meta-GA level, which can be
used to map out potential energy surfaces (PESs) for molecules interacting
with metals, is not yet capable of predicting reaction barriers for gas-phase
reactions with chemical accuracy [6]. This accuracy problem of DFT is
reflected in the limited accuracy with which absolute rates of heterogen-
eously catalyzed processes over model catalysts can now be computed with
empirically optimized density functionals (e.g., 2 orders of magnitude for
ammonia production over Ru catalysts [7]).
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Currently, the most viable route to chemically accurate barriers for mo-
lecules with metal surfaces uses implementations [8, 9] of specific reaction
parameter DFT (SRP—DFT [10]). In this semi-empirical version of DFT,
usually a single adjustable parameter in the density functional is fitted to
reproduce an experiment that is particularly sensitive to the reaction barrier
height for the specific system considered. Next, the quality of the functional
is tested by checking that the candidate SRP density functional for the sys-
tem also reproduces other experiments on the same system, which differ
from the experiment the functional was fitted to in a non-trivial way [8,
9]. Using SRP—DFT we have recently started with an effort to develop a
database of chemically accurate barriers for molecules reacting with metals,
which can be used to benchmark implementations of first principles meth-
ods with a claim to chemical accuracy. This database now contains data
for Hy + Cu(111) [8], Hy + Cu(100) [11], and CH4 + Ni(111) [9].

The goal of this chapter is to extend the development of SRP density
functionals, and the database, with a result for a weakly activated disso-
ciative chemisorption reaction of Hy with a transition metal surface. For
this, we have selected the Hy + Pt(111) system. Reasons for selecting this
system are that Pt is an important hydrogenation catalyst [12], and that the
interaction of Hy with Pt(111) and other Pt surfaces has been investigated
in a number of experimental [13-21] and theoretical [18, 22-29] studies.

Here, we fit an SRP density functional for Hy + Pt(111) to dissociative
chemisorption probabilities for Do + Pt(111) obtained from molecular beam
measurements performed at normal incidence by Luntz et al. [15]. The
quality of the functional is confirmed by showing that the functional also
allows reaction probabilities to be reproduced with chemical accuracy for
experiments performed at off-normal incidence [15]. This is a non-trivial
result, as the reaction probability for Do + Pt(111) does not obey normal
energy scaling [15], i.e., it also depends on the component of the incidence
energy parallel to the surface. This dependence arises from a particular type
of correlation between the height of the barriers and their distance to the
surface [23], the lowest barrier being furthest from the surface [25]. In view
of the successes previously achieved for systems exhibiting a van der Waals
well affecting the reactivity [9, 30], we adopt a SRP density functional in
which the correlation functional [31] allows at least a qualitatively accurate
description of the attractive part of the van der Waals interaction. The
PBE« exchange functional [32] was adopted, which allows one not only to
interpolate between the well-known RPBE [33] and PBE [34] functionals,
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but also between PBE and a functional approximating the Wu-Cohen (WC)
functional [35], which turned out to be important for the present case.

This chapter is set up as follows. In Section 3.2.1 we describe the dy-
namical model we used, and in Section 3.2.2 how the PES for Hy + Pt(111)
was obtained. Section 3.2.3 describes the dynamics methods employed, and
Section 3.2.4 gives computational details. Section 3.3.1 describes the PES
obtained with the SRP density functional. Section 3.3.2 considers the accur-
acy of the QCT method [36] with the PES employed, and the accuracy that
might be achieved by performing dynamics calculations only for the rovi-
brational ground state of Do, rather than performing a complete molecular
beam simulation. In Section 3.3.3 we discuss how a candidate SRP density
functional was derived for Hy + Pt(111) through comparison to normal in-
cidence data. In Section 3.3.4 we confirm the quality of the SRP functional
through comparison of calculated sticking probabilities with experiments
performed for off-normal incidence. Section 3.4 presents our conclusions
and a brief outlook.

3.2 Method

3.2.1 Dynamical model

The calculations use the so-called Born-Oppenheimer static surface (BOSS)
model [8]. As discussed in for instance Ref. [29], this model allows accurate
calculations on reactive scattering of Hs from metal surfaces. With the
model, the calculation of reaction probabilities is split in two parts: First,
the PES is calculated (Section 3.2.2), and next the PES is used in dynamics
calculations (Section 3.2.3). In the PES and the dynamics calculations,
only the six molecular degrees of freedom of the Hy molecule are taken into
account. The coordinates to describe the motion of the molecule are shown
in Figure 3.1 (a).

3.2.2 Calculation of the PES

The ground state PES was calculated using DFT. The exchange-correlation
(XC) functional used to compute the PES may be written as

EXC — E)IEBEQ +EgdW_DF2, (31)
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Figure 3.1: (a) The center of mass coordinate system used for the description
of the Hy molecule relative to the static Pt(111) surface. (b) The surface unit
cell and the sites considered for the Pt(111) surface, and the relationship
with the coordinate system chosen for Hs relative to Pt(111). The origin
(X,Y,Z) = (0,0,0) of the center of mass coordinates is located in the
surface plane at a top site. Polar and azimuthal angles 6 and ¢ are chosen
such that (6 = 90°, ¢ = 0°) corresponds to molecules parallel to the surface
along the X (or equivalently U) direction.

i.e., we use the PBEa exchange functional [32], with « being the adjustable
parameter, and the van der Waals DF2 functional of Langreth and Lun-
dqvist and co-workers [31]. With the choice @ = 1 the PBEa functional
corresponds [32] to the PBE functional [34], while for @« — oo the PBE«
functional corresponds [32] to the RPBE functional [33]. For a = 0.52 a
functional is obtained that closely resembles [32] the WC functional that
performs well in solid state calculations [35]. The use of PBE«a in semi-
empirical applications would seem to be especially advantageous if inter-
polation is required between PBE and a less repulsive exchange functional;
if the goal is to interpolate between PBE and RPBE exchange we suggest
using a weighted average of these two [9, 37], as using @ — oo in PBE« to
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obtain the RPBE limit is a bit awkward for this purpose.

To obtain a global expression for the PES, the accurate corrugation
reducing procedure (CRP) [38] was used to interpolate points calculated on
a grid with DFT. The procedure used is exactly the same as used in Ref. [29].
The p3m1 plane group symmetry [39] associated with the Pt(111) surface
was used.

3.2.3 Dynamics calculations of reaction probabilities

Reaction probabilities were calculated for the (v = 0, j = 0) state of Dy with
the time-dependent wave packet (TDWP) method [40] in an implementa-
tion for dihydrogen scattering from surfaces with hexagonal symmetry that
is fully described in Ref. [25]. Dissociation probabilities of Do colliding with
Pt(111) for comparison with molecular beam experiments on the same sys-
tem [15] were calculated with the QCT method [36] in an implementation
described in Ref. [29]. Earlier calculations predicted that even for the lighter
Hs molecule the QCT method yields dissociative chemisorption probabil-
ities for hydrogen dissociation on Pt(111) that are in excellent agreement
with quantum dynamics results [24]. For the best comparison with exper-
iments, the calculations include Monte-Carlo averaging over the velocity
distributions of the hydrogen beams, and Boltzmann averaging over the
rovibrational states of hydrogen, as fully described in Ref. [29]. An import-
ant assumption made in our calculations is that the molecular beams used
in the experiments of Luntz et al. [15] are quite similar to hydrogen beams
produced in experiments of Juurlink and co-workers [41], and we used the
beam parameters presented in table 3 of Ref. [30] to simulate Dy beams in
our work on the basis of this assumption.

3.2.4 Computational details

The DFT calculations were performed with the VASP (version 5.2.12) pro-
gramme [42-44]. Standard projector augmented wave (PAW) potentials
[45] were used. First, the bulk fec lattice constant was determined in the
same manner as used previously for Hy + Au(111) [46], using a 20 x 20
x 20 I'—centered grid of k-points. With the optimized SRP density func-
tional (using o = 0.57, see Section 3.3 ) a lattice constant of 4.015 A was
obtained, in reasonable agreement with the experimental value of 3.91 A.
Next, a relaxed 5-layer slab was obtained, again in the same manner as
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used before for Hy + Au(111) [46], using a 20 x 20 x 1 I'—centered grid of
k-points. After having obtained the relaxed slab, single point calculations
were carried out on Hy + Pt(111), using a 9 x 9 x 1 I'—centered grid of
k-points, and a plane wave cut-off of 400 eV, in a super cell approach in
which 13 A of vacuum length was used for the spacing between the Pt(111)
slabs and a (2 x 2) surface unit cell. The grid of the points for which the
Hy + Pt(111) calculations were done, and other details of the calculations,
were taken the same as in Ref. [29]. The CRP PES was extrapolated to the
gas-phase potential of Hy in the same way as used in Ref. [29].

In the QCT calculation of dissociative chemisorption probabilities for
comparison with molecular beam experiments, 10000 trajectories were run
for each (v,j) state with the vibrational quantum number v < 3 and the
rotational quantum number j < 20. For each j, uniform sampling was
performed of the magnetic rotational quantum number m;. The centre-of-
mass of Hy was originally placed at Z = 9 A, with the velocity directed
towards the surface and sampled from appropriate velocity distributions for
D2 beams (see table 3 of Ref. [30]). The molecule is considered dissociated
once r > 2.25 A, and considered scattered once Z > 9 A. Other compu-
tational details of the QCT calculations are the same as in Ref. [29]. The
surface lattice constant (i.e., the nearest neighbor Pt—Pt distance) used in
the QCT calculations (and in the TDWP calculations) was taken as the
computed Pt lattice constant divided by v/2 (i.e., as 2.84 A).

In the TDWP calculations on (v = 0, j = 0) Dy + Pt(111), two sep-
arate wave packet calculations were performed to cover the collision energy
range FE; = 0.05 — 0.55 eV. This procedure avoids problems that may arise
from the interaction of the low energy components of the wave packet with
optical potentials if only one broad wave packet is used to cover a very large
translational energy range. The input parameters we used in the TDWP
calculations are listed in table 3.1. Convergence tests carried out suggest
that, with the use of these parameters, the reaction probabilities computed
for (v =0, j = 0) Dy are converged to within better than 2 % of their values
(i.e., relative errors < 2 %).
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Table 3.2: Barrier heights (E}), the distance to the surface of the barrier
(Z), and the H—H distance at the barrier (ry, in A) are given for four
different dissociation geometries defined by the impact site and the angle ¢
(see Figure 3.1), for dissociation of Hy over Pt(111) with Hy parallel to the
surface (0 = 90°). The results have been obtained with the PBEa-vdW-
DF2 functional with @ = 0.57. For the top site, results are given for two
barrier geometries. The Ej values in brackets correspond to the 6D PES
computed with the Becke-Perdew functional (see Ref. [25]).

site ¢ (degrees) E (eV) rp, (A) Zp (A)
top, early 0 -0.008 (0.06) 0.769 2.202
top, late 0 -0.055 1.096 1.549
bridge 0 0.275 (0.27)  0.837 1.777
hep 30 0.462 (0.42) 0.874  1.586
t2h 120 0.200 (0.20) 0.837  1.679

3.3 Results and discussion

3.3.1 Potential energy surface

Two-dimensional cuts (so-called elbow plots) through the PES used in the
dynamics calculations on He 4+ Pt(111) are shown in Figure 3.2, in all
cases for Hy oriented parallel to the surface. ~ With the optimized SRP
density functional (using o = 0.57, see Section 3.3.3), the dissociation is
non-activated in the sense that the transition state has an energy that is
8 meV below the gas-phase minimum energy of Hy (the early barrier for
dissociation above the top site, see also table 3.2, which lists the geomet-
ries and barrier heights corresponding to the results shown in Figure 3.2).
With the functional used, the barrier height (FEj) shows a larger energetic
corrugation (7.e., a greater variation with impact site) than previously ob-
tained with the Becke-Perdew functional (Ref. [25] and references therein).
This is what should be expected for a functional accurately describing the
experiments on dissociative chemisorption of Dy on Pt(111) [15] , as the
previously computed sticking probability vs. incident translational energy
curve was too steep [18, 24]. Note that previous experience with Ho-metal
systems suggests that the use of Lundqvist-Langreth van der Waals cor-
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Potential (eV)

Figure 3.2: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Pt(111)
PES computed with the PBEa-vdW-DF2 functional with @ = 0.57, and
interpolated with the CRP method for four high symmetry configurations
with the molecular axis parallel to the surface (f = 90°), for (a) the top site
and ¢ = 0°, (b) the hep site and ¢ = 30°, (¢) the bridge site and ¢ = 0°
(bridge-to-top), and (d) the t2h site and ¢ = 120° (see also Figure 3.1).
Barrier geometries are indicated with white circles, and the corresponding
barrier heights are given in table 3.2.
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Figure 3.3: The potential for Hy + Pt(111) is shown as a function of the
molecule-surface distance, for r = r, after averaging over the four remaining

molecular degrees of freedom. The results are for the PES computed with
the PBEa-vdW-DF2 functional with o = 0.57.

relation functionals, as employed here, yield PESs with larger energetic
corrugation than ordinary generalized gradient approximation (GGA) cor-
relation functionals [29, 30].

Figure 3.3 shows a plot of the potential at r = r., after averaging over
X,Y,0, and ¢, with . being the minimum H—H distance of gas-phase Ho.
This averaged potential curve shows a van der Waals minimum well depth
of 72 meV, in excellent agreement with the range of values found in experi-
ments (i.e., 55 meV [14, 18], and 76 meV [47]). Getting the van der Waals
attractive interaction right may be important to obtaining a correct value
for the energy of the "early" transition state (which occurs at Z = 2.2 A,
see table 3.2 ) and is probably also important to the calculation of probab-
ilities for diffractive scattering, for which detailed experimental results are
available [18] (see also Chapter 6).
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3.3.2 Quantum vs. quasi-classical dynamics, and the
importance of simulating the molecular beam

Figure 3.4 (a) shows a comparison of reaction probabilities computed for Dg
in its initial (v = 0, j = 0) state for specific incidence energies with quantum
dynamics and with quasi-classical dynamics. The calculations used the
optimized SRP density functional (i.e., with o = 0.57, see Section 3.3.3).
Even in the absence of averaging over initial rovibrational states and over
the distribution of energies, as would be appropriate for comparisons with
molecular beam experiments, the quantum and QCT results are in excellent
agreement with one another. In the following, we will therefore use the QCT
method to compute sticking probabilities for comparison to the molecular
beam experiments of Luntz et al. [15].

Figure 3.4 (b) shows a comparison of reaction probabilities computed
with the QCT method for Dy in its initial (v = 0, j7 = 0) state for specific
incidence energies with QCT results obtained with full averaging over the
rovibrational state populations and velocity distributions that are typical
for molecular beam experiments using pure Do beams [30, 41]. The com-
parison of Figure 3.4 (b) suggests that it should not really be necessary to
take the effect of the velocity distribution and the rovibrational state dis-
tribution into account, in broad agreement with an earlier theoretical study
of Hy + Pt(111) [27]. This is in sharp contrast with findings for the highly
activated Hy + Cu(111) reaction [8, 48]; for this system, taking into account
the velocity distribution is necessary for accurate results, because the react-
ivity may come entirely from incidence energies above the average incidence
energy of the beam, and above the high reaction threshold. Even though
taking into account the beam conditions should be much less important
for Dy 4+ Pt(111), in the following we will always represent computational
results with full averaging over the incidence energy and rovibrational state
population of the Dy beams, to obtain the best possible comparison with
the molecular beam experiments of Luntz et al. [15].

3.3.3 Fit of the SRP density functional to molecular beam
data for normal incidence

Before the SRP functional for Hy + Pt(111) could be fit, a choice had
to be made concerning which experimental dataset for normal incidence
theoretical results should be compared with. In the literature at the time
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Figure 3.4: (a) Dissociation probabilities computed for (v = 0,5 = 0) Dy +
Pt(111) with quantum dynamics and with the QCT method are shown as a
function of the collision energy, for normal incidence. The results are com-
pared with sticking probabilities measured for Dy + Pt(111) [15] and shown
as a function of average incidence energy. (b) Dissociation probabilities
computed for (v =0, j =0) Dy + Pt(111) with the QCT method for spe-
cific collision energies are compared with sticking probabilities computed for
Dy + Pt(111) with full averaging over the rovibrational state populations
and velocity distributions of typical molecular beams of pure Ds.
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our research was performed, two sets of molecular beam data were available
for dihydrogen normally incident on Pt(111), i.e., those of Luntz et al. [15]
and those of Samson et al. [16]. The work of Luntz et al. focused on
the dihydrogen + Pt(111) system, looking at the effects of the angle of
incidence 8;, surface temperature T, isotopic mass, and nozzle temperature
T, in great detail, and producing data for Dy + Pt(111) at Ts = 300 K
for a large range of incidence energies E; by also using seeding of Dy in
H, to achieve high E;. In contrast, Samson et al. only published data for
Do + Pt(111) for normal incidence, for one value of Ts (150 K), for the
more limited range of E; available with pure Do beams only, in a paper
focused on how alloying varying amounts of Sn into the surface affects the
sticking. Furthermore, Luntz et al. explicitly stated that their "incidence
energies' (labeled E; in their work) were energy averaged over the TOF!
distribution of the beams they used, whereas Samson et al. simply assumed
that the average incidence energy (which we will label as (E;) ) is given
by (E;) = 2.75 kgT,,. For these reasons, we have chosen to fit our SRP
functional to the normal incidence data of Luntz et al., assuming that these
would represent the most accurate dataset.

The assumption that the dataset of Luntz et al. is best for benchmarking
purposes is important. Although Samson et al. stated that their Dy +
Pt(111) data closely reproduce the prior results of Luntz et al., plotting
the datasets together reveals that the data of Samson et al. are displaced
along the energy axis by 1 to 1.5 kcal/mol relative to the Luntz et al.
data, towards higher energies (not shown in this chapter). The data of
Samson et al. therefore suggest a somewhat less reactive surface. If our
assumption is incorrect, or if our interpretation of the meaning of (E;) in
the experiments of Luntz et al. would be incorrect (we obtain the average
by averaging incidence energy over the flux weighted velocity distribution
given by equation 3 in the Supporting Information to Ref. [8]) this should
be reflected in the accuracy of the extracted SRP functional and minimum
barrier height. Problems with the interpretation of results of molecular
beam experiments due to lacking or incomplete specification of the velocity
distributions have hampered efforts to obtain accurate SRP functionals and
benchmark data before [49]. However, the problem noted here for Hy +
Pt(111) is not as severe as for Hy + Pd(111) [49]. See also Chapter 6 for a
detailed discussion of the experiments of the two different groups, and the

Ytime-of-flight
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quality of the SRP functional in describing these experiments.

To obtain an SRP functional, first tests were performed combining the
PBE functional for exchange [34] with the Lundqvist-Langreth functional
of Dion et al. (vdW-DF1) [50]. With this functional, the van der Waals
well was too deep compared with experimental results, and the computed
reaction probabilities were shifted to too high energies and did not exhibit
chemical accuracy (results not shown). For these reasons, we switched to
the improved Lundqvist-Langreth functional of Lee et al. (vdW-DF2) [31],
and to the PBE« functional [32], adjusting a by trial and error to obtain
agreement with the sticking experiments of Luntz et al. [15]. By choosing
a = 0.57, agreement with the experiments for normal incidence could be
obtained to within chemical accuracy, by which we mean that the computed
sticking probabilities are displaced along the energy axis from the interpol-
ated experimental curve by no more than 1 kcal/mol (see Figure 3.5). The
resulting SRP—DFT PES shows a minimum barrier height of -8 meV (= 1
kJ/mol), suggesting the reaction to be non-activated if the molecule hits the
surface at the right site (the top site, see table 3.2). The "activated appear-
ance" of the reaction probability curve comes from the molecule also hitting
the surface at other impact sites and orientations for which higher barri-
ers are encountered (see for instance table 3.2 and Figure 3.2), as already
suggested by Luntz et al. at the time of their work [15].

3.3.4 Confirming the quality of the SRP density functional
by comparison to molecular beam data for off-normal
incidence

Strictly speaking, the functional obtained in Section 3.3.4 is, at this stage,
only a "candidate SRP functional": to become an SRP functional, dynam-
ics calculations with the functional should also be able to reproduce other
experiments on the same system, which differ from the experiments the
functional was fit to in a non-trivial way [8, 9]. For this, we chose to
use the datasets obtained by Luntz et al. for off-normal incidence [15].
For Hy + Pt(111) more recent, detailed data on molecular diffraction are
also available [18], but recent work on Hy + Ru(0001) suggests that accur-
ately reproducing diffraction data is fraught with difficulties [30] (see also
Chapter 6). This is most likely related to the need to extrapolate the ex-
perimental data to a low temperature or even static surface regime using
Debye-Waller attenuation, or to simulate the effect of surface temperature
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Figure 3.5: Reaction probabilities computed for Dy + Pt(111) with the SRP
density functional (see text) are shown as a function of (E;), comparing
to the molecular beam results of Luntz et al. [15]. The results are for
normal incidence. The arrows and accompanying numbers show the collision
energy spacing (in kJ/mol, 1 kcal/mol ~ 4.2 kJ/mol) between the computed
sticking probabilities and the interpolated experimental sticking probability
data (green circles).

in accurate quantum dynamics calculations [30].

Reaction probabilities computed for 6; = 30° and 45° agree with the
experimental values to within chemical accuracy (Figure 3.6). Larger dis-
placements than 1 kcal/mol of the computed reaction probabilities from
the interpolated experimental sticking curve are observed for 8; = 60°, but
we argue that for this large an incidence angle our operational definition
of chemical accuracy may not be appropriate. The slope of the measured
sticking curve as a function of total incidence energy is small, so that a
small error in the measured reaction probability could have a large effect
on the energy displacement of the computed reaction probability to the in-
terpolated experimental curve. In this context, we note that error bars on
the measured sticking probabilities were lacking [15]. In view of the positive
results for 6; = 30° and 45°, we argue that our PBEa-vdW-DF2 functional
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Figure 3.6: Reaction probabilities computed for Dy + Pt(111) with the SRP
density functional (see text) are shown as a function of , comparing to the
molecular beam results of Luntz et al. [15]. The results are for off-normal
incidence at the indicated incidence angles 6; of 30°, 45° and 60°, along the
(11-2) incidence direction. The arrows and accompanying numbers show the
collision energy spacing (in kJ/mol, 1 kcal/mol ~ 4.2 kJ/mol) between the
computed sticking probabilities and the interpolated experimental sticking
probability data (green circles).

is an SRP functional for Hy + Pt(111), and that the minimum barrier data
(and the barriers obtained for other impact sites shown in table 3.2) can
be used for benchmark purposes, i.e., they can be included in an emerging
database with chemically accurate barriers for molecules interacting with
transition metals [5].

Luntz et al. did not specify the incidence plane used in their experiments
on off-normal incidence [15]. The computed data shown in Figure 3.6 are
for incidence along the (11 — 2) direction, which corresponds to the vector
bisecting the U and V vectors in Figure 3.1. However, for incidence along
the (10 — 1) direction (corresponding to the direction of U in Figure 3.1),
the computed sticking probabilities closely reproduce the values computed
for the (11 — 2) direction, and they likewise reproduce the experimental
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data, for §; = 30° and 45° (not shown). For §; = 60° and incidence along
the (10 — 1) direction, the computed sticking probabilities do not quite re-
produce the values computed for the (11 — 2) direction (in agreement with
earlier theoretical work on Hy + Pt(111) [25]), but the result that for this
incidence direction and large angle the computed data do not reproduce
the experiments with chemical accuracy is also obtained for the (10 — 1)
direction.

3.4 Conclusions and outlook

We have obtained an SRP density functional for Hy + Pt(111) by adjusting
the a parameter in the PBEa-vdW-DF2 functional until reaction prob-
abilities computed with the QCT method reproduced sticking probabilities
measured for normally incident Do with chemical accuracy. In the QCT cal-
culations, the rovibrational state populations and the velocity distributions
of the incident beams were taken into account. Also, the appropriateness
of the use of the QCT method for the purpose of accurately calculating
reaction probabilities for Dy + Pt(111) was established by a comparison
with quantum dynamics calculations for the initial (v = 0, j = 0) state of
Ds. The quality of the SRP functional was confirmed by showing that QCT
calculations using the functional also reproduced data for off-normal incid-
ence for 6; = 30° and 45°, for which the computed reaction probabilities
show no dependence on the plane of incidence. The minimum barrier height
obtained for the reaction is -8 meV, in agreement with the experimental ob-
servation of no, or only a small energetic threshold to reaction [15]. This
value can be entered into a small [5], but growing [9] database with barriers
of reactions of molecules with metal surfaces, for which chemical accuracy
is claimed.

Our conclusion depends on the assumption that the data of Luntz et al.
are accurate and the validity of our interpretation of the average incid-
ence energy in their experiments [15] (see Section 3.3.3). To confirm this,
accurate new experiments on reaction of Hy or Dy with Pt(111) for vary-
ing incidence angles and well-defined molecular beam velocity distributions
and incidence plane would be welcomed. Experiments that were done [51]
after the research presented in this chapter only suggested small differences
between reaction probabilities measured for the (10 —1) and (11 — 1) incid-
ence directions and 6; = 50°.
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Future computational work could address the question of how the dy-
namical model may have to be extended to accurately reproduce the de-
tailed molecular diffraction data available for Ho + Pt(111) [18] (see also
Chapter 6). Once such a model is available it could be used in further tests
of the SRP density functional for Hy + Pt(111) by comparison to these data,
and in tests of the candidate SRP density functional for Hy + Ru(0001),
for which detailed diffraction data are also available [30]. We also suggest
that the SRP functional be used to model data on the reaction of Hy with
stepped Pt surfaces [20, 21], to check whether SRP functionals developed
for a low index transition metal surface exhibit transferability to systems in
which the same molecule interacts with a vicinal or stepped surface of that
metal. This question will be considered for Pt(211) in Chapter 5.
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Abstract

The accurate description of the dissociative chemisorption of a molecule on
a metal surface requires a chemically accurate description of the molecule-
surface interaction. Previously, it was shown that the specific reaction
parameter approach to density functional theory (SRP—DFT) enables ac-
curate descriptions of the reaction of dihydrogen with metal surfaces in,
for instance Hy + Pt(111), Ho + Cu(111) and Hy 4+ Cu(100). SRP—DFT
likewise allowed a chemically accurate description of dissociation of meth-
ane on Ni(111) and Pt(111), and the SRP functional for CHs + Ni(111)
was transferable to CHy + Pt(111), where Ni and Pt belong to the same
group. Here we investigate whether the SRP density functional derived
for Hy + Cu(111) also gives chemically accurate results for Ho + Ag(111),
where Ag belongs to the same group as Cu. To do this, we have performed
quasi-classical trajectory calculations using the six-dimensional PES of Ho +
Ag(111) within the Born-Oppenheimer static surface approximation. The
computed reaction probabilities are compared with both state-resolved as-
sociative desorption and molecular beam sticking experiments. Our results
do not yet show transferability, as the computed sticking probabilities and
initial-state selected reaction probabilities are shifted relative to experiment
to higher energies by about 2.0—2.3 kcal/mol. The lack of transferability
may be due to the different character of the SRP functionals for Hy 4+ Cu
and CHy + group 10 metals, the latter containing a van der Waals correla-
tion functional and the former not.

