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1 General Introduction

1.1 Gas-surface reactions

In heterogeneous catalysis new products are formed through elementary reac-
tions of molecules with surfaces. The chemistry of small molecules reacting
on a surface are therefore an integral part of our everyday lives. Examples
include the production of plastic and other everyday materials, the production
of ammonia which enables the use of artificial fertilizer!, the polution reduction
achieved by the use of a catalytic converter in a car?, or the steam reforming
proces which is currently used to produce hydrogen (Hg) and carbon monoxide
(CO) gas from methane (CHy) and steam?®. Gas-surface reactions are also not
solely the preserve of human activity. A rusting bit of iron left outside in a
humid environment is also an example of a gas-surface reaction: oxygen gas
(O2) from the air has reacted with the metal surface of the iron forming rust.
Chemical reactions that proceed using a catalyst are extremely important to the
chemical industry. Improvements in the design of catalysts, either by allowing
cheaper materials to be used as catalysts or reducing the energy cost of a given
reaction, have a potentially huge impact on the chemical industry?.

In its simplest form a chemical reaction entails two reactants coming together
with enough energy to overcome the energetic barrier to reaction and then
reacting to form the product(s). A catalyst is a reaction partner that interacts
with the reactants in order to provide an alternative reaction mechanism that
can be more complicated but is energetically favorable. In general, a catalyst
stabilizes the transition state of the reaction complex formed by the reactants
coming together on a catalyst, thereby lowering the barrier to reaction and
fascilitating the breaking of existing chemical bonds and the formation of new
chemical bonds. After the reaction the resulting products move away from the
catalyst, allowing the catalyst to go into a new catalytic cylce. Lowering the
energetic barrier to a reaction by using a catalyst can thus not only increase
the reaction rate but also allow the reaction to proceed under milder conditions
(lower temperature and or pressure), reducing the cost. In some cases it is
even possible to increase the selectivity of particular reaction such that the
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formation of a desired reaction product is favored over an unwanted reaction
product, reducing waste and polution.

In heterogeneous catalysis the reactants and the catalyst exist in different
phases (plasma, gas, liquid, solid), while in homogeneous catalysis both the
catalyst and the reactants are in the same phase. Another important type of
catalysis that cannot go unmentioned is biocatalysis, in which proteins act as
highly specialized catalysts for nearly all biochemical reactions underpinning
life as we know it”.

Usually a heterogeneously catalysed process does not consist of a single
reaction step. A reaction that takes place on a catalytic surface can be described
as a complex proces consisting of several elementary reaction steps. An example
that includes some possible elementary reaction steps is a molecule that adsorbs
on a surface and diffuses to a reaction site before dissociating. It thus goes
through the elementary steps of adsorption, diffusion and dissociation at a reac-
tive site. In 2007 Ertl was awarded the Nobel prize in chemistry for investigating
elementary reaction steps in heterogeneous catalysis experimentally®.

The elementary reaction steps in heterogeneous catalysis form a complex
network of reactions. The most important steps in such a network are called
the rate-limiting steps. Creating a theoretical description of a complex reaction
network ideally starts with the calculation of 'chemically accurate’ barrier
heights for elementary reaction steps’. Note that the calculation of chemically
accurate reaction rates of reaction networks is also important to the search for
extraterrestrial life in the solar system® and in the field of astrochemistry® 1. In
heterogeneous catalysis the rate-limiting step is often the dissociative chemisorp-
tion of a molecule on a surface!?!3. Calculating chemically accurate barrier
heights for rate-controlling reactions to obtain accurate rates of the overall
reaction network' is a rather complex task that not only needs to take into
account the static electronic structures of both reactant and the catalytic sur-
face at the transition state, but also dynamical effects such as the molecule’s
approach towards the transition state, the molecule’s internal motion, as well

as surface atom motion due to temperature!®.

1.2 H, reacting on metal surfaces

Metal surfaces from a group of effective catalysts for the reaction of small
molecules such as Hy. The electrons of a metal are delocalized while the
electrons of molecules are more localized around their constituent atoms'6. The
grouping of the metal electrons in bands, some of which are close to the Fermi
level, allows the metal surface to readily donate to or accept an electron from
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the molecule at hardly any energetic cost'” 1. This possibility of electron
exchange is what makes metal surfaces particularly effective catalysists.

The research presented in this thesis focussus on the reaction of Hy on
metal surfaces. The dissociation of Hs is relevant to the industrial synthesis of
methanol from CO9 over a Cu/Zn0O/AlyO3 catalyst, since in this process the
dissociation of Hy is considered to be the rate-limiting step?®~22. Hy dissociation
on transition metal surfaces is an important process in hydrogenation catalysis?3.
Hydrogenation of unsaturated bonds in organic molecules through heterogeneous
catalysis on solids has extensive uses in the chemical industry?*2°. Although the
basic elementary reaction steps of Ho dissociation and hydrogenation reactions
have been elucidated long ago by Horiuti and Polanyi®®, many open questions
and research opportunities remain with respect to efficiency, selectivity, and
catalytic particle or surface design and geometry?3.

The kinetics of Hs dissociation, recombinative desorption, and scattering has
predominantly been studied under ultra high vacuum (UHV) conditions3! 7!,
However, very little is known about the dynamics of Hs dissociation at industri-
ally relevant temperatures and pressures’>" (often denoted as the temperature
and pressure gaps).

Scattering of Ho from reactive metal surfaces is also of interest for fundamen-
tal reasons, for the wealth of phenomena that have been investigated and uncov-
ered by experiments on this topic. Reaction probability versus collision energy
curves can be obtained from molecular beam experiments32:33:38,48,51-53,60-64,74
and associative desorption experiments3234:3850.75  Aggociative desorption
experiments also yield information on the effect of the initial rovibrational
state32:3438,50.75 and the alignment of the molecule relative to the surface nor-
mal on the reverse dissociative chemisorption reaction®. Molecular beam
experiments in which Hs scatters from a surface can provide final state resolved
information on vibrational excitation?’, rotationally elastic®' and inelastic*!
scattering, and vibrationally and rotationally inelastic scattering??%6 Elastic
and inelastic diffractive scattering of Hy from metal surfaces can be adressed
as We]167771,76780.

In order to improve the predictive power of theory with respect to the
catalytic activity of small molecules reacting at metal surfaces, the way in
which metal surfaces modify the potential energy of molecules needs to be
understood at a fundamental level. The elementary reaction steps of a molecule
interacting with a surface can be investigated experimentally using techniques
that exert control over the various degrees of freedom of a molecule reacting
on a cold metal surface. The work presented in this thesis is predominantly
concerned with the description and simulation of supersonic molecular beam

experiments32:33,38:48,51-53,60-64,74 41\ q agsociative desorption
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experiments34:38:50,:54,55,75,81-83 " Tp) the molecular beam technique, pioneerd by
King and Wells®*, a gas supersonically expands into a UHV chamber towards
the target after being collimated by the use of skimmers. Initially the gas
entering the target chamber will be blocked in some way until a steady state
gas pressure is reached in the target chamber. Once the blockade between the
collimated stream of supersonic gas (the molecular beam) and the target is
removed the molecular beam will hit the target surface. Some molecules will
react with the target causing the pressure in the target chamber to drop. The
initial drop in pressure is directly proportional to the sticking probability of
molecules in the molecular beam to the target surface in the zero coverage
limit3*. Various degrees of freedom of the molecules in the molecular beam can
be controlled by adjusting the temperature of the nozzle through which the gas
expands into to the UHV chamber, by adjusting the backpressure of the gas, or
by changing the gas mixture. The importance of the molecular beam technique
to catalysis research cannot be understated® 88,

Another approach to experimentally assess the potential energy landscape
of a molecule interacting with a surface is conducting associative desorption
experiments3438:50,54,55,75,81-83 i) which often state-specific information can be
obtained by using the resonance-enhanced multi-photon ionization (REMPI)
technique32:34:38:50.75 " This bottom up approach allows for the disentanglement
of the many competing effects present under real catalytic conditions, such as
high temperatures and pressures.