4.1 Introduction

The benchmark system of Ho interacting with a metal surface is very im-
portant to understand and accurately model elementary reactions on metal
surfaces. This is relevant to heterogeneous catalysis, which is employed in
the majority of reactive processes in the chemical industry [1]. Breaking
heterogeneously catalyzed processes into elementary steps is one way to de-
scribe them. Dissociative chemisorption, in which a bond in the molecule
impacting on a surface is broken and two new chemical bonds are formed by
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the fragments to the surface, is an elementary and often the rate-limiting
step [2, 3], for example in ammonia synthesis [4].

It is essential to have an accurate potential energy surface (PES) and ob-
tain an accurate barrier for the reaction to accurately perform calculations
on dissociation of a molecule on a surface. Although there is no direct way
to measure barrier heights experimentally, a close comparison of molecu-
lar beam experiments and dynamics calculations reproducing the reaction
probabilities may enable this determination to within chemical accuracy (1
kcal/mol) [5, 6].

The most efficient electronic structure method to compute the interac-
tion of a molecule with a metal surface is density functional theory (DFT).
However, there are limitations to the accuracy of the exchange-correlation
(XC) functional, where the XC functional is usually taken at the generalized
gradient approximation (GGA) [6] level. For barriers of gas phase reactions,
it has been shown that mean absolute errors of GGA functionals are greater
than 3 kcal/mol [7]. To address the problem of the accuracy with DFT,
an implementation of the specific reaction parameter approach to DFT
(SRP—DFT) was proposed [5]. Fitting of a single adjustable parameter
of this semi-empirical version of the XC functional to a set of experimental
data for a molecule interacting with a surface may allow the production of
an accurate PES [6]. The quality of the derived XC functional is tested by
checking that this XC-functional is also able to reproduce other experiments
on the same system, to which it was not fitted [5, 6]. The SRP—DFT meth-
odology has provided the possibility to develop a database of chemically
accurate barriers for molecules reacting on metal surfaces. Results are now
available for Hy + Cu(111) [5, 6], Hy + Cu(100) [6, 8], Hy + Pt(111) [9],
CH4 + Ni(111) [10], CH4 + Pt(111) and CH4 + Pt(211) [11]. However, this
effort is at an early stage and demands more efforts to extend the database.

In a previous study, it was shown that the SRP—DFT XC functional can
be transferable among systems in which one molecule interacts with metals
from the same group in the periodic table. Nattino et al. [10] demonstrated
the accurate description of dissociation of methane on Ni(111) with an SRP
functional. Migliorini et al. [11] showed the transferability of the derived
SRP functional for this system to the methane + Pt(111) system.

The goal of this chapter is to check the transferability of the SRP48
functional [12] for Hy + Cu(111) to a system in which Hy interacts with
a (111) surface of another group 11 element. The SRP48 functional was
selected to investigate whether it would allow a chemically accurate de-
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scription of the dissociative adsorption of Dy on the (111) surface of silver,
as it yields a chemically accurate description of a range of experiments
on Hy/Dg + Cu(111) [12]. A previous study using the SRP48 functional
computed initial-state selected reaction probabilities for Ho + Au(111) us-
ing quasi-classical dynamics [13]. Subsequent associative desorption experi-
ments experiments measured initial-state selected reaction probabilities that
were shifted to substantially lower translational energies [14]. These results
suggest that the SRP48 functional is not transferable from Hy + Cu(111)
to Ho + Au(111). The experimentalists also suggested that the dissoci-
ation of Hy on Au(111) should be affected by electron-hole pair excitation.
However, molecular beam sticking experiments are not yet available for the
Hy + Au(111) system.

Here quasi-classical trajectory (QCT) [15] calculations are performed
using a Hy + Ag(111) PES based on DFT calculations with the SRP48 func-
tional. Comparison is made with available molecular beam experiments and
associative desorption experiments to evaluate the accuracy of the SRP DF
extracted for Hy + Cu(111) for the Hy + Ag(111) system. Our calculations
used the Born-Oppenheimer static surface (BOSS) model, in which non-
adiabatic effects, i.e., electron-hole pair excitations, and phonon inelastic
scattering were neglected. The recent theoretical study of the Ho—Ag(111)
system by Maurer et al. [16] has provided evidence for a strong mode de-
pendence of nonadiabatic energy loss, with loss especially occurring along
the Hy bond stretch coordinate. However, work performed after the re-
search in this chapter was published suggests that the sticking curve should
shift upward in energy by less than 0.5 kcal/mol due to electron-hole pair
excitation [17]. Moreover, for a variety of chemical reactions on surfaces,
chemicurrents have been observed due to the nonadiabaticity in the recom-
bination reaction, leading to transfer of energy to the substrate electronic
degrees of freedom [18-20].

Despite the experimental and the latest theoretical evidence, most of the
theoretical works based on a purely adiabatic approximation can accurately
describe the reactive and non-reactive scattering of Ho from metal surfaces
and dissociation on surfaces such as Cu(111) [5] and Ru(0001) [21]. Further-
more, a study on Hy/Pt(111) using a single PES has shown that employing
the Born-Oppenheimer (BO) approximation, i.e. neglecting electron-hole
pair excitations, could describe both reaction and diffractive scattering [22].
Based on these studies, it has been suggested that the BO approximation is
reliable enough to accurately describe Hy reaction on and scattering from
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metal surfaces. This expectation is born out by theoretical studies that have
directly addressed the effect of electron-hole pair excitation on reaction of
Hs on metal surfaces using electron friction, and have without exception
found the effect to be small [23-27].

The validity of the static surface approximation and the neglect of sur-
face motion and surface temperature have been discussed elsewhere (see
for instance Ref. [28]). Due to the large mass mismatch between Hy and
the surface atoms, and because molecular beam experiments are typically
performed for low surface temperatures, the static surface approximation
usually yields good results for activated sticking [9, 12, 29]. For associat-
ive desorption experiments, which tend to use high surface temperatures,
the width of the reaction probability curve may be underestimated with
the static surface approximation, but the curve should be centered on the
correct effective reaction barrier height [5, 29].

There have been a few studies on Hy + Ag(111). The studies showed
that the dissociative chemisorption of Hs on silver is highly activated and
does not proceed at room temperature [30-32]. The observation of dis-
sociative chemisorption of molecular Dy on Ag(111) was reported for the
first time by Hodgson and co-workers, using molecular beam scattering at
translational energies above 220 meV and nozzle temperatures above 940
K [33, 34]. They reported that the sticking coefficient of Dy to Ag(111) at
low incidence energy is very small. These experimental studies also sugges-
ted that the dissociative chemisorption of Hy /Dy on the Ag(111) surface is
an endothermic activated process. Furthermore, the sticking probability is
sensitive to the internal temperature, or state distribution, of the Dy beam.
Specifically, the population of highly vibrationally excited states enhances
the dissociative chemisorption probability. The molecular beam experi-
ments were able to measure sticking probabilities up to 0.02 for average
incidence energies up to about 0.48 eV using a pure Do beam. Achieving
higher incidence energies (up to 0.8 e€V) was possible, by seeding the Do
beam in Hy and using the King and Wells technique for detection [35], but
the experimentalists reported that the reaction could not be observed with
this technique [33, 34], indicating a Do sticking probability < 0.05 for ener-
gies up to 0.8 eV. Thus, the activation barrier for Dy (v = 0) dissociation
was reported to be > 0.8 eV [33].

Due to the large activation barrier height for dissociation of D2 on
Ag(111) surface, the adsorption process is not so accessible to experiment.
In this situation, recombinative desorption provides a useful method to in-
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vestigate the adsorption dynamics by employing the principle of detailed
balance [36-38]. Hodgson and co-workers measured the energy release into
translational motion for Dy recombinative desorption from Ag(111) for spe-
cific rovibrational Dy states and various surface temperatures. They found
that surface temperature can affect the form of the translational energy dis-
tribution and thereby the sticking probability curve, where it is derived by
applying detailed balance. At higher surface temperature, the energy dis-
tribution in recombinative desorption broadens. Therefore, the initial-state
selected sticking probability broadens with increasing surface temperature.
At the surface temperature of 570 K the translational energy distribution
for Hy/Dy (v = 0) [37, 38] becomes bimodal and shows a peak at high
translational energy. The large energy release in recombination is due to
the large activation barrier to the reverse process, i.e., direct activated dis-
sociation. At higher surface temperature, at low translational energy the
sticking probability increases rapidly with surface temperature and shows an
energy-independent behavior [38]. The sticking probability curves can be re-
produced using an error function at higher translational energies. However,
this model cannot reproduce the low energy tail of the sticking probability
curve, and describe the bimodal energy distribution. In this paper the focus
will be on the high energy tail of the reaction probability.

Jiang and Guo [39] examined the reactivity in the Ho—Ag(111) system.
They showed that the reactivity in this system is controlled not only by
the height of the reaction barrier but also by the topography of the PES
in the strongly interacting region. They reported a reaction barrier height
of 1.15 eV for Hy dissociation on Ag(111) using the PBE functional [40].
While they compared computed initial-state selected reaction probabilities
with results of associative desorption experiments, no comparison was made
with the molecular beam experiments of Hodgson and co-workers [33, 34].
For the associative desorption experiments, good agreement was reported
with the PBE theory at the higher incidence energies.

This chapter is organized as follows. Section 4.2.1 describes the dynam-
ical model, and Section 4.2.2 the construction of the PES. The dynamics
methods that are used here to study Hy + Ag(111) are explained in Sec-
tion 4.2.3. Section 4.2.4 describes how we calculate the observables. Sec-
tion 4.2.5 provides computational details. In Section 4.3 the results of the
calculations are shown and discussed. Section 4.3.1 describes the computed
PES, and Section 4.3.2 provides results on vibrationally inelastic scattering,
initial vibrational state selected reaction, and sticking in molecular beam
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experiments. Conclusions are provided in Section 4.4.

4.2 Method

4.2.1 Dynamical model

In our calculations, the BOSS model [5] is used. There are two approxim-
ations in this model. In the Born-Oppenheimer approximation, it is con-
sidered that the reaction occurs on the ground state PES and that electron-
hole pair excitation does not affect the reaction probability. The second
approximation is that the surface atoms are static and occupy their ideal,
relaxed 0 K lattice configuration positions at the (111) surface of the fcc
structure of the metal. As a result, motion in the six molecular degrees
of freedom is taken into account in our dynamical model. Figure 4.1 (a)
shows the coordinate system used for our study, and Figure 4.1 (b) shows
the surface unit cell for the Ag(111) surface and the symmetric sites relative
to the coordinates used for Hs.

4.2.2 Construction of potential energy surface

A full six-dimensional (6D) PES was constructed using DFT with the SRP48
functional being a weighted average of two functionals [12] (0.48 x RPBE
[41] + 0.52 x PBE [40]). The DFT procedure and the way the data are
interpolated are almost entirely the same as used before for Ho + Au(111)
[13]. Here we only describe the most important aspects and provide the few
details on which the present procedure differs from that used earlier.

For the interpolation of the 6D PES, in total 28 configurations were used,
spread over the 6 different sites on the surface unit cell indicated in Figure
4.1 (b). The accurate corrugation reducing procedure (CRP) method [42]
was used to interpolate DFT data, which were computed on grids of points.
All our calculations were carried out for interatomic distances r in the range
0.3—2.3 A. The low starting value of  was needed because high initial
vibrational states are involved in the Boltzmann sampling of the molecular
beam simulations. We extended the H—H distance to a lower bound than
used for Hy + Au(111) [13] to guarantee the accurate calculation of higher
vibrationally excited states (see below). In all other aspects the procedure
followed to produce the DFT data on grids of points and to interpolate the
points with the CRP is entirely analogous to that used earlier for Hy +
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@ (b)

Figure 4.1:  (a) The coordinate system used to describe the Ha molecule
relative to the static Ag(111) surface. (b) Top view of the surface unit cell
and the sites considered for the Ag(111) surface. The center of mass (of Hs)
coordinate system is centered on a top site (a surface atom). The hcp site
corresponds to a second layer atom and the fcc site to a third layer atom.

Au(111). For more detailed information, the reader is referred to Refs. [13]
and [21]. In the interpolation procedure to obtain the PES from DFT data
on the six sites in Figure 4.1 (b), the p3ml plane group symmetry [43] is
used. Tests to confirm the accuracy of the interpolation for additional DFT
data not included in the interpolation data set were done and confirmed the
quality of the procedure. As a check on the accuracy of the PES, we compare
two different DFT data sets, which were not used in the construction of the
PES, with the corresponding CRP interpolated values. In method 1, 300
geometries of Hy + Ag(111) were selected completely at random, with the
only restrictions being 0.3 A < r <23 A and 0.25 A < Z <40 A.
In method 2 only dynamically relevant points in the barrier region were
selected: 300 randomly selected points were taken from QCT calculations,



CHAPTER 4. TEST OF THE TRANSFERABILITY OF THE
SPECIFIC REACTION PARAMETER FUNCTIONAL FOR
94 Hy + CU(111) TO Dy + AG(111)

from 10* trajectories, a further restriction being 0.7 A <r < 2.3 A and 0.9
A < Z < 3.5 A. (For more details we refer the reader to Ref. [44].)

4.2.3 Dynamics methods
Quasi-classical dynamics

The QCT method [15] was used to compute dynamical observables, so that
the initial zero-point-energy (ZPE) of Hy is taken into account. To calcu-
late the initial state resolved reaction probabilities, the molecule is initially
placed at Z = 7 A with a velocity normal towards the surface that corres-
ponds to the specific initial incidence energy. To obtain accurate results,
for each computed point on the reaction probability curves at least 10
trajectories were calculated; more trajectories were computed to obtain a
sufficiently small error bar for low sticking probabilities. In all cases the
maximum propagation time was 2 ps. The method of Stoer and Bulirsh
[45] was used to propagate the equations of motion.

The Fourier grid Hamiltonian (FGH) method [46] was used to determ-
ine the bound state rotational-vibrational eigenvalues and eigenstates of
gas-phase Hy by solving the time-independent Schrodinger equation. This
method was used to compute the rovibrational levels of the hydrogen mo-
lecule in the gas phase. Other initial conditions are randomly chosen. The
orientation of the molecule, 6, and ¢, is chosen also based on the selection
of the initial rotational state. The magnitude of the classical initial an-
gular momentum is fixed by L = /j(j + 1)/h, and its orientation, while
constrained by cos©p = m;//j(j + 1), is otherwise randomly chosen as
described in [13, 21]. Here, j is the rotational quantum number, m; is the
magnetic rotational quantum number and Oy, is the angle between the angu-
lar momentum vector and the surface normal. The impact sites are chosen
at random. The amount of vibrational energy corresponding to a particular
vibrational and rotational level is initially given to the Hs molecule. The
bond distance and the vibrational velocity of the molecule are randomly
sampled from a one-dimensional quasi-classical dynamics calculation of a
vibrating Hy molecule for the corresponding vibrational energy [13].

Quantum dynamics

For quantum dynamics (QD) calculations the time-dependent wave packet
(TDWP) method was used [47, 48]. To represent the wave packet in Z,r, X
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and Y, a discrete variable representation (DVR) [49] was used . To represent
the angular wave function a finite base representation (FBR) was employed
[50, 51]. To propagate the wave packet according to the time-dependent
Schrodinger equation, the split operator method [52] was used (See Ref.
[48] for more details).

The wave packet is initially located far away from surface. The initial
wave packet is written as a product of a Gaussian wave packet describing
motion of the molecule towards the surface, a plane wave for motion parallel
to the surface, and a rovibrational wave function to describe the initial
vibrational and rotational states of the molecule. At Z = Z.,, analysis of
the reflected wave packet is done using the scattering amplitude formalism
[53-55], Zso being a value of Z where the molecule and surface no longer
interact. S matrix elements for state to state scattering are obtained in this
way and used to compute scattering probabilities. An optical potential is
used to absorb the reacted (r) or scattered (Z) wave packet for large values
of r and Z [56]. Full details of the method are presented in Ref. [48].

4.2.4 Computation of the observables
Degeneracy averaged reaction probabilities

In the QCT calculations of the reaction probabilities, the molecule is con-
sidered dissociated when its interatomic distance becomes greater than 2.5
A. The reaction probability is computed from P, = N, /Njyq, in which
N, is the number of reactive trajectories and Ny is the total number of
trajectories. For a particular initial vibrational state v and rotational state
7, the degeneracy averaged reaction probability can be computed by

Pieg(Eisv,j) = Y (2= 0my0) Pr(Bisv jimy) /(25 +1),  (4.1)

m;=0

where P, is the fully initial state-resolved reaction probability. In the
quantum dynamics, the fully initial state-resolved reaction probability is
defined as

PT(Ei;I/,j,mj) =1- Z Pscat(Ei; ijvmj — Vlvjlvm;'7n7m)' (42)

YA !
14 7] ,m] b
n,m
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In this equation, the Pscat(Ei;v,j,mj — v/, j',m},n,m) are the state to
state scattering probabilities. Initial (final) vibrational, rotational and mag-
netic rotational quantum numbers are denoted by v ('), j (j'), m; (m}),
respectively. n and m are the quantum numbers for diffraction. Vibration-

ally inelastic scattering probabilities can be obtained from

Pscat<Ei;V7j —>V/): Z Pscat(Ei;ijamj —>V’,j’,m;~,n,m)/(2j+l).

! . /
Jhmg,m7,
n,m

(4.3)

Vibrational efficacy

The vibrational efficacy 7,—0—1(P) is another interesting quantity in our
study. The vibrational efficacy describes how efficiently vibrational energy
can be used to promote reaction relative to translational energy [29, 57]. It
is typically computed by

E;{~% (P) — B/ (P)
Em'b(l/ = 17]) - E’L)ib(V - 07j>7

m(P) = (4.4)

where Fy;,(v, ) is the vibrational energy corresponding to a particular state
of the gas-phase molecule and E; J (P) is the incidence energy at which the
the initial state-resolved reaction probability becomes equal to P for Ho
(D2) initially in its (v, j) state. In evaluating Equation 4.4, j is typically
taken as 0.

Molecular beam sticking probabilities

In the molecular beam, the population of the rovibrational levels depends
on the nozzle temperature. The rovibrational levels of the hydrogen mo-
lecule approaching to the surface are assumed populated according to a
Boltzmann distribution at the nozzle temperature used in the experiment.
The monoenergetic reaction probabilities Ry,ono(Ei; Ty) are computed via
Boltzmann averaging over all rovibrational states populated in the molecu-
lar beam with a nozzle temperature 7T, at a collision energy E; [28]

Rmono(Ei§ Tn) - Z FB(V)j; Tn)Pdeg(Eiu V,j). (45)

ll?j
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Here, F(v,j;T,) is the Boltzmann weight of each (v, j) state. The factor
Fgp(v,7;T,) is described by

F(V7j§Tn)

F Th) = =7~ 4.6
B(V7.77 n) ZF(V7J,TH)’ ( )
l/7j
in which
7E'Uib(”) _ Erot (4)
F(v,j;Ta) = (2) + 1)e 5% w(jle F5Tro0. (4.7)

In this equation E,; and FE,., are the vibrational and rotational energy,
respectively and kp is the Boltzmann constant. The factor w(j) describes
the nuclear spin statistics of Hy and Dy. With even j, w(j) is 1 (2) for Ha
(D2) and with odd values w(j) is 3 (1) for Hy (D). The vibrational tem-
perature of the molecule is assumed to be equal to the nozzle temperature
(Tyip = Ty,). However, in the molecular beam simulation, it is assumed that
the rotational temperature of the molecule in the beam is lower than the
nozzle temperature (7, = 0.87},) [58].

The experimentalist showed that vibrational excitation promotes dis-
sociation of Dy on Ag(111) [33] and suggested that sticking is dominated
by higher vibrational states [34]. In the theoretical simulation of the mo-
lecular beam, we have to consider the Boltzmann factor of the populated
vibrational states. To ensure a proper contribution of the higher rotational
and vibrational states in the QCT calculations, the highest populated vi-
brational state is allowed to be up to 5 and the highest rotational state to
be up to 25. The threshold of the Boltzmann weight for an initial rovibra-
tional state to be considered is 4x1076. The convergence of the sticking
probability with respect to this threshold was checked.

To extract the sticking probability from the theoretical model, in prin-
ciple flux weighted incidence energy distributions should be used. Sub-
sequently, the reaction probability on sticking probability is computed via
averaging over the incident velocity distribution of the experimental mo-
lecular beam!, according to the expression [59]

- f(]oo f(vi; Tn)Rmono(Ei; Tn)dvz
Ryeam E; T,) = 9 s 4.8
’ ( ) f() f(vﬁ Tn)dvi ( )
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where f(v;;T),) is the flux weighted velocity distribution given by [60]
f(vi; Ty)dv; = Cv?e_(”i_”S)Q/Qdei. (4.9)

Here, C' is a constant, v; is the velocity of the molecule (E; = %M v?), vs
is the stream velocity and « is a parameter that describes the width of the
velocity distribution.

According to the experimentalists, the mean translational energies ob-
tained from TOF distributions for the pure Dy beam were related to the
nozzle temperature by (E;) = 2.7 kpT,. This indicates a slight rotational
cooling of the incident molecular beam (7,4 =~ 0.87,,). However, they could
not detect any relaxation of the incident vibrational state distributions.
To simulate the molecular beam with our dynamical model, we use energy
distributions, which have been fitted by the experimentalists [A. Hodgson,
private communication]| with the exponentially modified Gaussian function
of the form, )

G(E) =2r0 exp(_(E;;E»). (4.10)
Here, o is defined by :

o =5.11e3(F) 4 1.3184¢ 7%, (4.11)
and the nozzle temperature T,, (in K) is related to (F) by
T(K) = 3935.8(F) +99.4, (4.12)

with (E) given in eV. Hereafter we refer to these energy distributions (Equa-
tion 4.10) as G(F). While we will use the G(E) provided by the experi-
mentalist, we note that these do not correspond to the usual asymmetry flux
weighted distributions defined in terms of the stream velocity vs and the
width parameter a giving by Equation 4.9. Using the energy distribution
G(E), the reaction probability is then described by

E27 T Rmono(Ei; T, )dEz

= Jo G
Rbeam(E;T )
I G(E; T dE;

(4.13)

The experimentally measured reaction probabilities and the correspond-
ing average translational energies for Do + Ag(111) are listed in table 4.1,
which also presents the values of T,, and o. Figure 4.2 shows the experi-
mental incident energy distributions for different average incidence energies.
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Table 4.1: Average energies and experimental sticking coefficient Sg. T3,
shows the nozzle temperatures. The data were obtained from A. Hodgson
(private communication).

Average energy (eV) o (meV?) Sy Ty (K)
0.221 1.26 7.6x107% 969
0.274 1.53 3.9x1076 1177
0.304 1.68 8.6x107% 1295
0.336 1.85 8.6x107° 1421
0.376 2.05 3.9x10™* 1579
0.424 2.30 3.1x1073 1768
0.452 2.44 9.2x1073 1878
0.486 2.62 2.0x1072 2012

In order to obtain statistically reliable QCT results, we did convergence
tests on the number of trajectories for each set of incidence conditions. To
simulate molecular beam experiments, at least 10° trajectories were com-
puted for each incidence condition. To simulate the molecular beam ex-
periments we also used the beam parameters presented in table S9 of the
supporting material of Ref. [5], which describe the Dy pure beams pro-
duced in experiments of Auerbach and co-workers [57] in terms of the flux
weighted velocity distributions (Equation 4.9).

4.2.5 Computational details

The DFT calculations were performed with the VASP software package
(version 5.2.12). Standard VASP ultrasoft pseudopotentials were used, as
done originally for Hy + Cu(111) [5]. First the bulk fcc lattice constant
was computed in the same manner as used previously for Hy + Au(111)
[13], using a 20 x 20 x 20 I'—centered grid of k-points. The distance
between the nearest neighbor Ag atoms in the top layer was obtained as
a = agD/\@ = 2.97 A with the SRP48 functional, where asp is the bulk
lattice constant. With the SRP48 functional a bulk lattice constant asp of
4.20 A was computed. It is in reasonable agreement with the computed value
of 4.16 A of the PBE functional [39]. Compared to the experimental value
(4.08 A) [61, 62], the SRP48 functional overestimates the lattice constant
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Figure 4.2: Incident energy distributions G _g4;s(F) for different values of
T,, data from [A. Hodgson, private communication].

by about 3 %.

A (2 x 2) surface unit cell has been used to model the Hy/Ag(111)
system. The slab consisted of 4 layers. A relaxed 4-layer slab was generated
again in the same manner as used before for Hy + Au(111) [13], using 20
x 20 x 1 I'—centered grid of k-points. The inter-layer distances computed
with the SRP48 functional were dio = 2.41 A, dog = 2.40 A, and d34 was
taken as the SRP48 bulk inter-layer spacing (2.41 A).

After having obtained the relaxed slab, the single point calculations for
the PES were carried out using a 11 x 11 x 1 I'—centered grid of k-points,
and a plane wave cut-off of 400 eV. In the super cell approach, a 13 A vacuum
length between the periodic Ag(111) slabs was used. Other details of the
calculations were the same as in Ref. [28]. With the computational set-up
used, we estimate that the molecule-surface interaction energy is converged
to within 30 meV [13].

For the quantum dynamics calculations on reaction, wave packets were
propagated to obtain results for the energy range of [0.5—1.0] eV. Table 4.2
collects the parameters which were used. Figure 4.3 (a) shows convergence
tests of using different numbers of grid points on the surface unit cell for
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Table 4.2: Input parameters for the quantum dynamical calculations of Do
(v = 2, j = 0) dissociating on Ag(111). For different vibrational states
the same input parameters could be used, aside from the number of grid
points in X and Y. They are listed in parentheses for v = 1 and v = 3,
respectively. All values are given in atomic units (except the parameters P
for the quadratic optical potentials, which are given in eV). The abbreviation
"sp" refers to the specular grid used to bring in the initial wave function.

Parameter Description Value
E; normal incidence range in Z [0.5-1.0] (eV)
Nx = Ny  no. of grid points in X and Y 24 (20, 32)
Ny no. of grid points in Z 154
Nz(sp) no. of specular grid points 256
AZ spacing of Z grid points 0.1
Zmin minimum value of Z -1.0
N, no. of grid points in r 42

Ar spacing of r grid points 0.15
Trnin minimum value of r 0.4
Jmaa maximum j value in basis set 24
Mjmaz maximum m; value in basis set 16

At time step 2

Tiot Total propagation time 20000
2y center of initial wave packet 15.8
Zint location of analysis line 12.5
VA start of optical potential in Z 12.5
Zzﬁg end of optical potential in Z 14.3
Pz optical potential in Z 0.4
ror start of optical potential in r 4.15
T’Zﬁz end of optical potential in r 6.55
P, optical potential in r 0.3
Z(sp)%" start of optical potential in Z(sp) 20.0
Z(sp), end of optical potential in Z(sp)  24.5

P 7(sp) optical potential in Z(sp) 0.3
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Table 4.3: Barrier heights (Ej), positions (Zy, r3,) for dissociative chemisorp-
tion of Hy on Ag(111) above different sites in which Hs is parallel to the
surface (0 = 90°). The results are provided for the SRP48 PES.

configuration ¢° Zy (A) rp (A) E; (eV)

top 0 151 1.57 1.69
bridge 90  1.10 1.27 1.38
t2f 120 1.34 1.45 1.58
fcc 0 1.34 1.67 1.70

quantum dynamics calculations on Do(v = 2, j = 0). Taking the number
of grid points in X and Y equal to Nx = Ny = 28, the results of the
quantum dynamics calculations are in good agreement with quantum dy-
namics results with Nx = Ny = 32. Convergence could thus be achieved
with Nx = Ny = 28 (see Figure 4.3 (a)). By repetition of the same pro-
cedure, we found that the numbers of X and Y grid points Nx = Ny = 20
and Nx = Ny = 32 are sufficient to obtain converged quantum dynamics
results for Da(v = 1, j = 0) and Da(v = 3, j = 0), respectively. We also
checked convergence with the highest rotational level jjq. and mjpq, for
the angular part of the wave packet, see Figure 4.3 (b). As can be seen
convergence is achieved with jyq. = 24 and mjme, = 16.

4.3 Results and discussion

4.3.1 The potential energy surface

Figure 4.4 shows elbow plots of the PES computed with the SRP48 func-
tional for different configurations. Table 4.3 shows the geometries and
heights of the barrier to dissociation found for impact on the top, bridge,
fce hollow, and t2f sites. In all cases Hy is positioned parallel to the Ag(111)
surface. The minimum barrier height (1.38 eV) is found for bridge-to-hollow
dissociation (see Figure 4.4 (b)), similar to Hy + Cu(111) [5]. Comparing
the reaction paths in the 2D elbow plots, we suggest that impact on the
fce site is most likely relevant for vibrationally inelastic scattering and for
the dissociation of vibrationally excited Hs. The 2D elbow plot for this
site displays a large curvature of the reaction path. The minimum barrier
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Figure 4.3: Convergence test for reaction of Do(rv =2, j = 0) on Ag(111)
for (a) the number of grid points in the X and Y coordinates and (b) the
highest jmae and mjmqs in the basis sets.

position for that site also shows a large inter-molecular distance r, i.e., a
later barrier. It is known that these two characteristics promote vibration-
ally inelastic scattering and vibrational enhanced dissociation [63, 64]. The
lowest curvature of the reaction path in front of the barrier was found for
the bridge site. Due to the lower reaction barrier height for the bridge site,
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Figure 4.4: Elbow plots (i.e., V(Z,r)) of the Hy + Ag(111) PES computed
with the SRP48 functional and interpolated with the CRP method for four
high symmetry configurations with the molecular axis parallel to the surface
(0 = 90°) as depicted by the insets, for (a) the top site and ¢ = 0°, (b)
the bridge site and ¢ = 90°, (c) the fcc site and ¢ = 0°, and (d) the t2f
site and ¢ = 120° . Barrier geometries are indicated with white circles, and
corresponding barrier heights and geometries are given in table 4.3.

we predict that the reaction occurs mostly above this site for v = 0 Hs.
To carefully check the accuracy of the interpolation method (the CRP),
additional electronic structure single point calculations have been performed
using VASP, for molecular configurations centered on a symmetric site
bridge (X = 0.5 a, Y = 0.0, where a is the lattice constant). Figure 4.5
presents the results of a comparison between DFT results not included in
the input database for the interpolation and the CRP interpolated PES
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Figure 4.5: The #-dependence of the Hy + Ag(111) SRP48 PES is shown
for molecular configurations centered on a bridge site (X = 1/2a; Y = 0),
¢ =90° and r, = 1.27 A, where a is the surface lattice constant. Full lines:
interpolated PES; symbols: DFT results. The values of Z corresponding to
different curves and sets of symbols are provided with matching color.

along 0 on this site, with ¢ = 90° and r = 1.27 A. The black curve and
symbols (r = 1.27 A, and Z = 1.2 A) present the f-variation of the PES
around a point near the minimum barrier position. The curves show that
Hs prefers to change its orientation from perpendicular to parallel when
it approaches the surface. The interpolated PES faithfully reproduces the
DFT results. The same finding was obtained for interpolation in X (see
Figure 4.6). Hence, the accuracy in the interpolation of the PES guarantees
that the comparison of our dynamical results to experiments should re-
flect the accuracy of the electronic structure results and the computational
model.

As described in Section 4.2.2, we also evaluate the accuracy of the CRP
interpolated PES using two additional methods. We evaluate interpolation
errors by comparing DFT data points with corresponding CRP values and
computing the root mean square error (RMSE), mean absolute error (MAE)
and mean signed error (MSE, obtained by subtracting DFT energies from
CRP energies) . To test the accuracy of the PES in more detail, we chose
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Figure 4.6: The X-dependence of the Hy + Ag(111) SRP48 PES is shown
for molecular configurations including the top site (X = 0.0; Y = 0.0), for
¢ = 0° 6 = 90° and r, = 1.57 A. Full lines: interpolated PES; symbols:
DFT results. The values of Z corresponding to different curves and sets of
symbols are provided with matching color.

three different energy ranges: 1 - [0—0.69] eV (less than 1/2 times the min-
imum barrier height) 2 - [0.69—1.38] eV (between half times the minimum
barrier height and the minimum barrier height) & - [1.38—2.07] eV (larger
than the minimum barrier height but smaller than 1.5 times the barrier
height). The corresponding values for both data sets ((1) data selected in a
completely random way and (2) data from QCT calculations) are listed in
table 4.4. Importantly, the errors for the dynamically selected dataset are
in all cases less than 1 kcal/mol (& 43 meV).

4.3.2 Dynamics
Scattering

In Figure 4.7 vibrationally elastic and inelastic excitation probabilities P(v =
2, 7 =0 — v =) are presented as a function of the initial normal
incidence energy. At an incidence energy of 0.5 eV, the probability for vi-
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Figure 4.7: The vibrationally elastic and inelastic scattering probabilities
are shown as a function of the normal incidence energy for scattering of Do
(v=2,7=0) from Ag(111) using the SRP48 PES.

brationally elastic scattering is about 1. At higher incidence energies, the
sizeable P(v = 2, j = 0 — v # /) indicate a substantial competition
between vibrationally elastic and inelastic scattering on the one hand and
reaction on the other hand for all energies shown. This behavior can result
from a PES that describes reaction paths with especially late barriers with
a high degree of curvature in 7 and Z (see Section 4.3.1) [63, 64], leading
to a coupling between molecular vibration and motion towards the surface.
This explains why we see reaction probabilities no larger than about 0.8 for
the highest incidence energy E; we employed.

Initial-state resolved reaction

The comparison between the calculated and measured results for Hy (v =
0, 7=3),Da2(v =0, j=2), and Da(v =1, j = 2) is shown in Figures 4.8
and 4.9. The theoretical results were obtained by degeneracy averaging the
fully initial state resolved reaction probabilities. The experimental results
were extracted from associative desorption experiments [37, 38]. In the fig-
ure, the symbols show the experimental data and the solid curves show the
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Figure 4.8: Comparison of experimental and computed reaction probabil-
ities as a function of the incidence energy E; for Hy in the (v = 0, j = 3)
state, dissociating on Ag(111). The experimental data were reported in
Ref. [37]. The quantum dynamics results obtained for the PBE functional
were obtained in Ref. [39].

theoretical results based on a PES computed with the PBE functional by
Jiang et al. [39]. The dotted lines show our theoretical results obtained with
the SRP48 functional. One thing to keep in mind is that our calculated re-
action probabilities saturate at high F; at about 0.8. In contrast, fits made
by the experimentalists assumed the reaction probability to saturate at 1
(this condition was not imposed on the data shown). The agreement of the-
ory and experiment is good at high translational energies for the results of
the Jiang et al. group. However, the initial state resolved reaction probab-
ilities obtained with the SRP48 functional underestimate the experimental
reaction probabilities. Jiang et al. obtained a minimum barrier height of
1.16 eV with the PBE functional, while we computed a value of 1.38 eV with
the SRP48 functional. The comparison suggests that the SRP48 functional
overestimates the reaction barrier height, so that, the computed reaction
probabilities are too low.

Other initial state (v, j) resolved reaction probabilities for several vibra-
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Figure 4.9: Comparison of experimental and computed reaction probabilit-
ies as a function of the incidence energy E; for Dg in the (v =0—1, j = 2)
states, dissociating on Ag(111). The experimental data were reported in

Ref. [38]. The quantum dynamics results obtained for the PBE functional
were obtained in Ref. [39].

tional states and j = 0 of Hy and D4 have also been computed for the SRP48
PES using QCT. They are presented as a function of incidence energy F;
in Figure 4.10 (a) for the Hy (v =0,1,2,3,4,5, j = 0 states). Figure 4.10
(b) shows the results for Ds.

The theoretical vibrational efficacy computed from our results for Hy(D2)
(v =0, 7 =0) and Ha(D2) (v =1, j = 0) is greater than 1. For example,
at a reaction probability of 0.24, the calculated shift between the v = 0 and
v = 1 Dy reaction probability curves is about 0.504 eV, while the vibrational
excitation energy is 0.37 eV for Dy (¥ = 0 — 1), yielding a vibrational
efficacy of 1.37.

Vibrational promotion of reaction with vibrational efficacies up to 1 may
be explained conceptually through a picture in which the molecule moves
along the reaction path in a potential elbow in the two dimensions r and Z.
Analyzing the effect based on the vibration perpendicular to the reaction
path, the reaction may be promoted by increasing v if the frequency of
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Figure 4.10: Reaction probabilities as a function of incidence energy FE; for
Hy (a) and Dy (b) in the (v = 0 — 5, j = 0) states. Horizontal arrows and
the number above these indicate the energy spacing between the reaction
probability curves for the (v = 0—2, j = 0) states for a reaction probability
equal to 0.24.

motion perpendicular to the path is decreased. This can be done through
a mass effect (leading to larger vibrational efficacies for later barriers [65,
66], the Polanyi rules [67]) or by a decrease of the force constant for this
motion [68, 69], when the molecule moves towards the barrier (vibrationally
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elastic enhancement) in both cases. It is also possible that the vibration
discussed is de-excited before the molecule gets to the barrier [64], possibly
leading to a vibrational efficacy somewhat greater than 1.0 (vibrationally
inelastic enhancement). However, vibrational efficacies greater than 1.0, as
found here, can also be explained if the assumption is made that for low v
(and high incident energy) the molecule cannot follow the minimum energy
path and slides off it [70, 71] (this has also been called a bobsled effect in
the past [72]).

Comparison between the reaction threshold energy of Dy (v =0, j = 0)
and Hy (v =0, j = 0) shows that this energy for D9 is at a somewhat higher
incidence energy than for He. This is known as a zero-point energy effect
[73], where Ho has more energy in zero-point vibrational motion, so that
more of this energy can be converted to energy along the reaction coordinate
(via softening of the H—H bond).

Figure 4.10 (a) also shows an interesting effect: at the highest v, the
reaction probability curve takes on the shape of a curve affected by trapping
mediated dissociation at low incident energies, i.e., the reaction becomes
non-activated for the highest v for Ha. The same effect was observed by
Laurent et al. [74], who investigated reaction in five different Hy metal
systems, and found that for high enough v the reaction probability curve
takes on this shape, with the value of v at which this effect occurs depending
on how activated the dissociation is. They attributed the non-monotonic
dependence on incidence energy as being due to an increased ability of
the highly vibrationally excited molecule to reorient itself to a favorable
orientation for reaction.

The experimentalists [34] used a model to fit the molecular beam sticking
data, assuming that dissociation is independent of molecular rotation, being
the sum of contributions from dissociation of the molecule in different initial
vibrational states v described by a sticking function

So(Ei,v) = é{umm%fg(”))

Here, Ej is the translational energy required for the sticking probability to
reach half of its maximum value, w is the width of the function, and A is
the saturation parameter. In this model, the molecular sticking probabil-
ity is assumed to be a function of the incidence energy and the vibrational
state. All parameters are assumed to be dependent on the initial vibra-
tional state as well. FEj; is the normal incidence energy. We use this model

. (4.14)
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to check whether we reproduce the deconvoluted initial vibrational state
resolved sticking probability for Dy on Ag(111). The experimentally de-
termined parameters can be found in Ref. [34].

The comparison between the experimentally fitted results and our com-
puted initial state resolved reaction probabilities for Dy (v =1—4, 7 =0
) is presented in Figure 4.11 (a). Figure 4.11 (b) also shows the computed
sticking probability as a function of collision energy, in which Boltzmann
averaging is performed over all rotational states for each specific vibrational
state and specific incidence energy of Dy. This figure shows that also con-
sidering higher rotationally excited states (> j = 0) in our calculations may
considerably enhance the vibrational state resolved reaction probabilities.
In particular, it is clear that the sticking probability for the j = 0 rotational
level is smaller than the sticking probability obtained by averaging over the
rotational distribution of the molecular beam at 7T, = 2012 K. Also as a
result of this rotational state averaging effect, our computed vibrational
state resolved reaction probabilities have a much larger width w than the
experimentally extracted data. The QCT results indicate that the satura-
tion value of the reaction probability is approximately equal to 0.8 and not
1 as was assumed in extracting w from experimental data using Equation
4.14.

To check the accuracy of the QCT results and to investigate the pos-
sible quantum effects in the dissociation of a small and light molecule on
the surface, quantum dynamics calculations were performed. In Figure 4.12
the initial state resolved reaction probability for Dy dissociating on Ag(111)
obtained from QCT calculations is compared to QD calculations for the ini-
tial (v =1 —3, j = 0) states. We found an excellent agreement between
these two dynamical methods (QCT and QD) giving us enough confidence
to use the QCT results for the molecular beam sticking simulations. The
results for v = 1 suggest that the comparison with experiment in Figure 4.9
should be accurate for the v = 1, j = 2 state of Dy, at least for probabilities
larger than 0.01. The comparison between QCT and QD results for (v = 0,
j =0) Hy + Ag(111) presented in Figure 6 of Ref. [75] on the other hand
would suggest that using QD would move the computed reaction probabil-
ity curve to higher energies by a few tens of meV for v = 0, which would
slightly worsen the agreement between the present theory and experiment
for v = 0 in Figure 4.9.
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Figure 4.11: (a) Deconvoluted sticking function So(E;, v) for Dy at Ag(111)
(lines) [34] and the computed initial state resolved reaction probabilities
for the (v =1 —4, j = 0) states (symbols with matching color). (b) The
same functions So(Fj,v) resulting from the experimental analyses [34] are
compared with computed initial vibrational state selected reaction probab-
ilities with Boltzmann averaging over the rotational states using 7;, = 2012
K. Comparison between the computed initial state resolved reaction prob-
abilities and initial vibrational state resolved reaction probabilities is also
shown for the v = 4 state.
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Figure 4.12: Comparison between the initial state resolved reaction prob-
ability calculated with QD and QCT calculations for (¥ =1—3, j =0) Do
dissociating on Ag(111).
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Molecular beam sticking

In Figure 4.13, the computed sticking probabilities are shown as a function
of the average collision energy for Do dissociation on Ag(111). A comparison
is made with available experimental results of Cottrell et al. [34]. Calcu-
lations were performed for two set of beam parameters corresponding to
different velocity distributions.

The experimentalists claimed that the sticking of all vibrational levels
v < 4 may be significant and must be included in modeling the experi-
mental data [34]. Our calculations show that the contributions of the initial
vibrational states in the Dy molecule dissociating on the surface are 3% for
v=1,8% for v =2, 52% for v = 3, 31% for v = 4 and 5% for v = 5, when
the average incidence energy of the beam is 0.486 €V and 7;, = 2012 K. This
theoretical result is in agreement with that experimental expectation.

The sticking probabilities are plotted as a function of average incidence
energy in Figure 4.13 (a). Here, the black symbols show the experimental
data measured by Cottrell et al. [34]. The dotted line presents the interpol-
ation of the experimental data. The red symbols are our computed beam
simulation results, averaging over translational energy distributions accord-
ing to the formula provided by the experimentalists and described above,
and Boltzmann averaging over the initial rovibrational states of Do molecule
in the beam according to the nozzle temperatures given in table 4.1. The
energy differences between the computed data and the spline interpolated
experimental curve are in the range 87—100 meV (2—2.3 kcal/mol). There-
fore, our theoretical results do not agree with the experimental results to
within chemical accuracy (1 kcal/mol &~ 43 meV). The discrepancy should
not be due to the use of the QCT method instead of quantum dynamics. As
discussed above, at even the largest average collision energy in the exper-
iment the dominant contributions to the QCT reaction probabilities come
from v > 3. These probabilities are not expected to exhibit large errors
due to zero-point energy violation (see Figure 4.12). The QCT reaction
probabilities for lower v (especially for v = 0) may exhibit larger zero-point
energy violation errors (see for instance Figure 6 of Ref. [75] for v = 0 Hy +
Ag(111)), but in any case their contribution should be small at all energies.
Furthermore, their contribution would lead to (small) overestimates by the
computed reaction probabilities rather than underestimates, as zero-point
energy violation tends to increase the reaction probability (see again Figure
6 of Ref. [75]). Therefore, correcting for zero-point energy violation errors
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Figure 4.13: (a) Reaction probability for molecular beams of Do dissoci-
ating on Ag(111) computed with the SRP48 functional. For comparison,
experimental results [34] are plotted. Horizontal arrows and the number
above these indicate the energy spacing between the theoretical reaction

probability results and the interpolated experimental curve.

(b) Energy

distributions for two different set of beam parameters. The red curve shows
the energy distribution (Gg_gis E = 0.486 eV, 0 = 2.61 x 1073 eV) at the
nozzle temperature 2012 K, and the blue curve presents the flux weighted
velocity distributions G 4_gis, for E = 0.449 eV, at the nozzle temperature

1975 K.
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should not improve the agreement with experiment, and would only lead to
small changes.

The discrepancy between the molecular beam sticking probabilities and
the QCT results is also not due to the neglect of non-adiabatic effects
(electron-hole pair excitation). Work on reaction of Hy on copper surfaces
(Refs. [23-25] and [27]) and on Hy + Ag(111) [17, 76] suggests that includ-
ing these effects would lead to a minor reduction of the reaction probability,
increasing the disagreement with experiment further. Inclusion of phonon
effects, however, could somewhat increase the reaction probability at the
low energy sides of the reaction probability curves for specific v contribut-
ing to the sticking probability if there is a mechanical coupling to the surface
phonons (if the barrier position moves with a phonon coordinate) [77], as in
the surface oscillator model [78]. Additionally, the sticking probability could
be increased somewhat if there is an electronic (or energetic) coupling with
the surface phonons (if the barrier height changes with the phonon displace-
ment coordinate) [77]. However, these effects are expected to be small, as
there is a large mass mismatch between Hy and Ag, and the surface temper-
ature in the molecular beam experiments was very low (100 K) [34]. Also,
the mechanical and electronic couplings for Hy - metal surface interactions
tend to be small [79] compared to the case of methane interacting with
transition metal surfaces, for which the effects may be large [77]. Future
research could show how large these effects are, but we note that including
both effects is not likely to increase the agreement between the molecular
beam experiment and calculations using the SRP48 functional.

The comparison of computed initial-state selected reaction probabilit-
ies and probabilities extracted from associative desorption experiments in
Figures 4.8 and 4.9 suggests that using the PBE functional might lead to
better agreement with the molecular beam experiments than the SRP48
functional. Thus, the PBE functional (or a PBE/RPBE mixture with a
much lower RPBE weight than presently used (0.48)) might be a good
starting point for the development of an SRP functional for Hy + Ag(111).

The lack of agreement found between the present calculations and the
molecular beam sticking probabilities is at odds with the finding of trans-
ferability between CHD3 + Ni(111) and Pt(111) [11]. A possible reason for
the lack of transferability found is that the SRP48 functional is not based
on a van der Waals correlation functional [80], as was the case for CHD3 +
Ni(111) and Pt(111) [11]. The only case [11] for which transferability has
been established among systems in which one specific molecule interacts
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with surfaces of different transition metals belonging to the same group so
far involved a SRP functional incorporating a van der Waals correlation
functional. For Hy 4+ Cu(111) such an SRP functional has already been
identified [28], which gave a somewhat better overall description of exper-
iments than the SRP48 functional, although the minimum barrier height
obtained with the new functional exceeded that of the SRP48 functional by
76 meV [28].

The blue symbols in Figure 4.13 (a) show the computed results based
on energy distributions and nozzle temperatures of pure Dy beams from the
experiments on Dy + Cu(111) reported by Auerbach et al. [5]. We call these
energy distributions (i.e. the flux-weighted velocity distribution) G 4_gis.
The energy differences between these computed results and the interpolated
experimental curve are in the range 64—79 meV (1.5—1.8 kcal/mol). The
theoretical sticking probabilities are therefore in somewhat better agreement
with experiment if the more asymmetric incidence energy distributions of
Auerbach and co-workers are used.

In Figure 4.13 (b), the energy distribution G 4_4;s is wider and shows a
longer tail towards high energies than G _g4;s. As a result, more molecules
should be able to overcome the reaction barrier. Asthe G 4_4;s curves should
be more realistic, a better comparison between theory and experiment would
be possible if we acquire more information on the experimental translational
energy distributions, and in particular regarding their high energy tails.

Our finding that the initial state resolved reaction probabilities com-
puted with the SRP48 functional are shifted to somewhat higher energies
(by about 0.1 eV for Dg, see Figure 4.9) is consistent with our comparison
for the molecular beam sticking measurements.

4.4 Conclusions

In order to investigate whether the SRP functional derived for the Hy +
Cu(111) system is transferable to the Hy + Ag(111) system, where Ag is
the same group as Cu, we have performed calculations on the dissociative
chemisorption of Hy /Dy on Ag(111).

The raw DFT data have been computed by the VASP software package
and an accurate fitting method (the CRP) has been used to map out the
6D PES based on the SRP48 functional. The minimum barrier heights and
geometries have been reported.
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We have discussed the dynamics methods within the BOSS model. The
QCT method has been used to compute the initial-state resolved reaction
probabilities for several rovibrational states of Do and Hy. The reliability
of the QCT method, to accurately calculate the reaction probabilities for
Do + Ag(111), has been tested by a comparison with quantum dynamics
calculations for the v = 1 — 3, j = 0 states of Dy. It was found that QCT
reproduces the QD results very well.

Results for vibrationally (in)elastic scattering, i.e., probabilities P(v =
2, j =0 — v =1/) as function of incidence energy, have been presented
and discussed. These calculations serve for better understanding of why we
see reaction probabilities no larger than about 0.8 for high incidence energy.
A clear competition was shown between vibrational inelastic scattering and
reaction at higher incidence energies resulting in reaction probabilities sat-
urating at 0.8 instead of what was assumed to be 1.0 in the fitting procedures
of the experimental data [34].

A comparison of our computed initial-state resolved reaction probab-
ilities with the computed state-specific reaction probabilities of the Jiang
et al. group [39] and with the experimental associative desorption results
of Hodgson and co-workers [37, 38] extracted by application of the detailed
balance principle, has been presented. The comparison suggests that the
barrier heights in the SRP48 PES are too high. Also, a non-monotonic
dependence on incidence energy has been observed in our results for Ho
dissociation at the highest v (v = 5). A vibrational efficacy 7,—0—1(P)
greater than 1 has been reported for Hy(D2)(v = 0, j = 0) and also for
H2(D2)(v =1, j = 0). Such a high vibrational enhancement suggests that
for low v (and high incidence energy) the molecule is not able to stay on
the minimum energy path for reaction.

The computed reaction probabilities for several Dy vibrational states
and 5 = 0, have been compared with data used to analyze the molecular
beam experiments and reaction probabilities that were Boltzmann averaged
over j. The comparison suggests that the rotational state averaging effect
contributes to a larger width w in our computed vibrational state resolved
reaction probabilities than found for the experimentally extracted reaction
probability curves for specific v.

Finally, using the obtained QCT results, we have also simulated molecu-
lar beam sticking probabilities and compared with the experimental results
of Cottrell et al. [34]. We have reported the energy differences between
the computed data and the spline interpolated experimental curve to be in
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the range of 2—2.3 kcal/mol. Thus, no chemical accuracy was achieved in
our theoretical results. Theoretical calculations using flux weighted velocity
distributions with the beam parameters taken from Dy 4+ Cu(111) exper-
iment [5] have also been shown. We have found that these calculations
are in somewhat better agreement with the experiment and energy differ-
ences between the computed results and interpolated experimental curve
shrink to 1.5—1.8 kcal/mol. It has been suggested that the asymmetric
incidence energy distributions should be more realistic and a better com-
parison between theory and experiment might result if more information
about the experimental energy distributions of the beam would become
available. The present comparison suggests that the PBE functional (or a
PBE/RPBE mixture with a much lower RPBE weight than presently used
(0.48)) might be a better starting point for the development of an SRP
functional for Hy + Ag(111) than the SRP48 functional.

Our finding of a vibrational efficacy greater than one suggests that a
trial-and-error procedure involving dynamics calculations will be required
to obtain a new SRP functional for Hy + Ag(111), as the Hy molecule is
apparently unable to follow the minimum energy path. This would seem
to disqualify a procedure based solely on static energy profiles. Ultimately,
our results for reaction based on the SRP48 functional systematically un-
derestimate the available experimental results. Therefore it is concluded
that a chemically accurate description of the dissociative chemisorption of
Dy on Ag(111) is not yet obtained with the SRP48 DFT functional. Des-
pite the chemically accurate description of dissociative chemisorption of Ho
on Cu(111) with the SRP48 functional, it is not transferable to the Hy +
Ag(111) system, although Cu and Ag belong to the same group.
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Abstract

The accurate description of heterogeneously catalyzed reactions may require
the chemically accurate evaluation of barriers for reactions of molecules at
edges of metal nanoparticles. It was recently shown that a semi-empirical
density functional describing the interaction of a molecule dissociating on a
flat metal surface (CHD3 + Pt(111)) is transferable to the same molecule
reacting on a stepped surface of the same metal (Pt(211)). However, val-
idation of the method for additional systems is desirable. To address the
question whether the specific reaction parameter (SRP) functional that de-
scribes Hy + Pt(111) with chemical accuracy is capable of also accurately
describing Hy + Pt(211), we have performed molecular beam simulations
with the quasi-classical trajectory (QCT) method, using the SRP functional
developed for Hy + Pt(111). Our calculations used the Born-Oppenheimer
static surface (BOSS) model. The accuracy of the QCT method was as-
sessed by comparison with quantum dynamics (QD) results for reaction of
the ro-vibrational ground state of Ho. The theoretical results for sticking of
Hjy and Dy on Pt(211) are in quite good agreement with experiment, but un-
certainties remain due to a lack of accuracy of the QCT simulations at low
incidence energies, and possible inaccuracies in the reported experimental
incidence energies at high energies. We also investigated the non-adiabatic
effect of electron-hole pair excitation on the reactivity using the molecu-
lar dynamics with electronic friction (MDEF) method, employing the local
density friction approximation (LDFA). Only small effects of electron-hole
pair excitation on sticking are found.

5.1 Introduction

The heterogeneous catalysis community is highly interested in stepped sur-
faces because structure-sensitive catalyzed reactions often occur at edges of
nanoparticles. These edges contain low-coordinated surface atoms, which
resemble the atoms present at step edges of stepped surfaces. Consequently,
a number of experiments have addressed dissociative chemisorption reac-
tions of molecules on stepped surfaces, such as NO at steps on defective
Ru(0001) [1], H2 on stepped Pt surfaces [2-8], No at steps on defective
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Ru(0001) [9, 10], and methane on Pt surfaces [11, 12], to name but a few
examples. A much lower number of theoretical dynamics studies have ad-
dressed dissociative chemisorption on stepped surfaces, and these studies
have looked at Hy + Pt(211) [13-17] , Hy 4+ Cu(211) [18, 19], Ha dissoci-
ation on defective Pd(111) [20], and at CHD3 + Pt(211) [12, 21-24].