1.3 Aims and scope of this thesis

The main goal of the thesis is to improve the theoretical description of reactive
scattering of Hy from various transition metal surfaces, such as Cu(111), Cu(211),
Ag(111), Au(111) and Pt(111). The starting point for any theoretical description
of the interaction of Hy with a metal surface presented in this thesis will be the
time-dependent Schrodinger equation®®. Specifically the aim will be to close
the gap between theory and experiment with respect to the description of the
reactivity and state-specific reaction dynamics, through the design of highly
accurate density functionals.

In Chapter 2 the theory behind the dynamical methods used to simulate
molecular beam experiments is discussed. First the solving of the electronic
structure problem using DFT will be discussed, as well as how potential energy
surfaces (PESs) can be constructed for relaxed ideal zero kelvin surfaces using
the corrugation reducing procedure®. The two dynamics methods used in this
thesis, namely the quasi-classical trajectory (QCT) method and the quantum
dynamics (QD) method, will be introduced. The last section of Chapter 2
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will deal with the calculation of observables that is needed to compare to
experimental observations.

In Chapter 3 the aim is to determine whether, with a meta generalized
gradient approximation (meta-GGA) functional constructed within the “made
simple” approach, it is possible to get a chemically accurate description of the
dissociative chemisorption of Ho on Cu(111), while at the same time obtaining a
better description of the Cu lattice than possible with previous SRP functionals
based on the generalized gradient approximation (GGA). A second goal is to
determine whether with the meta-GGA “made simple” functionals constructed
here it should be possible to also get a more accurate description of the dis-
sociative chemisorption of He on and its associative desorption from Ag(111)
than was previously possible with the SRP48 GGA functional for Hy + Cu(111).

In Chapter 4 the focus lies on the stepped nature of the Cu(211) unit cell
and whether the dynamics of Hy impinging on Cu(211) can still be described
by quasi-classical techniques. To this end a large number of time-dependent
wave packet calculations are carried out for all rovibrational states populated
in a molecular beam experiment according to the nozzle temperature.

In Chapter 5 new specific reaction parameter (SRP) density functionals at
the GGA level that include non-local correlation are introduced for the Hy +
Cu(111) system. Application of these newly designed functionals to the Hy +
Ag(111), Au(111) and Pt(111) systems might allow for the identification of
critical components of a density functional that make it transferable among
systems in which the same molecule interacts with different metal surfaces.

In Chapter 6 the mGGA density functionals developed in Chapter 3 are
combined with rVV10?! non-local correlation. The effectiveness of the newly
constructed density functionals is evaluated for the Ho + Cu(111), Ag(111),
Au(111) and Pt(111) systems. Additionally the transferability of the newly
constucted density functionals is assessed using the methodology first intro-
duced in Chapter 5.

1.4 Main results

The main results obtained during the research that resulted in this thesis are
summarized in this section.
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Chapter 3: Specific reaction parameter density functional based
on the meta-generalized gradient approximation:
Application to Hy + Cu(111) and H, + Ag(111)

Three density functionals at the meta-GGA level have been constructed based
on the "made simple" approach®??3 namely the MS-PBEI], MS-B86bl and
MS-RPBEI density functionals. Here the I’ stands for ’like’, in that the
gradient enhancement factors of the functionals are based on PBE-like?*, B86b-
like?, or RPBE-like”® expressions but with p = % as is appropriate for metallic
bonding?”?®. In the made simple approach to constructing a meta-GGA density
functional, a function of the kinetic energy density is defined that effectively
allows one to vary the exchange functional according to whether the binding
in a certain region is metallic or covalent. The three new MS meta-GGA
functionals yield lattice constants that are in excellent agreement with zero-
point energy corrected experimental values. Likewise, the interlayer lattice
spacing relaxations for the top two layers of Cu(111) and Ag(111) are in good
agreement with experiment. The performance of the three new MS meta-GGA
functionals was found to be comparable to PBEsol?”, a density functional
specifically designed for the solid state. The barrier heights and geometries
obtained for Hy + Cu(111) were in good agreement with those obtained earlier
with the original SRP functional for Hy + Cu(111)%?. More importantly, the
sticking probability curves computed with the three MS functionals and the
QCT method agreed with experiments of Rettner and Auerbach and co-workers
and of Rendulic and co-workers to within chemical accuracy. Furthermore,
the sticking probability curves computed with the MS-PBEI and MS-B86bl
functionals for Dy + Ag(111) agree slightly better with the molecular beam
experiments of Hodgson and co-workers than dynamics calculations based on
the SRP48 GGA functional designed for Hy + Cu(111). Good agreement is
also obtained between initial-state selected reaction probabilities computed
for Hy and Do + Ag(111) and the initial-state selected reaction probabilities
extracted from associative desorption experiments of Hodgson and co-workers
on these systems. Based on the obtained results it can be concluded that, (i)
it is possible to construct non-empirical meta-GGA “made simple” functionals
for these two Ho-metal systems that describe the dissociative chemisorption
reaction as accurately as previous semiempirical functionals based on GGA
functionals, while simultaneously giving a more accurate description of the
metal lattice, and (ii) on the basis of these MS functionals (in particular, MS-
PBEI and MS-RPBEI), an SRP-DF can be constructed for Hy + Cu(111), but
not for Hy + Ag(111).
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Chapter 4: Quantum dynamics of dissociative chemisorption of
H; on the stepped Cu(211) surface