In view of the importance of dissociative chemisorption reactions on
stepped surfaces to heterogeneous catalysis, it would obviously be useful to
have a predictive procedure in place for accurately evaluating the interac-
tion between a molecule and a stepped surface. Recent experimental work
suggests that such a procedure may be based on experiments and dynam-
ics calculations based on semi-empirical density functional theory (DFT)
for the electronic structure, for the same molecule interacting with a low-
index, flat surface of the same metal [12]. As has now been established for
several systems, dynamics calculations based on electronic structure calcu-
lations with the specific reaction parameter approach to DF'T (SRP—DFT)
are able to reproduce sticking measurements on such systems with chemical
accuracy [12, 25-28]. Very recently, it has been shown that the SRP density
functional (SRP—DF) for CHDj3 interacting with the flat Pt(111) system
is transferable to the same molecule interacting with the stepped Pt(211)
system [12] (transferability of the SRP DF from Hs 4+ Cu(111) [12] to Hy +
Cu(100) [26], i.e., among systems in which the same molecule interacts with
different flat, low-index surfaces, had been established earlier [26]). How-
ever, this finding just concerned only one specific system, and it is important
to check whether this finding also holds for other systems. The main goal
of this work is to investigate whether the SRP—DF recently determined for
Hy + Pt(111) [28] is also capable of yielding chemically accurate results for
H, + Pt(211).

The system of interest to our study (Hy + Pt(211)) has first been studied
theoretically. Olsen et al. [13] computed a six-dimensional (6D) potential
energy surface (PES) for the system with DFT, using the GGA functional
due to Becke [29] and Perdew [30] (BP), and interpolating the DFT results
with the corrugation reducing procedure (CRP) [31]. They next performed
classical trajectory studies on this PES within the Born-Oppenheimer and
static surface (BOSS) approximations. On the basis of these calculations,
they were able to show that a trapping mechanism contributes a component
to the sticking probability which is high at low incidence energy (E;) and
decreases monotonically with F; [13]. In this mechanism, Hg gets trapped
at an unreactive site, i.e., at the bottom of the step, and then diffuses to
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an atom at the top of the step edge, where it subsequently reacts.

Next, McCormack et al. also analyzed the other contributing mechan-
isms to the sticking of Hy on Pt(211) [14]. Their classical trajectory calcula-
tions using the same PES as used before showed two additional mechanisms.
A mechanism in which Hs reacts directly at the step is non-activated and
contributes equally at all F;. In an additional mechanism, Hy reacts on the
terrace. In this mechanism the reaction is activated, yielding a contribu-
tion to the sticking that rises monotonically with increasing F;. By scaling
the contributions from the different mechanisms according to the different
lengths of the (111) terraces in the Pt(211) and Pt(533) surfaces (both ex-
hibiting (111) terraces and (100) steps), they [14] were able to obtain good
agreement with previous experiments on Hy + Pt(533) [6].

In two subsequent studies using the same PES, Luppi et al. [15] invest-
igated rotational effects with classical trajectory calculations, while Olsen
et al. [17] made a comparison between quantum dynamics and classical dy-
namics results for reaction of (v = 0, j = 0) Ha. According to the classical
trajectory studies of Luppi et al., the trapping-mediated contribution to
the reaction, which leads to a high sticking probability at low F;, but which
contribution then quickly decreases with E;, should be present for low rota-
tional states (j = 0 and 1), but should disappear for states with intermediate
7. The reason they provided is that energy transfer to rotation should cause
trapping for j = 0 and j = 1, while energy transfer from rotation should
instead hinder trapping. Olsen et al. found that QCT calculations were in
good agreement with quantum dynamics results for high E; (in excess of 0.1
eV). However, the QCT study overestimated the trapping-mediated contri-
bution to the reaction at low F;, which was attributed to one mechanism
operative for trapping in the classical calculations (excitation of the rota-
tion) not being allowed in quantum dynamics, as the trapping well should
not support rotationally excited bound states for their PES [17].

Hy + Pt(211) has also been studied experimentally by Groot et al. [7,
8, 32]. Their molecular beam sticking probabilities [7] were in reasonable
agreement with the quantum dynamics results for (v = 0, j = 0) Hy of
Olsen et al. [17], although the quantum dynamics results based on the BP
functional overestimated the sticking at high F;. Likewise, there were dis-
crepancies at low E;, with the computed trapping-mediated contribution
to the sticking being too low compared to the experimental result. In two
subsequent papers, Groot et al. showed that the sticking on surfaces with
longer (111) terraces and (100) steps (Pt(533) and Pt(755)) can successfully
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be modeled based on the contributing mechanisms to sticking at the step
and at the terrace on Pt(211) [8, 32], much like McCormack et al. had done
before for Pt(533) [14]. They also used their results to analyze the contribu-
tions of facets and edges of Pt nanoparticles to He dissociation proceeding
on these nanoparticles [8].

The goal of this chapter is to test whether the SRP—DF for Hy + Pt(111)
is transferable to Hy + Pt(211). For this reason, we will put emphasis on the
comparison of sticking probabilities computed with a PES obtained with the
SRP—DF for Hy + Pt(111) with the experimental results of Ref. [8], tak-
ing the experimental conditions (velocity distributions of the beams, nozzle
temperatures T, used) into account as fully as possible. Our calculations are
done within the BOSS model, and mainly use the QCT method for the dy-
namics. We will not reanalyze the mechanisms contributing to the reaction,
simply noting that the dependence of the computed sticking probabilities
on FE; is in accordance with conclusions arrived at earlier by Olsen et al. [13]
and McCormack et al. [14] . We find that, overall, the computed sticking
probability is in good agreement with experiment for both He and Do +
Pt(211), suggesting that the transferability may well hold. However, at
present this conclusion is not yet certain due to uncertainties in the para-
meters needed to describe the molecular beams used in the experiments.
Our results suggest that, once more precisely defined experimental results
become available, the comparison with experiment should be revisited on
the basis of quantum dynamics calculations.

This chapter is set up as follows. Section 5.2.1 describes the dynamical
model, and Section 5.2.2 and Section 5.2.3 describe the construction of the
PES and the PES interpolation method. The dynamics methods used here
are explained in Section 5.2.4 and Section 5.2.5. Section 5.2.6 describes how
we calculate the observables. Section 5.2.7 provides computational details.
In Section 5.3, the results of the calculations are shown and discussed. Sec-
tion 5.3.1 describes the computed PES. In Section 5.3.2, we compare the
QCT results with the QD results. The isotope effect of the QCT results for
reaction of (v = 0, j = 0) Hy and D3 is shown and discussed in Section 5.3.3.
Section 5.3.4 provides theoretical results on molecular beam sticking prob-
abilities and comparison with the experimental data. In Section 5.3.5, the
effect of electron-hole pair excitation on the reactivity is discussed and the
MDEF results are compared with the MD results for sticking. Conclusions
are provided in Section 5.4.
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100step | 111 terrace ,

Figure 5.1: Coordinate systems for Hy on Pt(211). (a) Top view of the
(1x1) unit cell showing also the dissociated reference geometry of Ho used
to converge the computational setup with respect to the adsorption en-
ergy Fuqs. First and second layer Pt atoms are in silver and dark gray,
respectively. H atoms are blue colored. (b) Side view of the slab model.
The Z-axis (molecule-surface distance) in the standard coordinate system
drawn in black is aligned with the normal to the macroscopic surface. X
and Y are the lateral components of the COM position of Hy indicated by
a red dot. Furthermore, r is the interatomic H—H distance (not shown)
and the angular orientation is specified by the polar angle 6§ € [0, 7] and
the azimuthal angle ¢ € [0, 27] (not shown). The angular orientation of Hy
in the internal coordinate system is defined with respect to the normal of
the (111) terrace, as shown in red. The two coordinate systems include an
angle x of 20°. The corresponding angular coordinates are {#',¢'}. The
surface lattice constants are Ly = 6.955 A and Ly = 2.839 A.
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5.2 Theoretical methodology

5.2.1 Dynamical model

The dynamics simulations presented in the following approach the true re-
action dynamics of the system by assuming the reaction to take place on an
ideal rigid Pt(211) surface at zero coverage. During the entire dynamics, the
surface atoms are fixed at their initial equilibrium positions as obtained from
DFT calculations. The dynamical degrees of freedom (DOF) treated here
are the six DOF of Hy. These are the center-of-mass (COM) position given
by Cartesian coordinates X, Y, Z relative to a surface atom, the interatomic
H—H distance r and the angular orientation of the molecule defined with
respect to the macroscopic surface plane. As usual, X, Y are the lateral
components of the COM position and Z is the molecule-surface distance.
The orientation of the molecule is specified by the polar angle 6 € [0, 7] and
the azimuthal angle ¢ € [0,27]. The corresponding coordinate system is
visualized in Figure 5.1.

5.2.2 Electronic structure calculations

In this work, electronic structure calculations are carried out using peri-
odic DFT as implemented in the Vienna Ab Initio Simulation Package
(VASP) [33-36]. Specifically, we employ an exchange-correlation functional
of the form:

EXC — E)P(BEa + EgdwaF2 (51)

which contains PBEa exchange [37] and the vdW-DF2-functional of Lun-
dquist and Langreth and co-workers [38]. The latter accounts for long-range
van der Waals interactions. The a-value was set to 0.57 according to our
previous work [28] where we have determined this value to be suitable in
order to bring computed and measured [39] sticking probabilities for Dy on
Pt(111) in quantitative agreement, see also Chapter 3. At first sight, the
strategy of fitting a DF'T functional to an experiment performed on a partic-
ular system might lead to a functional that is too specific to be accurate also
for other systems, even though they might appear very similar chemically.
However, recent theoretical work on the dissociation of molecular hydrogen
on different facets of Cu [25, 26] and methane dissociation on nickel [27] and
platinum [12] surfaces have shown that so-optimized functionals may indeed
be transferable among different but chemically similar systems. This sug-
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gests that the SRP functional designed for the Dy + Pt(111) system might
be of similar accuracy for the Do(Hg) + Pt(211) system.

The DFT calculations on the Dy + Pt(211) system presented here are
based on a Pt(211) slab model with four layers using a (1x2) supercell. As
often done for hydrogen + metal systems, we here assume effects resulting
from surface atom motion on the dissociation dynamics to be negligible at
the relevant experimental conditions to which we will compare our simu-
lations. Consequently, we content ourselves with a representation of the
interaction potential for a frozen Pt(211) surface. The surface atom posi-
tions of the three uppermost layers are initially optimized by relaxing the
Pt slab, but then kept frozen for all subsequent calculations on the sys-
tem. We took care that the mirror axis was not affected by the geometry
optimization of the slab. The resulting slab model obeys the symmetry of
the plml plane group [18]. This is helpful in reducing the computational
burden associated with the construction of the 6D PES, as we will show
below. Similar to Ref. [18], the vacuum gap separating periodic slab images
is about 16.2 A. We use a I'—centered 7x7x1 k-point mesh generated ac-
cording to the Monkhorst grid scheme [40]. The energy cut-off, Epaw, used
in the projector augmented wave (PAW) method was set to 450 eV. We
employ Fermi smearing with a width of 0.1 eV. The optimal number of k-
points and surface layers, and the optimal Epaw value were determined by
convergence calculations as summarized in table 5.1. There, we list the ad-
sorption energy E,qs computed as difference between the minimum energy
of Hy at its equilibrium distance re, ~ 0.74 A in the gas phase (here about 6
A away from the surface, and parallel to the surface) and the dissociatively
adsorbed configuration of He on Pt(211) as depicted in Figure 5.1. E,4s-
values are listed in table 5.1 for different slab thicknesses, k-point meshes,
and cut-off energies. The lattice constants of the rectangular (1x1) surface
unit cell are Ly = 6.955 A along the X-axis and Ly = 2.839 A along the
Y-axis, corresponding to a bulk lattice constant D of 4.016 A. The latter
value compares reasonably well with the experimental value (D = 3.916

A [41]).

5.2.3 Representation of the potential energy surface

In order to construct a continuous electronic ground state PES for molecular
hydrogen interacting with a rigid Pt(211) system, we adopt the CRP [31]
which allows for a fast and accurate interpolation of DFT data points. The
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Table 5.1: Adsorption energies E,4s in €V for Hy on Pt(211) computed
using different k-point meshes, cut-off energies Epaw and number of layers
in the slab. The F,4s-value obtained with a converged computational setup
is marked by an asterisk. The reference geometry of dissociated Hs used to
determine F,qs is shown in Figure 5.1.

4 layer slab 5 layer slab
Epaw [eV] | 350 400 450 500 350 400 450 500
5xHx1 0.951 0.940 0.934 0.931 | 0.951 0.939 0.934 0.931
6x6x1 0.952 0.941 0.935 0.932 | 0.951 0.940 0.934 0.931
TxTx1 0.962 0.952 0.945* 0.943 | 0.962 0.951 0.945 0.942
8x8x1 0.963 0.953 0.947 0.944 | 0.953 0.952 0.946 0.943

six-dimensional PES accounts only for the six DOF of molecular hydrogen
as shown in Figure 5.1. Details about the CRP algorithm and its imple-
mentation in our in-house computer code are presented elsewhere [18]. In
the following, only a few principles of the CRP will be explained, and a
few details will be presented concerning the structure of the DFT data set.
The interpolation of realistic globally defined PESs can become considerably
error-prone when small geometrical alterations lead to strong changes of the
system’s potential energy. Using the CRP, this problem can be avoided by

first reducing large differences within the original DFT data points, V2T,
The resulting reduced data set, IPF7T
IPFT(@y) = VPFT(Qy) = Vel (@) (5.2)

is better suited for an interpolation which will yield the smooth function

—

I(Q) used to compute the final PES according to:
V(X,Y,Z,1,0,6) = V(Q) = 1(Q) + V"/(Q). (53)

Here, Q; = (Xi,, iy, Zis, iy, 0is dig )L is a discrete coordinate vector, labeled
with the multidimensional index i, in the 6D space Q = (X,Y, Z,r,0,¢)T.
For the reference function, V"¢ (@), we are here using the sum of the two
H + Pt(211) interaction potentials which are also obtained via the CRP.
They describe most of the repulsive features of the PES, and are therefore
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particularly suitable for reducing the corrugation of the PES in the CRP as
explained in Ref. [18] and Ref. [31].

100step | 111 terrace
I 1

Figure 5.2: Top view of a (1 x 1) unit cell of Pt(211). Indicated is the
irreducible wedge by a blue plane and the blue dots represent the positions
of H and of the center of mass of Hs, respectively, at which DFT energy
points were calculated in order to construct the 3D/6D PES. A few selected
sites are labeled with top, brg (bridge) and t2b (top to bridge) and are
further distinguished by numbers. Red dots indicate periodic images at the
edge of the irreducible wedge.

In order to keep the number of DFT points to be computed as low as
possible, we perform DFT calculations for specific angular orientations of
Hy labeled by {6#',¢'} in the following. They are defined in a modified
coordinate system which is aligned with the vector normal to the (111) ter-
race, and not with the vector normal to the macroscopic surface as is the
case for the angular coordinates {6, ¢}. The corresponding transformations
between the two coordinate systems were previously presented in the sup-
plementary information of Ref. [18] and in Ref. [42]. In tables 5.2 and 5.3,
we list details about the DFT grid representation of the PES for the H(D)
+ Pt(211) system as well as for the Ha(D2) + Pt(211) system. The former
is required to provide the reference PES V"¢/ (@) in Equations (5.2) and
(5.3). Note that, with the coordinate system chosen for the DFT calcula-
tions, for H + Pt(111) a low minimum value of Z is needed to map out the
interaction of H with Pt(211) at the bottom of the step (see table 5.2). In
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Table 5.2: Specification of the DFT grid used to represent the atomic reference H 4+ Pt(211) interaction
potential. The grid along Y is defined for the irreducible wedge (IW) which makes up only the half of the
Pt(211)(1x1) unit cell, see Figure 5.2.
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quantity value unit remark
grid range along X on IW [0,Lx] A

grid range along Y on IW [0,Ly /2] A

grid range along Z [-3.65, 7.05] A

Nx number of grid points in X on IW 18 equidistant
Ny number of grid points in Y on IW 3 equidistant
Nz number of grid points in Z 109 equidistant
AX grid spacing along X Lx/18 A

AY grid spacing along Y Ly /4 A

AZ grid spacing along Z 0.1 A

representation of VP reference potential

grid range along Z [0, 7.05] A

Zm% number of grid points in Z 576 non-equidistant
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the CRP, this is required in order to remove the repulsive interaction in the
Hs + Pt(211) PES over the whole interpolation range before interpolation
is carried out. Due to the (100) step, the surface roughness is increased
and small molecule-surface distances need to be taken into account (here,
Lmin = -2.2 A.). The reasons are that we also describe molecular configura-
tions in which Hy stands perpendicular to the surface and that we represent
large interatomic distances (7mee = 2.5 A.), atomic repulsions must then
also be represented for small atom-surface distances, down to Z = -3.45 A.

We apply the following interpolation order to generate a smooth func-
tion IPF T(@) First, we interpolate along the interatomic H—H distance r
and the molecule-surface distance Z using a two-dimensional spline interpol-
ation. Second, we interpolate along the polar angle 6’ using a trigonometric
interpolation. Finally, we interpolate along the lateral positions X,Y and
the azimuthal angle ¢’ using a symmetry-adapted three-dimensional Fourier
interpolation. The resulting PES is smooth, fast to evaluate and provides
analytical forces.

5.2.4 Molecular dynamics simulations

In this chapter, the dissociation dynamics of molecular hydrogen on Pt(211)
is modeled using the QCT method [43], 7.e., with molecular dynamics (MD)
simulations. The quantum mechanical ro-vibrational energy of incident
Hy /D3 is sampled by a Monte-Carlo procedure outline in Ref. [44] and the
occupation of the associated ro-vibrational levels is determined by the mo-
lecular beam parameters, as discussed below. We distinguish between stand-
ard MD simulations and molecular dynamics simulations with electronic
friction (MDEF) [45]. The latter method allows one to study non-adiabatic
effects on the dissociation dynamics due to the creation of electron-hole
pairs in the surface region. For a N-dimensional system, the general equa-
tion to be solved in the following is the Langevin equation [46] which reads:

d?q; V(q,-..,qn) dg;
e ~S n(anan) B A R(T). (54
mi 34 ni5(q qn) 7 + R(T) (5.4)

J

Here, m; is the mass associated with a generalized coordinate g;, 7;; is
an element of the friction tensor which yields a dissipative term due to
the coupling of the nuclear DOF of molecular hydrogen with the electronic
DOF of the Pt(211) surface. Finally, R(T) is a white noise random force
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Table 5.3: Specification of the DFT grid used to represent the Ha(D2) +
Pt(211) interaction potential. The grid along Y is specified for the irredu-
cible wedge which equals here the lower half of the Pt(211)(1x1) unit cell,
see Figure 5.2. Due to symmetry, the ¢’-dependence of the PES along the
top and the brg line can be represented with three points (here at ¢/ = 0,45
and 90°). Due to the absence of a mirror axis associated with the ¢2b line,
we needed an additional point (here at ¢’ = 315°) to sample the PES along

¢'.

quantity ‘ value unit  remark
range of X [0, Lx| A

range of Y [0,Ly /2] A

range of Z [-2.2, 6.6] A

range of r [0.4, 2.5] A

range of ¢’ [0, /2] rad

range of ¢’ [-w/4, 7/2] rad

Nx number of grid points along X | 9 equidistant
Ny number of grid points along Y | 3 equidistant
Nz number of grid points along Z | 53 equidistant
N, number of grid points along r 22 equidistant
Ny number of grid points along 6’ | 2 equidistant
Ny number of grid points along ¢’ 3-4() equidistant
AX grid spacing of X Lx/9 A

AY grid spacing of Y Ly /4 A

AZ grid spacing of Z 0.15 A

Ar grid spacing of r 0.1 A

A#' grid spacing of ¢’ /2 rad

A¢' grid spacing of ¢’ /4 rad

resulting from the electronic bath at temperature T := T,; = T, which here
corresponds to the surface temperature Ts. At T =0 K , the random force
disappears and only the frictional force remains in the dissipative part of
Equation (5.4). In the absence of electronic friction (n = 0), the Langevin
equation obeys Newton’s equation of motion and the evolution of the system
depends then only on the gradient of the PES. The methodology used to
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solve Equation (5.4) is described in Refs. [44, 47].

The position-dependent friction coefficients in Equation (5.4) are com-
puted using the local-density friction approximation (LDFA) with the use
of the independent atom approximation (IAA) [48]. As a consequence only
the diagonal elements of the friction tensor 1 remain and off-diagonal ele-
ments vanish. In the LDFA model, 7 is a function of the electron density
p(x,y, z) embedding the ion with position (x,y, z). In accordance with pre-
vious results [49], we assume that the embedding density corresponds to a
good approximation to the unperturbed electron density of the bare Pt(211)
surface which is here obtained from a single DFT calculation. To compute
the friction coefficient for the H(D) atom, we adopt the relation [44]

nPEA(r) = arbexp(—cry), (5.5)
where the parameters are a = 0.70881 h/a8+2, b = 0.554188, ¢ = 0.68314
ay ' and were previously fitted in Ref. [44] to ab initio data [50]. The Wigner-
Seitz radius 7, = (3/(47mp))'/? depends on the density p(x,y,z) embedding
the hydrogen at position (z,y, z). It is convenient to solve Equation (5.4)
in Cartesian coordinates, and to use proper coordinate transformations to
compute the potential and forces as functions of the six molecular coordin-
ates presented in Figure 5.1.

Following previous studies on the reactive scattering of diatomic mo-
lecules from metal surfaces [44, 51|, the effect of electron-hole pair excita-
tion on the reaction of Ha(D3) on Pt(211) can also be studied by scaling
the LDFA-TAA friction coefficients. Here, we consider a scaling factor of 1
(n = n*PFA) and 2 (n = 2 x nPFA). We investigate what happens if the
friction coefficients are multiplied by a factor two because the LDFA-TAA
friction model is approximate, ignoring the possible effects of the electronic
structure of the molecule. Friction coefficients computed with the orbital
dependent friction model tend to come out larger [52-54]. In the former
case we have performed calculations for Ty = T,; = 0 K and 300 K, while
in the latter case, we only performed calculations at Ty = T,; = 0 K, that
is, in the absence of random forces.

5.2.5 Quantum dynamics simulations

Six-dimensional quantum dynamics calculations are performed with the
time-dependent wave packet method [55, 56] using our in-house wave packet
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propagation code by solving the time-dependent Schrédinger equation

mcwf;t) = HU(Q;1). (5.6)

Here, W(Q, t) is the corresponding nuclear wave function of molecular hy-
drogen at time t. The Hamilton operator used in Equation (5.6) accounts
for the motion in the six molecular DOF of Hy and reads:

R -, B2 0? h?

A= 0,

2M 2102 " 2ur? J2(0,9) + V(Q), (5.7)

where V is the Nabla operator, and J (0, ¢) the angular momentum op-
erator for the hydrogen molecule, M is the molecular mass and p is the
reduced mass of Hg(Dg). The initial nuclear wave function is represen-
ted as a product of a wave function describing initial translational motion
and a ro-vibrational eigenfunction @, ; (7,0, #) of gaseous Hz(D3) char-
acterized by the vibrational quantum numbers v, the angular momentum
quantum number j and the angular momentum projection quantum number
m;. Therefore, the initial wave function reads

U(Qs to) = (Ko, to) Pujm, (1,6, ), (5.8)

where ko = (ki kY, kZ)T is the initial wave vector. The wave function
describing initial translational motion is given by:

. m .
UlFosto) = KR [ 501 P, (59)

Here, the initial wave packet (3 (kOZ ) is characterized by a half-width para-
meter o according to

2\ i _
BlkE) = <20> ek, (5.10)
T

with k being the average momentum and Zy the position of the center of
the initial wave packet.

The equations of motion were solved using the split-operator method [57].
The motion in X, Y, Z, and r was represented using Fourier grids. Quadratic
optical potentials [58] were used to absorb the wave function at the edges
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of the grid in r and Z. A non-direct product finite basis representation was
used to describe the rotational motion of Hs [59, 60]. To compute reac-
tion probabilities, first S-matrix elements were computed for diffractive and
ro-vibrationally elastic and inelastic scattering, using the scattering matrix
formalism of Balint-Kurti et al. [61]. These were used to compute probabil-
ities for diffractive and ro-vibrationally elastic and inelastic scattering. The
sum of these probabilities yield the reflection probability, and substracting
from 1 then yields the reaction probability.

5.2.6 Computation of observables

Using the quasi-classical method, we aim to model the sticking of Ha(Ds2)
on Pt(211) at conditions present in experiments we compare with by taking
into account the different translational and ro-vibrational energy distribu-
tions characterizing the different molecular beams. At a nozzle temperat-
ure T}, the probability Ppeqn of finding molecular hydrogen in a specific
ro-vibrational state v, j with a velocity v + dv in the beam is:

Pbeam(vv v, J; Tn)dv = Pint(Vaja Tn) X fvel(v; Tn)dvv (5‘11)
where the flux-weighted velocity distribution
foer(v; Tp)dv = CvPexp(—(v — v5)?/a?)dv (5.12)

is normalized by a normalization constant C and characterized by a width
parameter a and the stream velocity vs. The ro-vibrational state distribu-
tion is given by

w(j)F (v, j,Tn)
2w jr=j(mod 2) (V. 5", Th)

Pini(v, 5, T,) = (5.13)

The weight w(j) accounts for the different nuclear spin configurations of
ortho- and para hydrogen molecules. For Hy, w(j) = 1/4 (3/4) for even
(odd) j-values and, for Do, w(j) = 2/3 (1/3) for even (odd) values of j.
The function F(v,j,T,)) is defined as

F(v,j,T,) = (2j+1) exp(—(E0 — Fo,0)/kBTn) exp(—(Ey; — E,0)/0.8kBT5,) .

vibrational energy distribution rotational energy distribution

(5.14)
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The appearance of a factor 0.8 in the rotational energy distribution reflects
that rotational and nozzle temperatures assume the relation T;.,, = 0.8 T},
due to rotational cooling upon expansion of the gas in the nozzle [62]. The
experimental beam parameters for the Hy /Do 4+ Pt(211) systems are listed
in table 5.4 and table 5.5.

The quasi-classical initial conditions are prepared using a Monte Carlo
procedure described in Ref. [44] and sample directly the probability dis-
tribution Ppegs,. The resulting probability P; for dissociative adsorption,
scattering and non-dissociative trapping of an ensemble of molecules is de-

termined by the ratio:
N.
=2 (5.15)

where NV; stands for the number of adsorbed, dissociated or trapped traject-
ories (Nads, Ndiss, Nirap) and N is the total number of trajectories computed
for a specific energy point (F;), where (E;) denotes the average translational
incidence energy of the molecule.

5.2.7 Computational details

The time-integration of Equation (5.4) is done in Cartesian coordinates
using a time step of At = 2.0h/Ey, (= 0.0484 fs) with the stochastic Ermak-
Buckholz propagator [64], which also works accurately in the non-dissipative
case. Further technical details are given in Ref. [44, 47] . The maximal
allowed propagation time for each trajectory is ty = 10 ps. In the non-
dissipative case, our QCT setup usually leads to an energy conservation
error of smaller than 1 meV. All trajectories start at a molecule-surface dis-
tance of 7 A and initially sample the ensemble properties of the experimental
molecular beam, that is, we model the ro-vibrational state distribution ac-
cording to the nozzle temperature as well as the translational energy distri-
bution of the incidence beam. The parameters characterizing the molecular
beam are given in table 5.4 and table 5.5 and details about their experi-
mental determination are given in the supporting information of Ref. [63].
The initial conditions used in the quasi-classical simulations are determined
using the Monte-Carlo algorithm explained in Ref. [44].

We compute N = 10,000 trajectories per energy point and count traject-
ories as dissociatively adsorbed if they assume an interatomic H—H distance
larger than 2.5 A during the dynamics. Scattered trajectories are charac-
terized by a sign change in the Z-component of the total momentum vector
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Table 5.5: Parameters used for the molecular beam simulations of Dy on Pt(211). The parameters were
obtained from fitting the experimental time-fo-flight (TOF') data to equation 6 in the supporting information
of Ref. [63] . For pure Dy beams, we also provide n in (E;) = nkgT, and the corrected average incidence

energy (Ecorr) = 2.7kpT,.

(E;) [eV] vs [m/s] a[m/s] T, [K] nin (E;)=nkgT, (Ecom) [€V]
0.008 626.8 49.8 293 - -
0.027 1103.2 134.9 293 - -
0.040 1379.2 75.5 293 - -
0.054 1555.6 218.1 600 - -
0.076 1860.0 237.5 800 - -
D, 0.110 2239.9 267.3 1100 - -
0.130 2430.7 311.9 500 3.03 0.116
0.140 2531.1 294.5 1100 - -
0.234 3191.0 548.1 900 3.02 0.209
0.276 3628.1 160.3 1300 - -
0.346 3814.8 772.0 1300 3.09 0.303
0.457 4304.1 989.4 1700 3.12 0.395
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and have to pass a molecule-surface distance of Zs;. = 7.1 A. We call a tra-
jectory trapped if the total propagation time of 10 ps is reached and neither
dissociation nor scattering has occurred.

The dissociative chemisorption of Ha(v = 0,5 = 0) on Pt(211) is in-
vestigated quantum mechanically over a translational energy range of F; €
[0.05,0.75] eV using two different wave packet propagations. The analysis
line used to evaluate the scattered fraction of the wave packet was put at
ZGAP = 6.6 A. This is a suitable value since the PES is 7-dependent only
for all values Z > 6.6 A, so it allows representing the wave function on a
smaller grid using Nz points in Z for all channels but the channel represent-
ing the initial state (called the specular state, and represented on a larger
grid called the specular grid, using Nz, . points). These parameters, and
other parameters discussed below, are presented in table 5.6.

The grids in Z start at Z = Zg4¢ and share the same grid spacing. The
grid in r is described in a similar way by the parameters 7g4q¢, N, and
Ar. The numbers of grid points used in X and Y (Nx and Ny ) are also
provided, as are the maximum value of j and m; used in the basis set (jmaz
and mj,,..). The optical potentials used (also called complex absorbing
potentials (CAPs)) are characterized by the value of the coordinate at which
they start and end, and the value of the kinetic energy for which they should
show optimal absorption [58]; these values were taken differently for the
regular and the specular grid in Z. The time step At used in the split
operator propagation and the total propagation time ¢; are also provided.
The initial wave packet is centered on Zj and is constructed in such a way
that 95% of the norm of the initial wave function is associated with kinetic
energies in motion towards the surface between E,,;, and FE,.., as also
provided in table 5.6.

5.3 Results and discussion

5.3.1 Static DFT calculations

Before we come to the dynamics calculations, we here first present general
features of the interaction potential of atomic and molecular hydrogen and
a Pt(211) surface. In Figure 5.3, we plot the minimum potential energy
values for atomic H assuming the optimal atom-surface distance Z over
the full (1 x 1) unit cell. The resulting H-Pt(211) PES resembles the PES
earlier developed by Olsen et al. [42] on the basis of DFT energy point
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Table 5.6: Characterization of the two different wave packet (WP) calcu-
lations for (¥ = 0,5 = 0)Hz incident normally on Pt(211) for translational
energies of F; € [0.05,0.75] eV. Specified are the grid parameters for the
wave function and the PES, and parameters defining the complex adsorb-
ing potential in 7 and Z, the center position Zj of the initial wave packet,
and the corresponding translational energy range F; covered.

Property ‘ WP1 WP2 unit
WP grid parameters
Range of X [0, Lx]| [0, Lx]| ag
Nx grid points in X 36 36
Range of Y [0, Ly ]| [0, Ly| ag
Ny grid points in Y 12 12
Range of Z [-2.0,19.45] [-2.0,17.10] ap
Ny 144 192
AZ 0.15 0.10 ag
Nz, pe. 210 220
Range of r [0.80, 9.05] [0.80, 7.85] ag
N, 56 48
Ar 0.15 0.15 ag
Jmaz = M, 22 32
Complex absorbing potentials
ZCAF range [12.55,19.45] [12.50,16.90]  aq
ZCAP Optimum 0.05 0.08 eV
Specular grid
ZCAP gtart 22.75 16.10 ao
ZEAP end 29.35 19.90 ao
ZSCZ‘;‘CP optimum 0.05 0.08 eV
rCAF range [4.10,9.05] [4.55,7.85] ag
rCAP optimum 0.05 0.20 eV
Propagation
At 2.00 2.00 h/FEy
iy 3870.21 1741.60 fs
Initial wave packet
Energy range, E; [0.05,0.25] [0.20,0.75] eV
Center of WP, Z, 16.45 14.30 ag

calculations using a B88P86 functional [29, 30]. For example, the most



5.3. RESULTS AND DISCUSSION 153

stable adsorption site for a single hydrogen atom on Pt(211) is located near
the brgl position at the step edge, see also Figure 5.2. Additional minima
are found close to the top2 and the top3 sites. In agreement with Olsen
et al. [42], we also obtain the largest diffusion barrier to be ~ 0.60 eV above
the global minimum in the vicinity of the brg2 site. The specific position of
the global minimum for H adsorption suggests the minimum barrier for Ho
dissociation to be on top of the step edge at the topl site because the topl-
to-brgl path represents a short route for H atoms to assume their most

0.15 0.30 0.45
potential energy [eV]

Figure 5.3: Minimum potential energy for H on Pt(211) for geometry op-
timized atom-surface distances Z,,¢ on a (1x1) supercell. The energies are
given relative to the most stable configuration of H on Pt(211) which is here
near to the brgl position (see Figure 5.2). Since our DFT calculations do
not include spin-polarization, the corresponding highest adsorption energy
of 3.74 eV for a single H atom should to our experience be overestimated
by ~ 0.7 €V. The contour line spacing is 0.03 eV.

favorable geometry on the surface. In general, the abstraction of atomic
hydrogen from Pt(211) requires large amounts of energies as is known also
for other H + transition metal systems [65, 66]. The value of E,qs ~ 3.7
eV computed here is, however, overestimated by ~ 0.7 - 1.0 eV since we did
not perform spin-polarized DFT calculations, which are not relevant to the
comparison with the work of Olsen et al. [42], to the reaction paths for Hy
dissociation, and to the dynamics of Hs dissociation.

In Figure 5.4, we present different two-dimensional (2D) PES cuts along
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Figure 5.4: 2D potential cuts through the 6D PES for dissociative adsorp-
tion of Hy on Pt(211) along r and Z at the nine different sites on the (1 x
1) unit cell. In all cases Hy approaches parallel to the macroscopic surface
(0 = 90°). Top views of the molecular configurations are shown as insets.
Contour levels are give in the energy range of [-1, 2] eV with a spacing of
0.2 eV. The zero-value of the PES is set equal to the gas phase minimum
energy. Negative (positive) valued contour lines are plotted in blue (black)
and the zero-valued contour line is shown in red. Green circles indicate the
position of the reaction barrier, and barrier heights E' are also shown.
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the H-—H and the molecule-surface distances (r,Z) for Hy approaching
Pt(211) with orientations parallel to the surface at different impact sites,
and azimuthal orientations as shown in the insets of the figure. As can
be seen from Figure 5.4 (a), the dissociation of Hys proceeds indeed non-
activated directly over the topl site, that is, over a Pt atom at the step
edge. Following the colour code of the figure, Hy can spontaneously disso-
ciate after passing an early, but shallow barrier of Ef = —83 meV'! (barrier
is below the classical gas phase minimum) in the entrance channel. The
two H atoms are then accommodated exothermally on the surface. This
result is in agreement with previous work of McCormack et al. [14] where a
non-activated route to dissociation was revealed for impacts near the topl
site and with H atoms dissociating to brgl sites. This result also matches
up with the above analysis of the topology of the H on Pt(211) PES that
suggested the lowest barrier to be close to the topl site. Furthermore, the
associated barrierless path enables the contribution of a direct non-activated
mechanism for reaction at all incidence energies, as found experimentally [8]
as well as theoretically [14]. Interestingly, already small changes of the mo-
lecular geometry lead to significant changes of the topology of the PES. For
example, moving Hs from the step edge to the bottom of the step while
retaining its orientation, as shown in Figure 5.4 (c¢), yields a 2D-PES that
has a large activation barrier of Ef = 556 meV and dissociation appears to
be endothermic. Aligning now the molecular axis with the X-axis of the
surface unit cell, as shown in Figure 5.4 (b), reduces somewhat the barrier
but the PES becomes strongly repulsive for very large values of r (r > 2 A)
This suggests that the dissociation of Hy on Pt(211) may be accompanied
by a strong angular reorientation dynamics, but also that associative de-
sorption may set in after the molecule has experienced large interatomic
stretches.

The different impact sites and initial orientations of the molecule do not
only affect how large the barrier toward bond cleavage is and the length
of the path towards a favorable adsorption state. They also influence the
way in which vibrational and translational energy play in favor of reac-
tion. Throughout the nine plots presented in Figure 5.4, one recognizes
the typical elbow form of the PES along the r, Z coordinates. On the one
hand, the curvature of the minimum energy paths in the elbows controls
the vibration-translation (V-T) coupling [67], which may facilitate dissoci-

gt =E,
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Configuration ‘ rT[A] ZV[A] ET[eV]
topl (¢ = 90°), Fig.5.4(a) | 0.75  2.79  -0.083

¢ = 120°), Fig.54(g) | 0.89  1.37  0.318
t2bl (¢ = 90°), Fig.5.4(f) | 1.34 153  0.035

top2 (¢ = 0°), Fig.5.4(b) 090 059  0.396
top2 (¢ = 90°), Fig.5.4(c) | 0.88 051  0.556
top3 (¢ = 90°), Fig.5.4(1) | 100 0.99  0.118
brgl (¢ = 0°), Fig.5.4(d 080 1.75  0.186
brg3 (¢ = 0°), Fig.5.4(e) 094 073  0.639
brgd (¢ = 30°), Fig.5.4(h) | 1.62  0.75  0.692

(

(

Table 5.7: Barrier heights and geometries for Hy on Pt(211) for the geo-
metries shown in Figure 5.4. Energies are given relative to the gas phase
minimum energy of Hs.

ation in quasi-classical simulations artificially due to the zero-point energy
conversion effect: the higher the curvature, the more coupling. On the
other hand, the Polanyi rules [68] relate the efficiency of translational and
vibrational excitation of the incident molecule for reaction to the position
of the barrier. In late-barrier systems resembling the product state reac-
tion is promoted vibrationally, while in early-barrier systems reaction is
more enhanced by translational excitation. For the Ho + Pt(211) system,
vibrationally non-adiabatic V-T processes as well as the Polanyi rules are
expected to come into play during the reaction dynamics. For example, we
find relatively early barriers for impact situations shown in Figure 5.4 (b)-
(d) suggesting a preference of translational excitation for reaction. Impact
sites associated with a late barrier are shown in Figure 5.4 (f), (h) and (i).
In impacts on these sites, reaction is more likely to be promoted by initial
vibrational excitation.

Reaction barrier energies and associated geometries for the nine incid-
ence situations outlined in Figure 5.4 are specified in table 5.7. While the
barriers to dissociation could be decreased somewhat when optimized with
respect to 6 for cases in which Hs does not dissociate parallel to the step
(Figures 5.4 (b), (d), (e), (g), and (h)), Figure 5.4 and table 5.7 nevertheless
provide a good view of the Ho-Pt(211) interaction. We find the latest (rf =
1.62 A) and highest barrier (ET = 692 meV) for molecules incident at the
brg4 site (see also Figure 5.4 (h)). This indicates a considerable range of
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activation energies (~ 700 meV) for the dissociation process. The ZT-values
reported in table 5.7 range from 0.51 A at the top2 site (bottom of the step)
t0 2.79 A at the topl site (top of the step edge). This reflects to some extent
the overall shape of the Pt(211) surface, since step-top and step-bottom Pt
atoms are displaced by AZ = 1.27 A.

The vdW-DF2 functional employed here yields not only rather large
activation energies for the direct dissociation process but also considerable
physisorption wells of ~ 72 meV located comparably far away from the
surface. The presence of such wells may additionally contribute to the
trapping dynamics of small molecules or may even increase the chance of
redirecting the molecule toward non-dissociative pathways. Baerends and
co-workers [13, 14] previously reported on the importance of trapping as a
mechanism for indirect dissociation of Hy on Pt(211). They used a PES that
was constructed on the basis of standard GGA-DFT calculations and the
authors found only a shallow physisorption well for impacts at the bottom-
step. When using the DF2-functional in the description of the dynamics of
molecular hydrogen on Pt(211), as done in this work, the trapping mech-
anism may become more substantial, which may affect the computation of
sticking probabilities for slow molecules.

5.3.2 Comparison QCT and QD dynamics

Figure 5.5 shows the comparison between the QCT and QD results for
Ho(v = 0, j = 0). As already discussed in the introduction, the shape
of the reaction probability curve in both the QD and the QCT dynamics
arises from the presence of a trapping mechanism, which yields a contribu-
tion to the reactivity that decreases with incidence energy, and an activated
mechanism, the contribution of which increases with incidence energy. As a
result, the reaction of the Hy molecule on Pt(211) exhibits a nonmonotonic
behaviour as a function of the collision energy. The reaction probability
curve shows very high dissociation probabilities at very low collision ener-
gies. The minimum value of the reaction probability is at an intermediate
value of the collision energy and the slope of the reaction probability curve
becomes positive at higher collision energies.

As noted by McCormack et al. [14], with a GGA PES non-activated in-
direct dissociation may occur when a molecule hits the lower edge of the step
on a non-reactive site, which showed the presence of a shallow chemisorp-
tion well in their PES. A difference with our PES is that physisorption can
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occur anywhere at the surface, due to the presence of van der Waals wells
for the PES computed with the vdW-DF2 correlation functional.

The QCT calculations reproduce the QD results at the higher incidence
energies reasonably well. At low and intermediate energies, in the QD
results the trapping mechanism manifests itself by the occurrence of peaks
in the reaction probabilities, with the peak energies corresponding to the
energies of the associated metastable quantum resonance (trapped) states.
The comparison suggests that at low and at intermediate energies (up to
0.2 eV) the QCT results tend to overestimate the reactivity a bit. This
could be due to two reasons. First, the increase of the reaction probability
with decreasing energy at the lower incidence energy is understood to occur
as a result of trapping of molecules entering the potential well, in which
energy from the motion perpendicular to the surface is transferred into
rotation and translational motion parallel to the surface [17]. In the QD
calculations trapping should only be due to energy transfer to the motion
parallel to the surface [17]. However, classically it is also allowed that
energy is transferred from the motion towards the surface to the rotational
DOFs [17]. Second, the QCT calculations may suffer from an artificial
effect called zero-point-energy (ZPE) leakage, i.e., in QCT calculations the
quantization of vibrational energy may be lost and the original vibrational
zero point energy may be transferred to other degrees of freedom.

5.3.3 Isotope effects in QCT results for reaction of ( v = 0,
j = 0) H2 and D2

Comparison between the computed QCT reaction probability curves for Ha
and Dy shows that the reaction probability of Hy is higher than that of
Dg at the same incidence energy (see Figure 5.6). We attribute this to
a zero-point energy effect. Ho has more energy in zero point vibrational
motion than Do, so there is a higher probability that a given amount of
this energy is transferred to motion along the reaction coordinate. Gross
and Scheffler [69] for Hy dissociation on Pd(100) showed that in classical
dynamics (no initial zero-point energy) there is no isotope effect between
Hs and Dy in the sticking probabilities. At first sight, one might expect
that steering is less effective for Dy due to its higher mass and therefore less
reaction for Do than Hy. On the other hand, Do is slower than Hs at the
same kinetic energy, so there is more time for the steering force to redirect
the Do molecule to a non-activated path. However, they found the quantum
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Figure 5.5: Initial-state resolved reaction probability for He (v = 0, j = 0)
dissociation on Pt(211) calculated with QD in comparison with the QCT
results.

dynamical sticking probabilities of Dy to be smaller than those of Hy. They
suggested that this small difference should be a quantum dynamical effect
and that the larger vibrational zero point energy of Hy can more effectively
be used to cross the reaction barrier.

No isotopic dependence and also no surface temperature dependence
for the sticking probability were reported by the experimentalists [8], as
shown in Figure 5.7 where we show the sticking probability as a function
of average incidence energy. (In Ref. [8] the sticking probabilities were
shown as a function of the incidence energy corresponding to the most
probable energy for a density-weighted incidence energy distribution, see
the supporting information of Ref. [63].)
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Figure 5.6: Initial-state-resolved reaction probabilities for the dissociation
of Hy(D2) on Pt(211) surface are shown with red (black) symbols for the
ground rotational and vibrational state. The results are obtained with the
QCT method.

5.3.4 Comparison of molecular beam sticking probabilities
with experiment

Parameters used for the molecular beam sticking simulations (previously
extracted from experiments as discussed in the supporting information of
Ref. [63]) of Hy and Dy on Pt(211) are given in table 5.4 and table 5.5 .
The sticking probabilities extracted from molecular beam simulations for
Hy dissociation on Pt(211) are shown in Figure 5.8 with a comparison to
the experimental results. In the figure, the red circles show the theoretical
results obtained from simulating the experimental beam conditions. The
black circles display the experimental results reported by Groot et al. [8].
Figure 5.9 shows the same comparison for Dy dissociation on Pt(211). In
both cases, in the lower-energy regime, the theoretical results overestim-
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Figure 5.7: The experimental [8] sticking probability of Hs (red symbols)
and Dy (black symbols) on Pt(211) as a function of average collision energy.

ate the experimental reaction probabilities. For Hy on Pt(211), at higher
energies the theoretical results also overestimate the experimental results.
However, overestimation happens only at the highest incidence energy for
D2 + Pt(211). The energy shift (the distance along the energy axis between
experimental data points and the interpolated theoretical curve) is [7—92]
meV for Hy + Pt(211) and [3—55] meV for Dy + Pt(211). On this basis, our
results for Hy + Pt(211) do not yet agree with experiment to within chem-
ical accuracy (= 43 meV). To find the mean deviation of the theoretically
calculated sticking probability curve from the experimental results, we also
calculated the mean absolute error (MAE) and mean signed error (MSE).
We obtained a MAE of 40.8 meV and a MSE of 9.8 meV for Hy and a MAE
of 32.4 meV and a MSE of -0.4 meV for Dy. On this basis, the errors in the
theoretical data in both cases are less than 1 kcal/mol ~ 43 meV.

As already stated, the comparison between experiment and theoretical
results is not yet good at the lower incidence energies. Two reasons might
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be involved, which are related to there being an important contribution to
sticking from a trapping-mediated mechanism. The first reason concerns
the inability of the QCT method to describe the sticking probability accur-
ately when trapping contributes to reaction. The QCT results overestimate
the contribution of trapping due to translation-to-rotation energy trans-
fer, which is not allowed in QD descriptions [70] (see Section 5.3.2). The
quantum dynamics calculations of Figure 5.5 suggest that for reaction of
Ha(v = 0, 7 = 0) the reaction probability decreases faster with energy at
low incidence energies if quantum effects are included, which goes in the
right direction for getting better agreement with experiment. The other ef-
fect that could be important is surface temperature, which we do not include
in our calculations. The initial reaction probability was experimentally de-
termined at the surface temperature of 300 K. However, the experimental-
ists did not observe any surface temperature dependence [8]. In our view
this makes it unlikely that the static surface approximation we used here is
responsible for the discrepancy with experiment at low incidence energy.
Especially for Ho our QCT results overestimate the experimental stick-
ing probability at high average energies, as computed from the beam para-
meters available from fitting experimental TOF spectra (see the supporting
information of Ref. [63]). One question we addressed is whether this could
be due to errors arising from fitting these parameters, which is critically dif-
ficult especially at high incidence energies associated with short flight times.
Now it is rather well known that for pure Hy beams the average transla-
tional energy should not exceed 2.7 kpT,, as no vibrational cooling occurs,
and only about 20% rotational cooling [62, 71, 72]. Comparing the average
incidence energies of the pure Hy beams in table 5.4 with 2.7 kgT,,, we how-
ever find that in most cases the average incidence energies exceed 3 kT,
and this also holds true for pure Dy beams (see also table 5.5). This sug-
gests that the experimental average incidence energies extracted from the
beam parameters were too high. By re-plotting the experimental results
using average incidence energies F.,. equal to 2.7 kgT,, we can redo the
comparison with the computed sticking probabilities, if we assume that the
computed values do not much depend on the nozzle temperature through
altered ro-vibrational state distributions. This is likely to hold true for
non-activated or weakly activated dissociation. As Figure 5.10 shows this
approach tremendously improves the agreement with experiment for the
higher incidence energies at which the sticking is dominated by activated
dissociation, and for which the QCT results should be accurate (see Sec-
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tion 5.3.2): The agreement with experiment is now within chemical accuracy
for these energies and pure Hy beam conditions. For Do the agreement is
not as good as for Hy for the lower incidence energies in the high-energy
range (see Figure 5.11), which is perhaps due to the rotational cooling being
somewhat more efficient for Do than for Hy, due to the lower rotational con-
stant of Dy. This means that in Figure 5.11 the experimental data could
move somewhat to the right (to higher energies), thereby improving the
agreement with experiment. Note also that in principle the fits of the beam
parameters are expected to be less error prone for Ho than for Do, due to
longer flight times of Ds.

Another solution to the puzzle of why the average incidence energies
calculated from the beam parameters did not correspond to 2.7 kg7, for
pure beams could be that the nozzle temperature was actually higher than
measured. This could in principle be simulated by assuming that the nozzle
temperature can be computed from the measured average incidence energy,
instead of adapting the average incidence energy to the measured nozzle
temperature. This was not pursued computationally, as it would only be
expected to lead to a small increase of the computed sticking probability,
and to somewhat larger discrepancies for Hy + Pt(211), for which the agree-
ment with experiment was worst to start with.

Above, we have suggested that the rotational cooling in a Do beam could
be somewhat more efficient than in the Hy beam (due to the rotational con-
stant of Dy being lower). If this were true, this would suggest that we could
have plotted the experimental data for the pure Dy beams as a function
of (E;) = ckpT, with ¢ somewhat larger than 2.7 (for instance, 2.75 or
2.8) in Figure 5.11. If this would be correct, this would increase the agree-
ment between theory and experiment in this figure, as already discussed
above. However, it should also alter the conclusion regarding the absence of
an isotope effect drawn originally by the experimentalists: if this assump-
tion would be correct, the sticking probabilities measured for Hy should be
somewhat higher than those for Do, at least for the results from the pure
Hs and pure Dy experiments. This would bring theory and experiment in
agreement also regarding the qualitative conclusion on the isotope effect.

5.3.5 Comparison MD and MDEF results for sticking

Figures 5.12 and 5.13 show the results of MD and MDEF calculations for
Hy + Pt(211) and Dy + Pt(211). At low energies adding electronic fric-
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Figure 5.8: Sticking probability for molecular beam of Hy on Pt(211) sim-
ulated with QCT. For comparison experimental results reported by Groot
et al. (Black symbols: experimental data from Ref. [8]) are plotted be-
side the theoretical results (red symbols). The arrows and accompanying
numbers show the collision energy difference between the interpolated the-
oretical results and experimental data.

tion and doubling the friction coefficient increases the sticking probability
for Dy. Doubling the electronic friction coefficient increases the sticking
probabilities of Hs only at intermediate energies. At higher incidence en-
ergies adding electronic friction decreases the sticking probability a little
bit. Adding this energy dissipation channel reduces sticking somewhat at
higher incidence energies because energy in the bond stretch coordinate is
nonadiabatically dissipated to electron-hole pair excitation. Also modeling
the effect of the finite electronic temperature decreases the sticking prob-
ability at lower incidence energies, but there is no dramatic effect at higher
incidence energies. The effect of T,; is negligible for (E;) > 0.13 eV and
very small at lower incidence energy. At the lowest incidence energies, the
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Figure 5.9: Sticking probability for molecular beam of Dy on Pt(211) sim-
ulated with QCT. For comparison experimental results reported by Groot
et al. (Black symbols: experimental data from Ref. [8]) are plotted be-
side the theoretical results (red symbols). The arrows and accompanying
numbers show the collision energy difference between the interpolated the-
oretical results and experimental data.

electronic dissipative channel enhances the trapping and, therefore, the dis-
sociation probability [73]. The dissociation process is expected to increase in
the presence of a trapping mechanism because once the molecule is trapped
on the surface and starts to dissipate energy, it is difficult for the trapped
molecule to recover the perpendicular translational energy to escape from
the surface. The effect of including electron-hole pair excitations is therefore
to increase the trapping-mediated contribution to the reactivity and thereby
the reactivity. However, it keeps the direct mechanism almost unchanged.
Raising the electronic temperature at lower incidence energies, ¢.e. through
the presence of hot electrons, leads to collisions of the hot electrons with the
molecule that can excite the molecular DOFs and provide the trapped mo-
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Figure 5.10: Sticking probability for molecular beam of Hy on Pt(211) sim-
ulated with QCT. For comparison experimental results reported by Groot
et al. (Black symbols: experimental data from Ref. [8].) are plotted be-
side the theoretical results (red symbols). The arrows and accompanying
numbers show the collision energy difference between the interpolated the-
oretical results and experimental data. In plotting the experimental results,
we have assumed that the average incidence energy in the experiments was
equal to 2.7 kgT,.
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Figure 5.11: Sticking probability for molecular beam of Dy on Pt(211) sim-
ulated with QCT. For comparison experimental results reported by Groot
et al. (Black symbols: experimental data from Ref. [8].) are plotted be-
side the theoretical results (red symbols). The arrows and accompanying
numbers show the collision energy difference between the interpolated the-
oretical results and experimental data. In plotting the experimental results,
we have assumed that the average incidence energy in the experiments was
equal to 2.7 kgT,.
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Figure 5.12: Sticking probability as a function of the average incidence
energy obtained from MD and MDEF calculations. Black symbols show
the MD, red and purple symbols show results of MDEF calculations using
friction coefficient multiplied by different factors (x 1 and x 2 respectively)
and green symbols show MDEF results using an electronic temperature
T, =300 K.

lecule with sufficiently high energy to get desorbed from the surface to the
gas phase. Taking the electronic temperature in our calculations at lower
incidence energies into account diminishes the trapping effect and therefore
reduces the overall reactivity.

The good agreement between the MD and MDEF results at higher in-
cidence energies confirms that the BOSS model, which does not consider
electron-hole pair excitation, may accurately describe the dissociation of Ho
and Dy on Pt(211) through the direct reaction mechanism at the terrace,
and therefore, at higher incidence energies.



5.4. CONCLUSION 169

08 ~— T T T T T E—
v
I 4 QCT 1
0.71% Dp + PH211) > MDEF |
v v MDEF x 2
2 v o MDEF,T, =300 K ]
5 0.6 -
I L2
o <«”
o 05+ a —
e L Ly ]
204l x '
50T O LY |
03 IR -
1 I 1 I 1 I 1 I 1
025 0.1 0.2 0.3 0.4 0.5

Average collision energy (eV)

Figure 5.13: Sticking probability as a function of the average incidence
energy obtained from MD and MDEF calculations. Black symbols show
the MD, red and purple symbols show results of MDEF calculations using
friction coefficient multiplied by different factors (x 1 and x 2 respectively)
and green symbols show MDEF results using an electronic temperature
Ty =300 K.

5.4 Conclusion

To address the question whether the SRP—DF functional derived for the
Hy + Pt(111) is transferable to the Hy + Pt(211) system, we have per-
formed calculations on the dissociation of Hy/D2 on the stepped Pt(211)
surface. We used the VASP software package to compute the raw DFT
data. The CRP interpolation method was used to accurately fit these data
and construct the 6D PES based on the PBEa-vdW-DF2 functional with «
set to 0.57. The potential energy for H on Pt(211) for geometry optimized
atom-surface distances on a (1x1) supercell was discussed and was com-
pared with the previously developed PES of Olsen et al. [42] . We have also
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discussed features of the PES for Hy dissociation on Pt(211) and reported
on minimum barrier heights and associated geometries.

We have performed calculations within the BOSS model and within the
MDEF model, in order to study non-adiabatic effects on the dissociation
dynamics due to the creation of electron-hole pairs in the surface. The QCT
method has been used to compute the initial-state resolved reaction prob-
ability and molecular beam sticking probability. The initial-state resolved
reaction probability results obtained with the QCT method were compared
with the results of QD calculations. The QCT calculations reproduced the
QD results at the high energy range but not at the low energy range. The
discrepancy between the results of these two dynamics methods at the low
energy regime was discussed. We have also shown and discussed the isotope
effect in the QCT results on the reaction probability of (v = 0,7 = 0) of Hy
and Ds.

We have computed the sticking probabilities of molecular hydrogen and
deuterium on Pt(211) and compared our theoretical results with the exper-
imental data. Our theoretical results showed that the reactivity on Pt(211)
is enhanced relative to Pt(111), in agreement with experiment. The lowest
barrier height for reaction was found at the upper edge of the step. Reaction
on the upper edge of the step is not activated. We have simulated molecular
beam sticking probabilities and compared them with the experimental data
of Groot et al. [8]. We have reported the energy shifts between the experi-
mental data and the spline-interpolated theoretical data to be in this range
[7—92] meV for Hy + Pt(211) and [3—55] meV for Dy + Pt(211). Thus,
in this sense chemical accuracy was not yet achieved in our theoretical res-
ults. However, it is well-known that the average energy of pure Ho beams
should not exceed 2.7 kpT, due to the absence of vibrational cooling and
the occurrence of only about 20% rotational cooling for a pure beam. Nev-
ertheless, we found that in most cases the average energies of the pure Ho
and the pure Dy beams exceeded 3 kpT,. Consequently, we have re-plotted
the experimental results employing average energies equal to 2.7 kg1, and
re-done the comparison with computed sticking probabilities. With this
modification, the agreement between experiment and theory tremendously
improved for Hy. The agreement between theory and experiment for Dy was
not as satisfactory as for Ho at the lower incidence energies in the high en-
ergy range. These results suggest that the experiments should be repeated
and be reported for more accurately measured beam parameters to enable
a better determination of the accuracy of the theoretical results.
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Finally, we have presented the comparison of MD and MDEF results
for the sticking probability for both Ho and D9 and discussed the effect of
adding electronic friction and doubling the friction coefficient, and the effect
of electronic temperature on the sticking at low and high incidence energies.
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Abstract

It is important that theory is able to accurately describe dissociative chemi-
sorption reactions on metal surfaces, as such reactions are often rate con-
trolling in heterogeneously catalyzed processes. Chemically accurate theor-
etical descriptions have recently been obtained on the basis of the specific
reaction parameter (SRP) approach to density functional theory (DFT),
allowing reaction barriers to be obtained with chemical accuracy. However,
being semi-empirical this approach suffers from two basic problems. The
first is that sticking probabilities (to which SRP density functionals (DFs)
are usually fitted) might show differences across experiments, of which the
origins are not always clear. The second is that it has proven hard to use
experiments on diffractive scattering of Hy from metals for validation pur-
poses, as dynamics calculations using a SRP—DF may yield a rather poor
description of the measured data, especially if the potential used contains
a van der Waals well. We address the first problem by performing dy-
namics calculations on three sets of molecular beam experiments on Dy +
Pt(111), using four sets of molecular beam parameters to obtain sticking
probabilities, and the SRP—DF recently fitted to one set of experiments on
Do + Pt(111). It is possible to reproduce all three sets of experiments with
chemical accuracy with the aid of two sets of molecular beam parameters.
The theoretical simulations with the four different sets of beam parameters
allow one to determine for which range of incidence conditions the experi-
ments should agree well, and for which conditions they should show specific
differences. This allows one to arrive at conclusions about the quality of
the experiments, and about problems that might affect the experiments.
Our calculations on diffraction of Hy scattering from Pt(111) show both
quantitative and qualitative differences with previously measured diffrac-
tion probabilities, which were Debye-Waller (DW) extrapolated to 0 K. We
suggest that DW extrapolation, which is appropriate for direct scattering,
might fail if the scattering is affected by the presence of a van der Waals
well, and that theory should attempt to model surface atom motion for
reproducing diffraction experiments performed for surface temperatures of
500 K and higher.
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6.1 Introduction

Dissociative chemisorption reactions are important elementary surface re-
actions, in the sense that they often control the rate of heterogeneously
catalyzed processes [1, 2], which are used in most of the reactive processes
carried out by the chemical industry [3]. Well-known examples include Ny
dissociation in ammonia synthesis [4] and the dissociative chemisorption of
methane in the steam reforming reaction [5]. Simulating rate-controlling
reactions accurately is crucial to the calculation of accurate rates of the
overall catalyzed processes [6]. Therefore, it is important to be able to
perform accurate calculations on dissociative chemisorption reactions.

At present, the best method to obtain accurate results (and in some cases
predictions) for dissociative chemisorption reactions is based on a semi-
empirical version of density functional theory, called the specific reaction
parameter (SRP) approach to DFT (SRP—DFT). This method has now
been applied successfully to three Hy-metal systems (Hy + Cu(111) [7],
Hs + Cu(100) [8], and He + Pt(111) [9]), and three CHy-metal systems
(CHDs + Ni(111) [10], CHD3 + Pt(111) [11], and CHD3 + Pt(211) [11]).
The method is predictive to the extent that it is often possible to derive an
accurate SRP density functional (SRP—DF) by simply taking the SRP—DF
from a chemically related system: the SRP—DF for Hy + Cu(111) accurate
describes the dissociation of Hy on Cu(100) [8], and the SRP—DF for CHy +
Ni(111) accurately describes CHD3 + Pt(111) and Pt(211) [11].

However, being semi-empirical and in need of validation, the SRP—DFT
approach is not without problems. The first problem is that the SRP—DFT
approach is obviously no more accurate than the underlying experimental
data are. This problem can become severe if different sets of measurements
of the sticking probability for a specific system show widely differing results,
as recently explored for Hy + Pd(111) [12]. The second problem has to do
with the demands put on SRP—DFs. For a density functional to be called a
SRP—DF, a requirement put forward is that at least one set of experiments
not used to derive the SRP—DF can be accurately reproduced with dynam-
ics calculations based on that SRP—DF. This has recently been a problem
for Ha + Ru(0001), where it was possible to accurately reproduce sticking
experiments, but not diffraction experiments, with dynamics calculations
based on two functionals also containing van der Waals correlation [13].

Here we address the above two problems for the dissociative chemisorp-
tion of deuterated dihydrogen on Pt(111). Platinum is an important hydro-
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Figure 6.1: Comparison of the energy dependence of the sticking probability
of Dy on Pt(111) for three different sets of experimental data from Hodg-
son and co-workers [16] (red circles), Luntz et al. [15] (black circles for a
surface temperature Ty of 293 K, green circles for Ty ~ 150 K), and Cao
et al. [17] (blue circles). Nozzle temperatures T, are indicated (in K) for
the experiments of Hodgson and co-workers and of Cao et al..

genation catalyst [14], and consequently the sticking of Hy on Pt(111) has
been studied in molecular beam experiments by three different groups [15—
17]. While the outcome of these experiments is not as varied as results for
Hy + Pd(111), as discussed further below there are nevertheless consider-
able differences between the sets of sticking probabilities Sy measured in the
three experiments (see also Figure 6.1).

Diffractive scattering of dihydrogen from Pt surfaces has been studied
experimentally by Cowin et al. in the 1980s [18-20], and more recently by
Nieto et al. who also looked at out-of-plane diffraction [21]. An SRP—DF
for Hy + Pt(111) [9] has been fitted to molecular beam experiments on stick-
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ing at normal incidence [15], and validated against sticking measurements
performed for off-normal incidence [15].

Several theoretical studies have addressed the reactive [9, 21-28] and the
diffractive [21, 22, 25, 26] scattering of dihydrogen from Pt(111). Dynam-
ics calculations based on the B88P86 generalized gradient approximation
(GGA) exchange-correlation (XC) functional [29, 30] were able to repro-
duce measured sticking probabilities and in-plane and out-of-plane diffrac-
tion probabilities semi-quantitatively [21]. This might be taken to suggest
that an SRP—DF can be fitted to molecular beam experiments on sticking,
and then validated by showing that, on the basis of the fitted SRP—DF,
diffraction probabilities can be reproduced quantitatively. However, calcu-
lations on Hy + Ru(0001) have shown that this may be problematic [13],
although for this case the situation could be improved by assuming static
disorder of the surface [31]. Furthermore, comparisons of quantum dynamics
(QD) calculations and quasi-classical trajectory (QCT) calculations model-
ing motion in all six degrees of freedom (DOFs) of Hy have established that
the reaction of (v = 0, j = 0) Hy [24] and of (¥ = 0, j = 0) D2 [9] can
be accurately modeled with the QCT method. Finally, QD calculations on
Hy + Pt(111) [27] and QCT calculations on Dy + Pt(111) [9] have sugges-
ted that in the simulation of Sy measured in molecular beam experiments
it should already be a good approximation to simply compute the reaction
probability for (v = 0, j = 0) dihydrogen at the average incident energy
(E;), and to omit the averaging over the translational energy distribution
and the rovibrational energy distribution of Hy in the beam. Here, v and j
are the vibrational and rotational quantum numbers of Hs.

Here, we use the recently determined SRP—DF for Dy 4+ Pt(111) to sim-
ulate all three available sets of Sg measured in supersonic molecular beam
experiments with QCT calculations. The question we address is whether
it is possible to simulate all three experiments with chemical accuracy on
the basis of one DF. A problem we address in this connection is that the
experiments have not always been described in as much detail as theorists
would like; for instance, the parameters characterizing the velocity distri-
butions and rovibrational state distributions of the incident Dy are often
poorly known. To address this, we will simulate all three sticking exper-
iments using four different sets of molecular beam parameters. We also
use the time-dependent wave packet (TDWP) method [25, 32] to compute
diffraction probabilities on the basis of the SRP—DF, and compare these
with the measured values for in-plane and out-of-plane diffraction of Nieto
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et al. [21]. Here, the question addressed is whether the SRP—DF previously
derived, on the basis of sticking probabilities and based on GGA exchange
and van der Waals (non-local) correlation, allows the accurate modeling of
diffraction of Hy from a metal surface.

This chapter is set up as follows. Section 6.2.1 gives an in-depth descrip-
tion of the three sets of supersonic molecular beam experiments that have
been performed on sticking of Dy on Pt(111). Section 6.2.2 discussed the
four sets of molecular beam parameters that we have used to simulate these
experiments. Section 6.2.3 compares the outcome of the experiments, and
discusses which set of molecular beam parameters should in principle be
best for simulating each experiment. Section 6.3 discusses the methods we
have used. Section 6.3.1 discusses the dynamical model used, Section 6.3.2
the potential energy surface based on the SRP—DF, Section 6.3.3 the dy-
namics methods employed, Section 6.3.4 the computation of the observables,
and Section 6.3.5 provides computational details. Section 6.4 contains the
results and discussion, with Section 6.4.1 addressing the simulation of the
sticking measurements, and Section 6.4.2 the results for diffraction of Hs.
Finally, conclusions are presented in Section 6.5.

6.2 Experiments and beam parameters used to
simulate the experiments

In this section we provide a brief description of the three supersonic mo-
lecular beam experiments on Do + Pt(111) that have been published in the
literature [15-17]. In all three publications, results were reported for nor-
mal incidence, which we focus on in the present work. We also give a brief
description of the four different sets of molecular beam parameters that we
have used to simulate the experiments. We finish with a brief discussion of
how well the experiments agree with one another, and of which set of para-
meters should, in principle, be optimal for simulating the three different
published experiments.

6.2.1 Molecular beam experiments on D, + Pt(111)

The first experiments reported on Dy + Pt(111) were published by Luntz
et al., and we focus on the sticking probabilities Sy reported in figure 1
of their paper [15], which were measured at a surface temperature (7) of
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295 K. The sticking probabilities were measured with the King and Wells
technique [33]. The beam energies were varied by both changing the nozzle
temperature 7T, (temperatures up to 1800 K were used) and by seeding
Dg in Hy (thereby increasing its speed) or in Ne (decreasing its speed).
According to the authors, the beam energies were measured with time-
of-flight (TOF) techniques to approximately 2 % accuracy. The energies
reported were energies averaged over flux weighted velocity distributions
[34]. Luntz et al. did not report the actual parameters describing their
velocity distributions. Luntz et al. also reported sticking probabilities for
off-normal incidence, for varying polar incidence angles. They also measured
the dependence of Sy on Ts in the range 100-300 K, and reported that for
average incidence energies (E;) of 0.075 eV and 0.23 eV Sy shows only a
very small increase with T [15].

Subsequently, sticking probabilities of Dy on Pt(111) were published by
Hodgson and co-workers, in the framework of a study on dissociation of
Dy on Sn/Pt(111) surface alloys. The sticking probabilities were repor-
ted in figure 5a of their paper, and were measured for a surface temper-
ature of 150 K [16]. Sticking probabilities were measured using temper-
ature programmed desorption measurements calibrated against King and
Wells measurements at high incidence energies, and/or using King and
Wells measurements directly [35]. The experiments used pure Dy beams,
varying T, up to a temperature of 2100 K. The experimentalists repor-
ted [16] that translational energy distributions were measured with TOF
techniques, and that the mean translational energies were related to T,
through (E;) = 2.75 kgT,, referring to Ref. [36] for the details of the ex-
pansion conditions used. In a private communication [35] Hodgson reported
that the incidence energy (E) distributions could be described approxim-
ately by exponentially modified Gaussian distributions

G() = Vg exp(— B (6.1)

with o defined as
o =5.11e3(E) + 1.3184¢ ™% (6.2)
With these definitions, the average incidence energy (FE;) is simply equal to
<E>Finally, sticking probabilities of Ds on Pt(111) were published by Cao
et al. [17], in the framework of a comparison to previously published Sy
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computed on the basis of SRP—DFT [9]. We focus on the sticking probab-
ilities Sg reported in figure 1 of their paper [17], which were measured at
Ty = 200 K. The sticking probabilities were measured with the King and
Wells technique [33]. The beam energies were varied by both changing T,
(temperatures up to 1503 K were used) and by seeding Ds in Hy or in Ne,
Ns, or Ar. In addition to measuring T;,, the authors conducted TOF ex-
periments to determine the stream velocities v; and velocity widths «, and
taken together with T, these parameters fully characterize the molecular
beams employed. The parameters vs and « together determine the flux
weighted velocity distribution

iy Tn)dv; = Cuye Vi bs Vs 6.3
Vi3 Tp)dv; = CodeWimvs)*/a?g

and average incidence energies (E;) can be determined by averaging incid-
ence energy over this distribution of incident velocities. The parameters
used in the experiments are reported in table 6.1. Cao et al. also reported
sticking probabilities for off-normal incidence, for varying polar incidence
angles and for two planes of incidence.

6.2.2 Sets of molecular beam parameters and their use in
simulating molecular beam experiments

In this chapter, we have used four sets of molecular beam parameters to
simulate molecular beam experiments. The first set is derived from exper-
iments on Dy + Ru(0001) [37]. In these experiments, measurements were
taken on sticking using pure Dy beams for five different values of T,, (300,
500, 900, 1300, and 1700 K) , and for Dy beams seeded in Hy with two
different mixing ratios for 7;, = 1700 K. The values of v, a, and T,, which
are available from Ref. [38], have been reported in table 3 of Ref. [13].
With the aid of these parameters, sticking probabilities can be computed
by velocity averaging (mono-energetic) Boltzmann averaged reaction prob-
abilities Ryono(Ei; Ty,) over the velocity distribution specified in Equation
6.3 according to

- foo f(vi; Tn)Rmono(Ei; Tn)dvz
Rieam(E; ) = =2 foo F(vi; Tp)dvi ’ (6.4)
0 iy Ln)AU;

with the incidence energy F; simply given by the product of half the mass

of Dy with U? , where v; is the incident velocity. In turn, the Boltzmann
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averaged reaction probability can be computed from the initial (v, j) state
selected reaction probability Pyeq(E;, v, j) according to

Rinono(Ei; Tr) ZFB v, §3 Tn) Paeg (B v, 7). (6.5)
with ( )
F(v, j,T
Fg(v,5;T, —_ 6.6
7‘7
and
_Evib(”) _ Erot(j)
F(v,j;Tn) = (25 + 1)e *8Tw w(jle FpTrot). (6.7)

Here, v is the vibrational, and j the rotational quantum number of D5, and
w(j) is 2 for even j and 1 for odd j. For the rotational temperature, typically
Trot = 0.8 T), is assumed [39, 40], based mostly on experiments by Gallagher
and Fenn [41], and this is what we used to simulate the experiments of
Luntz et al. [15] and of Cao et al. [17]. The assumption made by Hodgson
and co-workers that (E;) = 2.75 kT, corresponds to T, = 0.75 T;, and
this was used to simulate their experiments [16]. The beam parameters
of Groot et al. describe molecular beams that are comparatively broad in
energy (with large o parameters), as can be seen from figure 1 of Ref. [37].

The second set of parameters describes the beams that were actually
used in the Dy + Pt(111) experiments of Cao et al. [17]. As noted above,
the values of vs, a, and T;, are presented in table 6.1. They can be used with
Equations 6.3—6.7 to compute sticking probabilities for (FE;) in the range
0.10—0.55 eV, with the results corresponding to 7;, in the range 490—1520
K. As these parameters describe experiments from the same group as the
first set of parameters discussed above, they likewise describe molecular
beams that are comparatively broad in energy. The third set of parameters
are a set of (F), o, and T,, describing a set of experiments of Hodgson and
co-workers on Dy + Ag(111) [36] for which the expansion conditions were
similar to the conditions prevalent in the experiments on Dy + Pt(111) of
the same group [16]. The parameters, which were collected in table 1 of
Ref. [42] (see also table 4.1), can be used together with Equations 6.1, 6.2,
6.5—6.7 and

E’MT Rmono(-Ei'Tn)dEi
X G(EsT,)dE,; |

Rbeam(E T, ) f[] (68)
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Table 6.1: Parameters used for the molecular beam simulations of Dy on
Pt(111). These parameters are derived from the Dy + Pt(111) experiments
of Cao et al. [17].

(Ei)(eV)  vs(m/s) a(m/s) Trozzle (K)

0.104 2004.6 528.7 473
0.101 2127.9 297.9 673
0.145 2256.8 741.8 673
0.183 2484.9 881.7 973
0.256 3204.7 766.3 673
0.286 3302.7 906.7 873
0.313 3449.1 955.3 873
0.318 3521.1 909.4 873
0.436 4015.0 1181.0 1223
0.444 4096.5 1151.1 1223
0.549 4039.3 1744.7 1503

to compute sticking probabilities for (F;) in the range 0.22—0.49 eV, with
the results corresponding to 7;, in the range 970—2012 K. For similar (E;)
the parameters describe distributions that are symmetric in incidence en-
ergy, and beams that are narrower in incidence energy than the beams
described by parameter sets 1 and 2 (see figure 2 of Ref. [42], comparing to
figure 1 of Ref. [37]).

The fourth set of parameters are once again a set of values of v, «,
and T,,. They describe molecular beams of a width comparable to the Do
beams of Hodgson and co-workers, but which do not suffer from the un-
physical symmetry in incidence energy [43] present in parameter set 3, as
discussed in Ref. [42]. The parameters were obtained from Ref. [44] and de-
scribe pure Dy beam experiments on Dy + Cu(111) [45], and are collected
in table 6.2. (A subset of these parameters were presented in table S9 of
Ref. [7]). The parameters can be used to simulate experiments with F; in
the range 0.21-0.45 eV, with the results corresponding to 7;, in the range
875-1975 K.
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Table 6.2: Parameters used for the molecular beam simulations of Dy on
Pt(111). These parameters are derived from the pure Dy beam experiments
on Dy + Cu(111) of Auerbach and co-workers [44].

(Ei)(eV)  vs(m/s) a(m/s) Trozzle (K)

0.207 3134.0 203.0 875

0.244 3392.0 278.0 1030
0.265 3553.0 218.0 1120
0.305 3805.0 259.0 1290
0.340 4014.0 299.0 1435
0.392 4196.0 614.0 1790
0.400 4337.0 371.0 1670
0.430 4374.0 685.0 1905
0.446 4461.0 687.0 1975

6.2.3 Comparison of the measured S,

The three sets of measured Sp are shown as a function of (F;) and compared
with one another in Figure 6.1. The Sy of Luntz et al. [15] and of Cao
et al. [17] are in quite good agreement with one another for (E;) up to
about 0.32 eV, but for higher (E;) the Sy measured by Luntz et al. [15]
are larger. The Sy of Hodgson and co-workers [16] are smaller than the Sg
measured by Luntz et al. [15] and by Cao et al. [17] for almost all (E;),
except for (E;) > 0.4 eV where they exceed the values measured by Cao
et al..

To be able to provide a more detailed comparison, we compare the
experiments on a one-to-one basis in Figure 6.2. Figure 6.2 (a) shows again
that the Sp of Luntz et al. [15] are larger than those of Hodgson and co-
workers [16] over the entire energy range. About the origin of this difference
we can only speculate. Some of the difference could be due to the lower
Ts value used by Hodgson and co-workers (150 K [16] vs. 295 K in the
experiment of Luntz et al. [15]). Figure 6.1 also shows two results of Luntz
et al. measured at or interpolated to Ty = 150 K (see figure 2 of their
paper [15]). The plotted data suggests that at least some of the difference
could be due to the lower T of Hodgson and co-workers, but is not clear to
us how accurately the dependence on Ty was measured by Luntz et al., and
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Figure 6.2: A one-to-one comparison of the experiments: (a) comparison
of experimental data from Hodgson and co-workers [16] with experimental
data from Luntz et al. [15], (b) comparison of experimental data from Cao
et al. [17] with experimental data from Luntz et al. [15], and (¢) comparison
of experimental data from Hodgson and co-workers [16] with experimental
data from Cao et al. [17]. In the all cases the horizontal arrows and the
numbers indicate the energy spacings between the interpolated values of
one experiment and the actual values of the other experiment. The dotted
lines show the interpolated curve of one set of experimental data.
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the T dependence of their data for (E;) = 0.23 eV would seem rather large
for weakly activated dissociation, also in view of the large mass mismatch
between Do and Pt. We also note that the good agreement between the
data of Luntz et al. (Ts = 293 K) and the data of Cao et al. (Ts = 200
K, see Figure 6.2 (b)) suggests a weak T dependence of sticking between
Ts = 200 K and 293 K. It is also possible that the difference is due to a
calibration problem in the experiments of Hodgson and co-workers, who in
some of the measurements used thermal desorption of Dy to measure Sp,
and had to calibrate their measurement on a King and Wells measurement
at high (F;). It also seems possible that at least some of the differences
are due to the use of seeding gasses in the experiments of Luntz et al. [15],
whereas Hodgson and co-workers used pure Dy beams [16]. Specifically, it
is possible that 7T;, was higher in several experiments performed at similar
(E;) by Luntz et al., due to the use of a seeding gas that would slow Hy
down.

One way to quantify the discrepancy between the experiments (or between
an experimental and a theoretical dataset) is to compute the mean average
deviation (MAD) in the average incidence energy at which particular val-
ues of Sy are achieved. This deviation has to be calculated between actual
measured (or calculated) values in one experiment, and interpolated values
in the other experiment (or calculation). The MAD between the data of
Luntz et al. [15] and of Hodgson and co-workers [16] is 48 meV, which is
larger than 1 kcal/mol (=~ 43 meV). Using 1 kcal/mol as a measure of chem-
ical accuracy, we can then say that the two datasets do not agree to within
chemical accuracy.

The datasets of Luntz et al. [15] and of Cao et al. [17] agree much better
with one another (MAD = 29.9 meV, chemical accuracy, see Figure 6.2 (b)),
at least for (E;) up to 0.32 eV. This is not true for the larger (E;), where
the Sg of Cao et al. are much smaller than those of Luntz et al.. It is not
clear what this difference is due to. It is likely that for the highest (E;)
Hs was used as a seeding gas in both experiments. At these high incid-
ence energies, the measurement of the beam parameters (and thereby the
determination of the (F;)) becomes difficult, and it is possible that the E;
was overestimated by Cao et al., or was underestimated by Luntz et al..
Another common pitfall with the measurement of a high value of Sy with
the King and Wells method is that the measurement is taken over a time
interval where the surface is already partly covered. This could also result
in an underestimation of Sy and could be taken as another indication that
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perhaps the Sy of Cao et al. are underestimated as a function of (E;) at
(E;) > 0.4 eV.

The agreement between the datasets of Cao et al. [17] and of Hodgson
and co-workers [16] is worst (MAD = 56.4 meV, Figure 6.2 (c)). At the
highest values of (E;), the discrepancies can be understood at least in part
from the higher T;, values that had to be employed in the pure Dy beam ex-
periments of Hodgson and co-workers to achieve high (E;) values. However,
this is not true for intermediate E; values, where the Sy of Cao et al. are
higher than those of Hodgson and co-workers, even though the T, values
were lower in the experiments of Cao et al. [17] (see Figure 6.1). This,
and the good agreement between the datasets of Luntz et al. [15] and Cao
et al. for incidence energies up to 0.32 eV would seem to suggest that the
measured Sg of Hodgson and co-workers are too low at least for the lower
E; range.

This also brings us to the question of which set of beam parameters
can best be used to simulate the molecular beam experiments. The answer
seems obvious for the experiments of Cao et al. [17]: for this, the best set
of parameters should in principle be the set measured by them [46]. The
answer is also fairly straightforward for the experiments of Hodgson and
co-workers [16]: for this, the best choice should be the set of parameters
available [35] from experiments on Do + Ag(111) [36], as they indicated [16]
that the expansion conditions in these experiments were the same as in the
Dy + Pt(111) experiments. Also, an alternative would be to use beam
parameters from the pure Dy beam experiments on Dy + Cu(111) [44, 45],
which describe beams with a similar width in incidence energy that possess
the appropriate asymmetry with respect to incidence energy [42]. The an-
swer is least obvious for the experiments of Luntz et al. [15]. However, the
similarity of their results to those of Cao et al. [17] suggest that their mo-
lecular beam parameters [46] may well be best, with the beam parameters
of Groot et al. [37] (see Ref. [13]) representing a good alternative, as these
experiments [37] come from the same group as those of Cao et al.. However,
below we will perform simulations using all four sets of beam parameters
to describe each of the three experiments, and determine which set leads to
the lowest MAD of theory with experiment. Here, it should be noted that
the SRP—DF determined for Hy + Pt(111) was fitted to the experiments of
Luntz et al. [15], using the beam parameters [13] describing the experiments
of Groot et al. on Dy + Ru(0001) [37].
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6.3 Method

6.3.1 Dynamical model

The Born-Oppenheimer Static Surface (BOSS) [7] model is used in this
study, implying two approximations. First the Born-Oppenheimer (BO)
approximation is made, in which the electronic motions are separated from
the massive nuclei motions and the ground state potential energy surface
(PES) is calculated. In this approximation, electron-hole pair excitation
does not affect the reactivity. Second the static surface approximation is
made, in which the frozen surface atoms occupy 0 K lattice configuration
positions in the (111) surface of the face centered cubic (fcc) structure of the
metal. Consideration of these approximations leads to taking 6 molecular
degrees of freedom into account in the PES and dynamics calculations.
Figure 6.3 (a) shows the coordinate system and Figure 6.3 (b) shows the
surface unit cell for the Pt(111) surface and the symmetric sites. With our
model we cannot obtain information on the surface temperature dependence
of sticking or diffraction.

6.3.2 Potential energy surface

The DFT electronic structure method is used to map out the PES. To
compute the PES, the SRP—DF was devised, with the combination of the
PBE«a [47] exchange functional with the adjustable parameter o and the
van der Waals DF2 correlation functional of Langreth and Lundqvist and
co-workers [48] as :

SRP—DF _ PBEa vdW —DF2
Exc =FEx + E¢

where o = 0.57 [9]. In total, 29 different molecular configurations distrib-
uted over 6 different sites on the surface unit cell shown in Figure 6.3(b)
were used to compute and to interpolate the 6D PES. The accurate corrug-
ation reducing procedure (CRP) [49] method was used to interpolate the
DFT data calculated on the grid. For more detailed information about the
construction of the PES and the interpolation method the reader is referred
to Ref. [9].
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Figure 6.3: (a) The coordinate system for dissociation of Hy on the Pt(111)
surface. In the plot, X,Y,Z are the center of mass coordinates of Hs, 7
is the H-H distance, and (6, ¢) are the polar and azimuthal angles spe-
cifying the orientation of the H-H bond with respect to the surface. (b)
The schematic picture of the surface unit cell is indicated by a diamond
shaped line connecting four top sites. The sites considered which are used
for CRP interpolation, larger solid circles show the surface atoms and the
small colored solid circles show the high symmetry sites. Two choices of
coordinate system are indicated, a skewed coordinate system (U, V') and a
Cartesian coordinate system (X,Y’). Light blue atoms are in the top layer,
dark blue atoms are in the second layer, and gray atoms are in the third
layer.

6.3.3 Dynamics methods

To compute dissociation probabilities for Do impinging on the Pt(111) sur-
face the QCT method [50] was used. In this method the initial zero-point-
energy (ZPE) of the molecule is taken into account, and the initial con-
ditions are chosen with Monte Carlo sampling. The selection of the ori-
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entation of the molecule, 8, and ¢, is based on the selection of the initial
rotational state. We used the fixed magnitude of the classical initial an-
gular momentum according to L = /j(j + 1)/h, and its orientation, while
constrained by cos©r = m;/+/j(j + 1), is otherwise randomly chosen as
described in [13, 51]. Here, j is the rotational quantum number, m; is
the magnetic rotational quantum number and Oy, is the angle between the
angular momentum vector and the surface normal. The impact sites are
chosen at random.

The TDWP method was used to compute diffraction probabilities for
Hj scattering from Pt(111). This method is fully described in Ref. [25] (see
also Section 2.5.2).

6.3.4 Computation of the observables
Initial state resolved reaction probabilities

Initial state resolved reaction probabilities Py4(E;v,j) are obtained by
degeneracy averaging the fully initial state resolved reaction probabilities
P,(E;v,j,m;) according to

Pdeg(E;Vaj) = - - (69)

where P, is the fully initial state-resolved reaction probability, and ¢ is the
Kronecker delta. Sections 6.2.1 and 6.2.2 have described how the degeneracy
averaged sticking probabilities can be used to compute sticking probabilities
for comparison with molecular beam experiments.

Diffraction probabilities

To study diffraction, a quantum phenomenon, quantum dynamics calcula-
tions should be performed as was done before for Hy + Pt(111) [25]. In
the diffractive scattering process, the molecules translational momentum
parallel to the surface can only change by discrete amounts. In order to
compare with the experimental diffraction probabilities [21], the rovibra-
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tionally elastic diffraction probabilities are computed by

Py (E;v,5,mj) = Z PscatEI/],mJ—)V—l/] —],m n,m),
m]— ]
(6.10)
where P,,, is the rovibrationally elastic probability for scattering into the
diffraction state denoted by the n and m quantum numbers. These prob-

abilities are degeneracy averaged by

Pom(E; v, 5) Z Pum(E;v,5,m;)/(2j + 1). (6.11)

mj=—j

The reciprocal lattice corresponding to the direct lattice is shown in Fig-
ure 6.4. The diffraction order Oy is also shown here. In the definition we
use [21], the N** diffraction order consists of all diffraction channels on the
N concentric hexagon. The first order diffraction channels (1, 0), (-1, 0),
(0, 1), (0, =1), (1, 1) and (—1,—1) correspond to a momentum change of
one quantum Ak. We obtained probabilities for scattering of cold n-Ho
(20% j =0, % j=1, 5% j = 2) [52] scattering from Pt(111)
with an initial translational energy parallel to the surface of 0.055 eV.

6.3.5 Computational details

For the electronic structure calculations VASP (version 5.2.12) was used [53—
56]. A plane wave basis set was used for the electronic orbitals and the XC
functional used has been described and discussed in Section 6.3.2. Fur-
thermore the standard PAW pseudopotentials [57] were used for the ion
cores, and we used the scheme of Roman-Pérez and Soler [58] to evaluate
the vdW-DF2 correlation energy. Further details on the computation and
interpolation of the PES have been provided in [9].

At least 10000 trajectories were computed in the QCT calculations for
each initial set (E;, v; and j;), sampled equally over the possible initial m;
states. In the calculation of the sticking probability and the Boltzmann
averaging (Equation 6.5), the maximum vibrational quantum number was
3 and the maximum rotational quantum number was 20. The center of mass
of the Dy molecule was initially placed at Z = 9 A. If the D—D distance
becomes larger than 2.25 A the Dy molecule is considered to be dissociated.
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Figure 6.4: The direct (the left plot) and the reciprocal lattice (the right
plot) for an fcc(111) surface. In the direct lattice v is the skewing angle,
and a; and ao are the primitive vectors that span the surface unit cell.
Miller indices are shown in the reciprocal lattice to indicate the different
diffraction channels. Red hexagon shows the 2D Wigner—Seitz cell. The
concentric hexagons indicate how the diffraction order is defined for the
(111) lattice. The (101) and (112) directions have been indicated in both
figures in green.

Otherwise the Dy molecule is considered to be reflected from the surface to
the gas phase when its distance to the surface in Z exceeds 4.0 A and D»
has a velocity towards the vacuum. The reaction probability was calculated
as the ratio of the number of dissociated trajectories and the total number
of trajectories run.

Table 6.3 lists the relevant parameters used in the 6D QD calculations
for the scattering of (v =0, 7 = 0) Ha. To cover the collision energy range
E = 0.05 - 0.55 eV, two wave packet calculations were performed for two
separate energy ranges: 0.05 to 0.20 eV and 0.15 to 0.55 eV. This procedure
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Table 6.3: Input parameters for the quantum dynamical calculations on Ho
dissociating on Pt(111) in the energy range of [0.05—0.20]eV. All values are
given in atomic units. The abbreviation "sp" refers to the specular grid used
to bring in the initial wave function.

Parameter Description Value
Nx = Ny no. of grid points in X and Y 16
Nz no. of grid points in Z 256
Nz(sp) no. of specular grid points 256
AZ spacing of Z grid points 0.135
Lmin minimum value of Z -1.0
N, no. of grid points in r 40
Ar spacing of r grid points 0.2
Trmin minimum value of r 0.4
Jmaz maximum j value in basis set 24
Mjmaz maximum m; value in basis set 16
At time step )
Tiot total propagation time 82000
A center of initial wave packet 16.955
Zint location of analysis line 12.5
Zo% start of optical potential in Z 12.5
Zgﬁfl end of optical potential in Z 33.425
Ay optical potential strength in Z 0.00072
o start of optical potential in 4.2

o Z end of optical potential in r 8.2
A, optical potential strength in r 0.0096
Z(sp)% . start of optical potential in Z(sp)  22.355
Z(sp)‘;flz end of optical potential in Z(sp) 33.425
Az(sp) optical potential strength in Z(sp) 0.0035

avoids problems which may arise from the interaction of the optical potential
with the low translational energy components of the wave packet, if only
one broad Gaussian initial wave packet is used to cover the entire range.
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6.4 Results and discussion

6.4.1 Sticking probabilities

To simulate the molecular beam sticking probabilities four different sets of
molecular beam parameters are available. To distinguish these sets of para-
meters, here we introduce acronyms. As discussed in Section 6.2.2, the first
set of parameters was extracted from experiments on Dy + Ru(0001) [37],
and we call this parameter set SBG, where S stands for seeded beams, B
for broad in translational energy, and G for Groot et al. [37]. The second
set of parameters is derived from the Dy + Pt(111) experiments of Cao
et al. [17], and we call this parameter set SBC. The third set of parameters
(PNH) was reported in Ref. [42] to describe experiments of Hodgson and
co-workers on Dy + Ag(111) [16], and in this acronym P stand for pure Dg
beam, N for narrow, and H for Hodgson and co-workers. The last set of
parameters (PNA) describe pure Dy beam experiments on Dy + Cu(111)
using translationally narrow beams [44].

Figure 6.5 shows a comparison of the theoretical sticking probabilities
for the four sets of parameters. The match between all sets of theoretical
results is quite good for (E;) up to 0.32 eV. Based on the theory, we would
then expect that there should be excellent agreement between the experi-
ments of Cao et al. [17] (described by the parameter set SBC) and Hodgson
and co-workers (parameter sets PNH and PNA) at (E;) up to 0.32 eV. How-
ever, the agreement between the Sg measured by these two groups is rather
poor (see Figure 6.1 and Figure 6.2 (c)). Given that the two parameter sets
SBC and PNH represent two extremes (of seeded beams that are broad in
translational energy and pure beams that are narrow in energy), we should
also expect good agreement of both of the experiments referred to above
with the Sop measured by Luntz et al. [15], for which no beam parameters
are available. The good agreement obtained of these Sg with the measure-
ments of Cao et al. ( Figure 6.1 and Figure 6.2 (b)), and the poor agreement
with the measurements of Hodgson and co-workers for (E;) < 0.32 eV then
suggests that for some reason the Sy measured by Hodgson and co-workers
were too small.

A difference in the theoretical Sy appears at (E;) > 0.32 eV between the
results obtained with pure and narrow beams on the one hand, and with
seeded and broad beams on the other hand ( Figure 6.5). The Sy computed
with the parameter sets PNH and PNA exceed those computed with the
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Figure 6.5: Comparison of sticking probabilities computed with different
sets of parameters. Black symbols show the theoretical results obtained
with the SBG parameters, red symbols the theoretical results with SBC.
Blue and green symbols show the computed results obtained with the PNH
and PNA parameters, respectively. The arrows and the numbers show the
energy differences between the results obtained with the SBC parameters
and interpolated values of the results obtained with the PNH parameters.

parameter sets SBG and SBC for higher energies. To understand the reason
of the observed effect, we tested the effects of averaging the reaction prob-
ability over the translational energy distributions and over the rovibrational
states separately. Boltzmann averaging the reaction probability based on
nozzle temperature to obtain Ry,ono(Fj; T),) similarly increases the reaction
probability for the pure and for the seeded beams (see Figure 6.A.1 of the
Appendix).

However, averaging over the translational energy decreases the reaction
probability more for the broader energy distributions used in the seeded
beam experiments than for the narrow energy distributions used in the
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Table 6.4: MAD values in (eV) characterizing the agreement between three
different sets of experimental results and the theoretical results obtained
with four different sets of molecular beam parameters.

Exps | Luntz Hodgson Cao
parameters
SBG 13.5 34.6 374
SBC 13.3 35.6 36.9
PNH 35.1 45.0 54.0
PNA 26.1 47.0 54.5

pure Dy experiments (Figure 6.A.1). The reason for this is twofold: (i)
at higher incidence energies F; and for the weakly activated dissociative
chemisorption problem under consideration, the slope of the reaction prob-
ability as a function of E; becomes a decreasing function of E;, and (ii)
most molecules collide with the surface with E; < (E;). Therefore, aver-
aging over the translational energy distribution decreases the measured Sy,
and it does so more for translationally broader beams. Looking at the ac-
tual experimental results ( Figure 6.1 and Figure 6.2 (a), and Figure 6.2 (c))
we see that the predicted trend is observed, although the (E;) at which the
pure, narrow beam experiments yield higher Sg than in the seeded, broad
beam experiments is shifted to higher energies, again suggesting that the
Sg measured by Hodgson and co-workers are too small.

Figure 6.6 shows a comparison of the experimental data reported by
Luntz et al. [15], for which no beam parameters were reported, and the res-
ults of our simulations with the SBG parameters. The sticking probabilities
of Luntz et al. [15] are quite well described with this parameter set (well
within chemical accuracy, MAD = 13.5 meV, see table 6.4). This experi-
ment is also quite well described with the SBC set (MAD = 13.3 meV, see
Figure 6.A.2 (a) and table 6.4).

The experimental data are also reproduced reasonably well with the
parameter sets describing narrower beams (MAD = 26.1 meV for PNA and
35.1 meV for PNH, table 6.4 and Figures 6.A.2 (b) and (c)). However, the
larger MADs obtained with the narrower beams suggests that the beams
used by Luntz et al. were broad in translational energy, similar to the beams
employed by Juurlink and co-workers. A caveat is that the SRP—DF was
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Figure 6.6: Computed sticking probabilities (blue symbols) are shown as
a function of (F;) along with the experimental results (red symbols) of
Luntz et al. [15]. The arrows and accompanying numbers show the energy
differences between the experimental data and the interpolated theoretical
sticking probability values.

fitted to the experiments of Luntz et al. using the SBG set of parameters,
and this may affect the conclusion just arrived at, by biasing the SRP func-
tional to yield better results for the broader beams.

The Sp measured by Hodgson and co-workers [16] are still described to
within chemical accuracy with the SBG parameters ( Figure 6.7 (a)), albeit
that the MAD (34.6 meV) is much higher than obtained for the experiment
of Luntz et al. (13.5 meV, see table 6.4). A similar conclusion applies for
the SBC parameter set (Figure 6.A.3 (a) and table 6.4).

However, with the two other sets of parameters, which should actually
describe the beams used in the experiments of Hodgson and co-workers (see
Section 6.2 ), our simulations cannot reproduce these experiments within
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chemical accuracy ( Figure 6.7 (b) and Figure 6.A.3 (b)). Specifically, MAD
values are obtained of 45.0 meV and 47.0 meV for the PNH and PNA sets,
respectively. However, if we multiply the measured Sy with a factor 1.13,
excellent agreement (MAD = 12.7 meV) with the theoretical Sy is obtained
using the PNH set ( Figure 6.7 (c)). This finding represents additional
evidence that the Sg measured by Hodgson and co-workers were too low,
as it is unlikely that the effect is caused entirely by the use of a lower T}
(150 K) than employed by Luntz et al. (293 K) and Cao et al. (200 K,
see Figure 6.1). A possible reason for this could be that at least in some
of the experiments thermal desorption was used to measure the amount of
adsorbed Do, with calibration to values of Sg determined with one or more
King and Wells measurements performed for high (E;) (see also Section 6.2).
If the King and Wells measurements for some reason returned too low values
of Sy, this should affect the subsequent thermal desorption measurements
of Sg in a similar way. Possible reasons for King and Wells measurements
returning too low Sy values include the use of a duty cycle that is too high,
or the use of a time-interval in the King and Wells measurement that is too
long, so that the sticking probability is determined for an already partially
covered surface. These problems may become aggravated and lead to sys-
tematic errors if the King and Wells measurement is carried out only for a
high (F;) for which S is high, and if the King and Wells measurement is
carried out for calibration purposes.

The Sy measured by Cao et al. [17] are best described (and still to within
chemical accuracy) with the beam parameter set SBC describing these ex-
periments (MAD = 36.9 meV), Figure 6.8 and table 6.4). Figure 6.A.4
(a) shows similar agreement between the experiments of Cao et al. and the
theoretical results obtained with the SBG set (MAD = 37.4 meV, table 6.4).

In both cases there are, however, large discrepancies between theory
and experiments at the highest (E;). The simulations using parameters
describing narrow beams (PNH and PNA) cannot describe the experiments
of Cao et al. with chemical accuracy (MAD values of 54.0 and 54.5 meV,
respectively, see Figures 6.A.4 (b) and (c) and table 6.4). Also, much better
descriptions of the experiments of Luntz et al. [15] than of the experiments
of Cao et al. were obtained with the SBG and SBC parameter sets. This
could be due to two reasons.

First of all, the SRP—DF has been fitted [9] to the experiments of Luntz
et al. [15] using the SBG parameter set, and this could bias the SRP—DF to
a better description of the experiments of Luntz et al.. Second, we suspect
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Figure 6.7: Comparison between the molecular beam sticking probabilities
for the experiments of Hodgson and co-workers [16] and theoretical results
obtained with two sets of parameters: (a) computed data with the SBG set
of parameters (b) computed data with the PNH parameters. (c) The last
panel shows the comparison between the experimental values of Hodgson
and co-workers multiplied with 1.13 and the theoretical results obtained
with the PNH set of parameters. The arrows with numbers show the energy
spacings between the experimental values and the interpolated theoretical
data. The blue curve shows the interpolated theoretical results in all cases.
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Figure 6.8: Comparison between the molecular beam sticking probabilities
for the experiments of Cao et al. [17] and the theoretical results obtained
with the set of parameters SBC. The arrows and numbers show the energy
spacings between the experimental values and the interpolated theoretical
data. The blue curve shows the interpolated theoretical results.

that the SBC beam parameters contain errors at the high (E;). The reason
for that is that, in recent experiments on Hy and D2 + Pt(211) employing
pure hydrogen beams, in most cases (F;) exceeded 3kpT, rather than being
approximately 2.7kgT,, [Ref. [59]], as would be expected for pure hydrogen
beams [41]). As a result, the incidence energies were likely to be overestim-
ated at high (E;) in these experiments. We suspect that the experiments of
Cao et al. in figures 2 and 3 of their paper are similarly affected, and as
a result for high (FE;) the measured Sy should be underestimated. An ex-
planation [Ref. [59]] is that parameters describing the translational energy
distributions of hydrogen beams become progressively harder to determine
accurately for higher (F;), due to the corresponding shorter times of flight.
An alternative explanation for (E;) > 2.7 kg7, in the experiments is that
the actual T}, could have been higher than the measured value. However,
this does not explain the sign of the difference between the simulated and
measured Sp; if we would underestimate the nozzle temperature in per-
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forming the Boltzmann average, we would expect that the theory should
underestimate the measured value of Sy at high (E;) (see Figure 6.A.1),
but the opposite is the case (see Figure 6.8). On the other hand, the theory
could overestimate the measured reaction probability at high (E;) if for some
reason the expansion gas would not be fully equilibrated with the nozzle at
the highest T;,, so that the gas temperature would be lower than T},. It is
not clear to us whether this might have been the case in the experiments of
Cao et al..

6.4.2 Diffraction probabilities

The comparison of the theoretical results with the absolute diffraction prob-
abilities extracted from the measured angular distributions by Nieto et al.
[21] is shown in Figures 6.9 (a) and (b), and Figures 6.10 (a) and (b) for the
(1,0,1) and (1,1,2) incidence directions, respectively. In these figures the
diffraction probabilities are plotted against the total incidence energy for
off-normal incidence for the PBEavdW-DF2 XC functional. Increasing the
impact energy increases the number of open diffraction channels and this
appears to lead to a substantial drain of flux out of the specular channel in
the experiment. However, a similar decrease is not observed in the calcula-
tions. Along the (1,0, 1) incidence direction, as we can see in Figure 6.9 (b),
the most important first order diffraction channel is made up by the two
almost equivalent out-of-plane diffraction channels, (0,—1) and (0, 1) (see
also Figure 6.4). The energy transfer into these two diffraction channels,
i.e. (0,—1) and (0, 1), is independent of the initial momentum because the
parallel momentum change is perpendicular to the plane of incidence. For
the other four diffraction channels, there is a component that is parallel to
the incidence plane. Diffractive scattering probabilities for these diffraction
channels are smaller because of the larger energy transfer involved [21, 60].

As shown in Figure 6.9, diffraction probability curves for the zero and
first order diffraction channels do not show a dramatic change over the
considered energy range. A quantitative comparison of the results displays
that there is a large discrepancy between theory and experiment for PO.
However, comparing with experiment, the order of the size of the (sum
of the) diffraction probabilities, PO and [P(0,1) + P(0,—1)], is correctly
described. In our calculations, the order in the size of [P(—1,0)+P(—1, —1)]
and [P(1,1) + P(1,0)] is not correctly described. Looking at [P(0,1) +
P(0,—-1)], [P(—1,0) + P(—1,—1)] and [P(1,1) + P(1,0)], overall there is a
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Figure 6.9: Diffraction probabilities for n-Hy (20 % j=0,75 % j=1,5 %
Jj = 2 ) scattering : (a) Specular scattering (black) and (b) several first order
out-of-plane diffractive scattering transitions from Pt(111) with an initial
parallel energy of 55 meV along the (1,0, 1) incidence direction computed
with the PBEa-vdW-DF2 XC functional. For comparison, experimental
results are shown (symbols with error bars). The probabilities for symmetry
equivalent transitions are summed.

rather poor agreement between theory and experiment for these diffraction
channels, regardless of the order in the size.

Figure 6.10 shows diffraction probabilities for scattering along the (1,1, 2)
incidence direction. The probability for specular scattering PO (Figure 6.10
(a)) is larger than the first order in—plane diffraction probabilities P(1,1),
P(—1,—-1) (Figure 6.10 (b)), the sum of the first order sideways backward
diffraction probabilities [P(—1,0) + P(0, —1)], and the sum of the first or-
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der sideways forward diffraction probabilities [P(1,0) + P(0,1)]. The res-
ults from the PBEa-vdW-DF2 XC functional underestimate the measured
specular scattering probability P0. In the experiment, the sums of the first
order out-off-plane diffraction channels, [P(—1,0)+P(0,—1)] and [P(1,0)+
P(0,1)] show a higher probability than the first order in-plane diffraction
channels, P(1,1) and P(—1,—1). The experiment also found smaller prob-
abilities for in-plane and out-off-plane diffraction relative to specular scat-
tering. In the intermediate energy range the sizes of [P(—1,0) + P(0, —1)]
and [P(1,0) + P(0,1)] are almost similar in both theory and experiment.
Over most of the energy range the computed P(1,1) is larger than the com-
puted P(—1,—1) which is in disagreement with experiment and previous
theoretical results [21]. Overall, the quantitative agreement between theory
and experiment is rather poor, also for this incidence direction.

The agreement for diffraction compared to experiments is clearly not as
good as the agreement obtained for the reaction probabilities. There are
both qualitative and quantitative differences. The computed zero order dif-
fraction probabilities are too low compared to the experiments. Another
difference between our results and previous theoretical results by Nieto
et al. [21] is that the older theoretical results, which were based on the
B88P86 [29, 30] GGA functional, better reproduced the order in the first
order diffraction probabilities [21].

Comparison of diffractive scattering of Hy from Cu(111) [61] obtained
with PESs based on PW91 and RPBE functionals demonstrated that dif-
fraction spectra are much more sensitive to the details of the PES than
sticking probabilities. Therefore, the diffraction experimental data are very
useful to test the accuracy of the PES and in turn the accuracy of the DFT
functional. The present comparison between the theory and the experi-
ment suggests that the SRP—DF for Hy + Pt(111) may not yet be accurate
enough to describe the diffraction in the Hy + Pt(111) system.

We have previously discussed another potential source of discrepancy
between measured diffraction probabilities and diffraction probabilities com-
puted with a PES exhibiting a van der Waals well [13]. It is important to
realize that the experimental diffraction probabilities shown in Figures 6.9
and 6.10 were not directly measured for a 0 K Pt(111) surface, and certainly
not for a rigid surface, as assumed in the theory. Rather, these data were
obtained by performing a DW extrapolation of data measured between 500
and 1000 K [21]. DW theory assumes direct scattering. However, our PES
exhibits a van der Waals well of 72 meV, and at the normal incidence range
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Figure 6.10: Comparison of the experimentally determined diffraction prob-
abilities (symbols) with diffraction probabilities computed with the PBE«-
vdW-DF2 XC functional for (a) specular scattering (black) and (b) several
first order out-of-plane (blue and red) and in-plane (green and pink) dif-
fractive transitions for incidence along the (1,1,2) incidence direction for
n-Hy 20% j=0,7%j=1,5%j = 2) from Pt(111) with an ini-
tial parallel energy of 55 meV. The probabilities for symmetry equivalent
transitions are summed.

of energies addressed here, part of the scattering should be indirect, as also
indicated by the oscillatory behavior of the computed diffraction probab-
ilities in Figures 6.9 and 6.10. If we were to take this into account in the
DW attenuation, assuming that with each bounce on the surface there is
again a probability of phonon excitation, this should lead to decreased "ex-
perimental” diffraction probabilities, by amounts that might differ among
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the channels. In other words, it is possible that the theory is quite good
for the hypothetical case of scattering from a 0 K surface, but that the
experimental 0 K result is wrong because standard DW extrapolation to 0
K was not applicable. In this respect, GGA PESs might seem to give good
results for diffraction (as observed in Ref. [21]) and for many other Hy-metal
systems [62], because it applies to the hypothetical case of scattering from
a surface with the van der Waals well discarded, for which DW attenuation
should actually work reasonably well. This can be tested by computing
diffraction probabilities for scattering from a thermal Pt(111) surface, al-
lowing excitation of the phonons. Alternatively, it might be possible to test
the corrugation of the repulsive part of the Hy + Pt(111) PES by removing
the van der Waals well to obtain a purely repulsive PES, and computing
diffraction probabilities for this PES [31]. Finally it might be possible to
model the attenuating effect of phonon excitation with the aid of an optical
potential [63].

In previous work on Hs + Ru(0001), we found that the agreement
between experiment and theory with inclusion of a van der Waals well in the
PES could be improved by assuming a specific type of static surface disorder
of the metal surface [31]. However, making this assumption will deteriorate
rather than improve the agreement between theory and experiment. The
reason is that making this assumption will lead to decreased computed dif-
fraction probabilities, and this will worsen the already bad agreement for
specular scattering even more.

6.5 Conclusions

This paper tackles two problems faced by the SRP—DFT approach. The
first problem is that the SRP—DF'T approach is obviously no more accurate
than the underlying experimental data are. The second problem is that it is
hard to validate a candidate SRP—DF on the basis of a comparison between
theoretical and experimental diffraction probabilities for Ho- metal systems.

To address the first problem of the SRP—DFT approach, we have sim-
ulated all three sets of measurements of sticking probabilities available for
Dy + Pt(111), using four different sets of molecular beam parameters. As
discussed in the paper, substantial differences exist between the three stick-
ing probability curves measured for Dy + Cu(111). We compared these ex-
periments on a one-to-one basis. The comparison showed that the sticking
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probability of Luntz et al. [15] are larger than those of Hodgson and co-
workers [16] over the entire energy range. The datasets of Luntz et al. [15]
and of Cao et al. [17] showed much better agreement at least for collision
energies up to 0.32 €V, but not for larger collision energies. The agreement
between the datasets of Cao et al. [17] and of Hodgson and co-workers [16]
was poorest. We discussed the origin of these discrepancies and reported
the MADs between the data of the experiments.

Next we described the four different sets of molecular beam parameters
that we have used in our calculations to simulate the experiments. We also
discussed the question of which set of beam parameters can best be used to
simulate a particular set of molecular beam experiments.

To construct the PES, the CRP interpolation method was used to accur-
ately fit DF'T data based on the PBEa-vdW-DF2 functional with oo = 0.57.
This functional was previously found to enable a chemically accurate de-
scription of the experiments of Luntz et al. [9]. We have performed calcula-
tions within the BOSS dynamical model. The QCT method has been used
to compute molecular beam sticking probabilities using velocity averaging
and Boltzmann averaging for each set of molecular beam parameters. We
have shown the comparison of our theoretical results for the four sets of
parameters with each other. The agreement between the results obtained
with all sets of parameters is quite good for average collision energies up to
0.32 eV.

We have discussed the discrepancy between the theoretical results for
translationally narrow and broad beams at the higher collision energies.
Comparison between the theoretical results obtained with four sets of para-
meters and the three sets of experimental data has also been made. MAD
values for three different experimental results and four different sets of the-
oretical results were reported and the success or failure of achieving a chem-
ically accurate description of these three sets of molecular beam experiments
was discussed separately. The most important result is that all three sets
of experiments can be described with chemical accuracy using molecular
beam parameters describing seeded molecular beams that are broad in en-
ergy. Performing simulations with different sets of molecular beam para-
meters also provides insight into under which conditions the experiments
should agree with one another. This allows one to arrive at conclusion
regarding problems that might affect the experiments. For instance, the
simulations suggested that the sticking probabilities measured by Hodgson
and co-workers were too low by about 13%, although we cannot rule out
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completely that part of this difference might have been due to the use of a
lower T.

To address the second problem of the SRP—DFT approach, we per-
formed diffractive scattering calculations comparing with experiments, us-
ing the SRP—DF. To compute diffraction probabilities for Ho scattering
from Pt(111) the TDWP method was used and probabilities were obtained
for scattering of cold n-Ho(20% ;5 =0, 7% j=1, 5% j=2) scat-
tering from Pt(111) with an initial translational energy parallel to the sur-
face of 55 meV. The theoretical results have been shown and compared with
experimental results for off-normal incidence for two incidence directions.
The agreement for diffraction compared to experiments was rather poor in
contrast with the agreement obtained for the sticking probabilities. The
results show both quantitative and qualitative discrepancies between the-
ory and experiments. The previous theoretical results by Nieto et al. [21],
which were based on the use of a GGA functional, demonstrated better
agreement with the experiments. Our study suggests that the SRP—DF for
Hs + Pt(111) may not yet be accurate enough to describe the diffraction
in this system. Also with the use of a PES exhibiting a van der Waals well,
part of the scattering should be indirect. However, the DW theory used to
obtain 0 K experimental diffraction probabilities, assumes direct scattering.
The previous study has shown that the agreement between experiment and
theory with inclusion of a van der Waals well in the PES was improved
by assuming a static surface disorder of metal surface for Hy scattering
from Ru(0001) [31]. However, as discussed making this assumption will not
improve the agreement between theory and experiment in the case of Ho
scattering from Pt(111).
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6.A Appendix

This appendix contains comparison of sticking probabilities for two sets of
parameters Figure 6.A.1; comparison of the experimental data from Luntz
et al., Hodgson and co-workers, and Cao et al. with theortical results (Fig-
ure 6.A.2, Figure 6.A.3 and Figure 6.A.1).

PNH
<E>=0.452 eV E=<E>.T,
08 1 _1878K [ ] <E>, T -
2 " -
% 0.75
87| E=<E> v=0,j-=0
s L
= ] ]
£ 07F <E>, v=0,j=0 .
S
n
=) =) S o =
0.651- = > G £ £
(@) & gg €9 2
i o® 20 =03 =0
0.6 Zs > & 85 25
SBG
<E> = 0.455 eV E=<E>.T,
0.8 T, =1700K u E
2
% 0.75
Ko} . — =
g _Ei=<Ei>,v=O,j=0 <Ei>'Tn
o | ]
£ 07 <Ep, v=0,j=0 .
o
[ | C
0.651 2 .2 £p o
= 29 ED IS
- () 5 25 58 _§
06 23 23 Rz 23

Figure 6.A.1: Comparison of sticking probabilities for two sets of paramet-
ers: (a) PNH with narrower energy distributions and (b) SBG with wider
energy distributions. Shown are the reaction probability of (v = 0,j = 0)
Dy without velocity averaging, the reaction probability of (v = 0,5 = 0) Do
with velocity averaging, the reaction probability with Boltzmann averaging
over rovibrational states only, and the sticking probability computed with
full averaging.
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Figure 6.A.2: Comparison of the experimental data from Luntz et al. [15],
with the theoretical results (a) obtained with the SBC parameters of Cao
et al. [17], (b) with the PNA [44], and (c¢) with the PNH parameters of
Hodgson and co-workers [36]. In all cases the horizontal arrows and the
numbers indicate the energy spacings between the interpolated values of
the theoretical results and the actual experimental values. The blue lines
show the interpolated curves of the computed data.
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Figure 6.A.3: Comparison of the experimental data from Hodgson et al. [16],
with the theoretical results (a) obtained with the SBC parameters of Cao
et al. [17], (b) and with the PNA parameters [44]. In all cases the horizontal
arrows and the numbers indicate the energy spacings between the interpol-
ated values of the theoretical results and the actual experimental values.
The blue lines show the interpolated curves of the computed data.
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Figure 6.A.4: Comparison of the experimental data from Cao et al. [17],
with the theoretical results (a) obtained with the SBG parameters of Groot
et al. [37], (b) with the PNH parameters of Hodgson and co-workers [36],
and (c) with the PNA parameters [44]. In all cases the horizontal arrows and
the numbers indicate the energy spacings between the interpolated values
of the theoretical results and the actual experimental values. The blue lines
show the interpolated curves of the computed data.
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Summary

Many chemical and physical processes, for example in industry and also
everyday life, happen on surfaces. One of the most important is reaction
of a molecule on a surface in heterogeneous catalysis. Catalysis creates an
alternative energy path to increase the speed and outcome of a reaction.
There are many complexities to understand catalytic reactions. It is known
that in the reaction mechanism for ammonia synthesis, the dissociation of
nitrogen on the catalyst surface is the rate limiting step. The availabil-
ity of accurate barriers for reactions of molecules on metal surfaces is of
central importance to understanding and accurately calculating the rate of
heterogeneously catalyzed processes.

Implementations of first principle methods provide availability of the
chemically accurate calculation of barriers for gas phase reactions. How-
ever, for reactions of molecules on metal surfaces there is plenty of room
for improvement. Density functional theory (DFT) using functionals at the
generalized gradient approximation (GGA) or meta-GGA level, which can
be used to map out potential energy surfaces (PESs) for molecule interact-
ing with metal surfaces, is not yet capable of predicting reaction barriers for
gas-phase reaction with chemical accuracy. Most recently, an implement-
ation of the specific reaction parameter approach to DFT (SRP—DFT),
adopted to molecule surface interactions, was proposed in which usually a
single adjustable parameter in the density functional is fitted to reproduce
an experiment that is particularly sensitive to the reaction barrier height for
the specific system considered. The quality of the SRP density functional
(SRP—DF) is tested by checking that the candidate SRP—DF for a sys-
tem can also reproduce other experiments on the system, which differ from
the experiment the functional was fitted to. This approach has provided
accurate values of barrier heights for the dissociative chemisorption of Ho
on Cu(111), Cu(100), and also of CHy on Ni(111), Pt(111) and Pt(211) so
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far. However, being semi-emprical and in need of validation, the SRP—DFT
approach is not without problems.

In this thesis, the main aim is to provide an improved description of Ho
dissociative chemisorption on metal surfaces based on the semi-empirical
SRP method in which the accuracy of exchange-correlation (XC) functionals
is systematically improved in a semi-empirical and system specific way, by
comparing the experimental data with theoretical results. The goal is to
construct a database of reaction barriers with chemical accuracy for Hs
interacting with metal surfaces.

In Chapter 3, the aim is to extend the development of SRP density func-
tionals, and the database, with a result for a weakly activated dissociative
chemisorption reaction of Hy with a transition metal surface. For this aim,
a SRP—DF is developed, in which the SRP functional incorporates in the
correlation part the revised version of the vdW-DF called vdW-DF2, for
the dissociation of dihydrogen on Pt(111). The study has been performed
using semi-empirical density functional theory and the quasi-classical tra-
jectory (QCT) method. The validity of the QCT method is investigated
by showing that QCT calculations on reaction of Do with Pt(111) closely
reproduce quantum dynamics (QD) results for reaction of Dy in its rovibra-
tional ground state. The goal is to achieve a chemically accurate description
of Dy dissociation on Pt(111) with molecular beam simulations, while re-
producing the experimental results at normal and off-normal incidence. In
this chapter, an SRP-DF for Hy on Pt(111) was obtained by adjusting the
« parameter in the PBEa-vdW-DF2 functional until reaction probabilities
computed with the QCT method reproduced sticking probabilities meas-
ured for normally incident Do with chemical accuracy. Reproducing the
experimental data by using the SRP—DF functional and QCT calculations
for off-normal incidence for ; = 30 and 45°, for which computed reaction
probabilities show no dependence on the plane of incidence, confirms the
quality of the SRP functional. We report that the minimum barrier height
obtained for the reaction is -8 meV, in agreement with the experimental ob-
servation of no, or only a small energetic threshold to reaction. This value
can be entered into a small, but growing database with barriers of reactions
of molecules with metal surfaces, for which chemical accuracy is claimed.

In Chapter 4, the main focus is on the transferability of an SRP func-
tional among chemically related systems. The SRP functional originally de-
veloped to describe chemisorption of dihydrogen on Cu(111) (called SRP48
functional) is tested here on dissociation of the same molecule on Ag(111),
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with Cu and Ag belonging to the same group of the periodic table. In
this chapter, we use the QCT method to compute molecular beam sticking
probabilities and initial-state resolved reaction probabilities. To establish
the appropriateness of the QCT method, we performed QD calculations for
several rovibrational states, and compared with the QCT results. It is found
that the QCT method reproduces the QD results very well. It is also found
that the barrier heights in the SRP48 PES are higher than obtained with
the PBE functional. Furthermore, we computed molecular beam sticking
probabilities and compared with the available experimental results. The
energy differences between the computed data and the spline interpolated
experimental curve were in the range 2-2.3 kcal/mol. Thus, no chemical
accuracy was achieved in our theoretical results. Our results show that the
SRP48 functional is not transferable to Hy dissociating on Ag(111) system,
although Cu and Ag belong to the same group.

In Chapter 5, the main goal is to address the question whether the
SRP—DF functional derived for dissociative chemisorption of Hy on Pt(111)
is transferable to Hy reacting on Pt(211), which is relevant to heterogeneous
catalysis. We use the SRP—DF functional, which was originally derived for
the Hy 4+ Pt(111) system and is able to reproduce experiments on this sys-
tem with chemical accuracy to model the reaction of Hy on the stepped
Pt(211) surface. We have performed molecular beam simulations with the
QCT method using the BOSS model. The accuracy of the QCT method was
assessed by comparison with QD results for reaction of the ro-vibrational
ground state of Hy. The study shows that the theoretical results for sticking
of Hy and Dy on Pt(211) are in quite good agreement with experiment, but
uncertainties remain due to a lack of accuracy of the QCT simulations at low
incidence energies, and possible inaccuracies in the reported experimental
incidence energies at high energies. We also investigate the non-adiabatic
effect of electron-hole pair excitation on the reactivity using the molecular
dynamics with electron friction (MDEF) method, employing the local dens-
ity friction approximation (LDFA). Only small effects of electron-hole pair
excitation on sticking are found.

In Chapter 6, the focus is on two basic problems of the SRP—DFT meth-
odology. The first problem is that sticking probabilities (to which SRP-DFs
functionals are usually fitted) might show differences across experiments,
of which the origins are not always clear. The second problem is that it
has proven hard to use experiments on diffractive scattering of He from
metals for validation purposes, as dynamics calculations using a SRP—DF
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may yield a rather poor description of the measured data, especially if the
potential used contains a van der Waals well.

To address the first problem of the SRP—DFT approach, we have simu-
lated three sets of measurements of sticking probabilities available for Do +
Pt(111), using four different sets of molecular beam parameters. We com-
pared these experiments on a one-to-one basis. We report that substantial
differences exist between the three sticking probability curves measured for
D2 + Pt(111). We discuss the origin of the discrepancies between differ-
ent experimental data and report the mean absolute deviations between
the data of the experiments. We also discuss the question of which set
of beam parameters can best be used to simulate a particular set of mo-
lecular beam experiments. We obtained that all three sets of experiments
can be described with chemical accuracy using molecular beam parameters
describing seeded molecular beams that are broad in energy. Performing
simulations with different sets of molecular beam parameters also provides
insight into under which conditions the experiments should agree with one
another.

To address the second problem of the SRP—DFT approach, we per-
formed diffractive scattering calculations comparing with experiments, us-
ing the SRP—DF. The theoretical results are shown and compared with
experimental results for off-normal incidence for two incidence directions.
Our results show that there are both quantitative and qualitative discrepan-
cies between theory and experiments. Our study suggests that the SRP—DF
for Hy 4+ Pt(111) may not yet be accurate enough to describe the diffraction
in this system. The van der Waals well plays a role in the description of
scattering of Hy from Pt(111) and with the use of a PES exhibiting a van
der Waals well, part of the scattering should be indirect. A similar study
on Hy scattering from Ru(0001) has shown that the agreement between ex-
periment and theory with inclusion of a van der Waals well in the PES was
improved by assuming a static surface disorder of metal surface. However,
our results established that making this assumption will not improve the
agreement between theory and experiment in the case of Hs scattering from
Pt(111).



Samenvatting

Vele chemische en fysische processen, bijvoorbeeld in de industrie maar
ook in het dagelijks leven, vinden plaats aan oppervlakken. In een van
de meest belangrijke in de heterogene katalyse reagent een molecuul aan
een oppervlak processen. Katalyse creéert een alternatief reactiepad dat
de snelheid en opbrengst van een reactie vergroot. Katalytische reacties
zijn zeer complex om te doorgronden. Het is bekend dat in het reactie
mechanisme voor de synthese van ammoniak de snelheidsbepalende stap de
dissociatie van stikstof op het katalytische oppervlak de snelheidsbepalende
stap is. De beschikbaarheid van accurate barrieres voor reacties van molecu-
len aan metaaloppervlakken is van vitaal belang voor het doorgronden en
nauwkeurig berekenen van reactiesnelheden van heterogeen gekatalyseerde
reacties.

Implementaties van ab initio methoden maken het mogelijk om chemisch
nauwkeurige barrieres te berekenen voor gasfase reacties. Dit in tegen-
stelling tot de beschrijving van reacties van moleculen aan metaalopper-
vlakken, daar is nog zeer veel ruimte voor verbetering. Dichtheidsfunction-
aaltheorie (DFT) waarin functionalen gebruikt worden op het niveau van de
gegeneraliseerde gradiént benadering (GGB) of meta-GGB, welke gebruikt
kan worden om potentiéle energie oppervlakken (PEO’en) voor de inter-
actie van moleculen met metaaloppervlakken uit te rekenen, is nog niet in
staat om reactiebarrieres van gasfase reacties te voorspellen met chemische
nauwkeurigheid. Recent is de specifieke reactieparameter aanpak voor DFT
(SRP—DFT) toegepast voor de beschrijving van de interactie tussen mo-
leculen en oppervlakken. In de SRP—DFT aanpak is het gebruikelijk dat
een enkele parameter in de dichtheidsfunctionaal op een empirische wijze
wordt aangepast opdat een experiment gereproduceerd kan worden, waar-
bij dat experiment zeer gevoelig is voor de hoogte van de reactiebarriere
van het specifieke systeem dat beschouwd wordt. De kwaliteit van de
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SRP-dichtheidsfunctionaal (SRP—DF) wordt geverifieerd door te toetsen
of de kandidaat SRP—DF voor een systeem ook andere experimenten aan
hetzelfde systeem kan reproduceren dan slechts het experiment waaraan
de SRP—DF was ontworpen. Deze aanpak heeft vooralsnog nauwkeurige
barrierehoogtes opgeleverd voor de dissociatieve chemisorptie van Hy op
Cu(111) en Cu(100), alsook voor de dissociatieve chemisorptie van CH4 op
Ni(111), Pt(111) en Pt(211). Hoewel de SRP—DFT aanpak semi-empirisch
en in afwachting van validatie is, is zij niet zonder haar problemen.

Het hoofdoel van dit proefschrift is een verbeterde beschrijving van dis-
sociatieve chemisorptie van Ho op metaaloppervlakken, gebaseerd op de
SRP methode waarbij de nauwkeurigheid van de omwisselings-correlatie
functionaal (OC) op semi-empirische en systeem specifiecke wijze systemat-
isch wordt verbeterd door vergelijking van experimentele data met theor-
etische uitkomsten. Hierbij is het doel om een database aan te leggen met
chemisch nauwkeurige reactiebarrieres voor de reactie van Hy aan metaal
oppervlakken.

Het doel van hoofdstuk 3 is om de ontwikkeling van SRP dichtheidsfunc-
tionalen een stap verder te brengen, alsmede de database, met resultaten
voor zwak geactiveerde, dissociatieve chemisorptie reacties van Ho aan over-
gangsmetaaloppervlakken. Voor dit doel is er een SRP—DF ontwikkeld,
waarin voor het gedeelte dat de correlatie beschrijft de gereviseerde vdW-
DF genaamd vdW-DF2 is toegepast, voor de dissociatie van Hy op Pt(111).
Dit onderzoek is uitgevoerd met behulp van semi-empirische DFT en de
quasi-klassieke baan (QKB) methode. De validiteit van de QKB methode
wordt onderzocht door te laten zien dat QKB berekeningen aan de reactie
van Do met Pt(111) sterk overeen komen met kwantumdynamica (KD) res-
ultaten voor de reactie van Ds in zijn rovibrationele grondtoestand. Het
doel is tot een chemisch nauwkeurige beschrijving te komen van de dissoci-
atie van Dy op Pt(111) met moleculaire bundel simulaties, en tegelijkertijd
experimentele resultaten voor loodrechte en niet-loodrechte invallen te re-
produceren. In dit hoofstuk is een SRP—DF verkregen voor Hs reagerend op
Pt(111) door de parameter in de PBEa-vdW2-DF2 dichtheidsfunctionaal
aan te passen totdat de reactiewaarschijnlijkheden berekend met de QKB
methode experimentele reactiewaarschijnlijkheden voor loodrecht inkomend
D5 reproduceerden met chemische nauwkeurigheid. Het reproduceren van
experimentele data met behulp van de SRP—DF samen met QKB bereken-
ingen voor niet loodrechte inval voor 6; = 30 and 45°, waarvoor de berek-
ende reactiewaarschijnlijkheden geen afhankelijkheid vertonen met het vlak
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van inval, bevestigd de kwaliteit van de SRP dichtheidsfunctionaal. We
rapporteren dat de minimumhoogte van de verkregen barriere voor de re-
actie -8 meV is, overeenkomende met de experimentele observatie van geen
of slechts een kleine energetische drempel voor reactie. Deze waarde kan
worden toegevoegd aan een kleine, maar groeiende, database van barrieres
van reacties van moleculen aan metaaloppervlakken voor welke chemische
nauwkeurigheid wordt geclaimd.

In hoofdstuk 4 ligt de focus op de overdraagbaarheid van een SRP di-
chtheidsfunctionaal naar andere gerelateerde chemische systemen. De SRP
dichtheidsfunctionaal die oorspronkelijk is ontwikkeld om chemisorptie van
Hy op Cu(111) te beschijven (namelijk de SRP48 dichtheidsfunctionaal)
wordt hier getest voor dissociatie van hetzelfde molecuul op Ag(111), waar-
bij Cu en Ag tot dezelfde groep van het periodiek systeem behoren. In
dit hoofstuk gebruiken we de QKB methode om moleculaire bundel re-
actiewaarschijnlijkheden uit te rekenen en initi€le-toestand-specifieke re-
actiewaarschijnlijkheden. Om de toepasbaarheid van de QKB methode vast
te stellen hebben we KD berekeningen uitgevoerd voor verschillende rovi-
brationele toestanden en die vergeleken met QKB resultaten. We tonen
aan dat de QKB methode de KD resultaten zeer goed kan reproduceren.
Verder laten we zien dat de barrierehoogtes van het SRP48 PEO hoger
zijn dan die verkregen met de PBE dichtheidsfunctionaal. Tevens rekenen
we moleculaire bundel reactiewaarschijnlijkheden uit en vergelijken die met
experimentele resultaten. De energie verschillen tussen de berekende data
en de spline geinterpoleerde curve lagen in het interval 2—2.3 kcal/mol.
Dientengevolge hebben we geen chemische nauwkeurigheid bereikt in onze
theoretische resultaten. Onze resultaten laten zien dat de SRP48 dichtheids-
functionaal niet overdraagbaar is naar de dissociatie van Hy op het Ag(111)
systeem, hoewel Cu en Ag tot dezelfde hoofdgroep behoren.

In hoofdstuk 5 wordt de vraag gesteld of de SRP—DF ontworpen voor
dissociatieve chemisorptie van Hy op Pt(111) overdraagbaar is naar Hy reag-
erend op Pt(211), wat relevant is voor heterogene katalyse. We gebruiken
de SRP—DF die oorspronkelijk is ontworpen voor het Hy + Pt(111) sys-
teem en dit systeem met chemische nauwkeurigheid kan beschrijven voor
het modelleren van de reactie van Hy op het gestapte Pt(211) oppervlak.
We hebben moleculaire bundel simulaties uitgevoerd met de QKB meth-
ode gebruikmakend van het BOSS model. De nauwkeurigheid van de QKB
methode is vastgesteld door the vergelijken met KD resultaten voor de rovi-
brationele grondtoestand van Hy. Dit onderzoek laat zien dat de theoret-
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ische resultaten voor de reactie van Hy en Dy op Pt(211) goed overeen-
komen met experimentele data, hoewel onzekerheden blijven bestaan door
een gebrek aan nauwkeurigheid van de QKB berekeningen bij lage trans-
latie energieén en mogelijke onnauwkeurigheden in de gerapporteerde exper-
imentele invalenergién voor hoge energién. We onderzoeken ook het niet-
adiabatische effect van elektron-gat-paar excitaties op de reactiviteit door
gebruik te maken van de moleculaire dynamica met elektronische frictie
(MDEF) methode, die gebruik maakt van de lokale dichtheid frictiebena-
dering (LDFB). Slechts kleine effecten van elektron-gat parenexcitatie op
de reactiewaarschijnlijkheid zijn waargenomen.

In hoofstuk 6 ligt de focus op twee problemen aan de basis van de
SRP—DFT methodologie. Het eerste probleem is dat reactiewaarschijn-
lijkheden (waaraan de SRP—DF’ en gewoonlijk aan geparametrisseerd wor-
den) verschillen kunnen vertonen tussen experimenten, waarvan de oorzaak
niet altijd duidelijk is. Het tweede probleem is dat het moeilijk is gebleken
experimenten aan verstrooiing van Hy aan metaaloppervlakken te gebruiken
als validatie omdat dynamica berekeningen die een SRP—DF gebruiken mo-
gelijk een slechte beschrijving opleveren van de gemeten data, zeker wanneer
de gebruikte potentiaal een Van der Waals put bevat.

Om het eerste probleem binnen de SRP—DFT methodologie aan te
pakken simuleren we drie groepen van metingen aan de reactiewaarschijn-
lijkheden die beschikbaar zijn voor de reactie van Dy aan Pt(111), hierbij
gebruikmakend van vier verschillende groepen van moleculaire bundel para-
meters. We hebben deze experimenten op een één-op-één basis vergeleken.
We rapporteren dat er substantiéle verschillen bestaan tussen de drie re-
actiewaarschijnlijkheidscurves gemeten voor Dy reagerend aan Pt(111). We
bespreken de oorzaak van deze discrepanties tussen verschillende groepen
experimentele data en rapporteren de gemiddelde absolute afwijkingen tussen
de verschillende groepen experimentele data. We bespreken ook de vraag
welke groep van bundel parameters het beste gebruikt kan worden om
om een specifieke set van moleculaire bundel experimenten te simuleren.
We beschrijven dat alle drie de groepen van experimenten met chemische
nauwkeurigheid beschreven kunnen worden wanneer moleculaire bundel para-
meters worden gebruikt die verrijkte bundels die breed in energie zijn bes-
chrijven. Het uitvoeren van simulaties met verschillende groepen van mo-
leculaire bundel parameters biedt ook inzicht in onder welke omstandigheden
de experimenten met elkaar overeen zouden moeten komen.

Om het tweede probleem van de SRP—DFT methodologie aan te pakken



233

hebben we verstrooiingsberekeningen uitgevoerd en die vergeleken met ex-
perimenten, gebruik makend van de SRP—DF. De theoretische resultaten
worden getoond en vergeleken met experimentele resultaten voor niet-lood
rechte inval voor twee invalhoeken. Onze resultaten tonen aan dat er zowel
kwalitatieve als kwantitatieve discrepanties bestaan tussen het experiment
en de theorie. Ons onderzoek suggereert dat de SRP—DF voor Hy reag-
erend op Pt(111) misschien nog niet nauwkeurig genoeg is om verstrooiing
in dit systeem te beschrijven. De Van der Waals put speelt een rol in de
beschrijving van verstrooiing van Hy van Pt(111), en met het gebruik van
een PEO dat een Van der Waals put bezit zou een deel van de verstrooiing
indirect moeten zijn. Een vergelijkbaar onderzoek naar Hs verstrooiing van
Ru(0001) heeft uitgewezen dat de overeenkomst tussen experiment en the-
orie, met inbegrip van de Van der Waals put in het PEO, verbeterd werd
door uit te gaan van een statische oppervlakteverstoring. Daar staat tegen-
over dat onze resultaten vaststellen dat het maken van deze aanname de
overeenkomsten tussen theorie en experiment niet verbeteren in het geval
van Hy verstrooiing aan Pt(111).
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