A full quantum dynamical molecular beam simulation has been performed
for the reaction of Hy on Cu(211). To the this end a large number of time-
dependent wave packet (TDWP) calculations have been performed to obtain
fully initial-state resolved reaction probabilities for all rovibrational states that
are relevant to the simulation of molecular beam sticking experiments. The
main conclusion is that the reaction of Hy with Cu(211) is well described quasi-
classically. This is especially true when simulating molecular beam experiments
where one averages over a large number of rovibrational states and a wide
velocity distribution. It has however been found that some small differences
between QD and QCT calculations remain, most notably with respect to the
extent to which the reaction depends on the alignment of Ho. The QD method
predicts stronger alignment effects on the reactivity than the QCT method
for low lying rotational states. A comparison to recent associative desorption
experiments suggests and direct dynamics calculation that incorporate surface
atom motion appear to show that the effect of surface atom motion and ehp’s
on the reactivity falls within chemical accuracy, even for the high surface
temperature used in the associative desorption experiments. In contrast to the
theoretical and experimental results for Ds reacting on Cu(111) and Cu(100),
at low translational energy a sharp downturn of the rotational quadrupole
alignment parameters is observed for vibrationally excited molecules. This
downturn can be attributed to a site specific reaction mechanism of inelastic
rotational enhancement. The results show that the stepped Cu(211) surface is
distinct from its component Cu(111) terraces and Cu(100) steps and cannot be
described as a combination of its component parts with respect to the reaction
dynamics when considering the orientational dependence.

Chapter 5: Designing new SRP density functionals including
non-local vdW-DF2 correlation for H, + Cu(111) and their
transferability to Hy + Ag(111), Au(111) and Pt(111)

New specific reaction parameter (SRP) density functionals that include non-
local vdW-DF21% correlation have been constructed for the Hy (Do) + Cu(111)
system, namely the BS6SRP68-DF2 and SRPsol63-DF2 density functionals.
The transferability of these density functionals to the Hy (Dg) + Ag(111), Ho
(D2) + Au(111) and Hy (D2) + Pt(111) systems has been investigated. All
newly tested and developed density functionals are based on GGA-exchange
and use non-local correlation to describe dissociative chemisorption of He (D3)
on Cu(111) within chemical accuracy, and, to the extent that it can be assessed,
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improve the transferability to the other systems discussed in this Chapter over
the previously reported SRP48 and MS-B86bl SRP density functionals. Two
SRP density functionals that include non-local correlation, namely B86SRP68-
DF2 and PBEa57-DF2!91 are transferable from the highly activated late barrier
Hjy + Cu(111) system to the weakly activated early barrier Ho + Pt(111) system
and vice versa. This feat could not be demonstrated with GGA and meta-GGA
SRP density functionals that do not include non-local correlation. Assessing
the transferability of the tested and developed SRP density functionals to Hy
+ Ag(111) and Hy + Au(111) is difficult due to the lack of well characterized
molecular beam experiments for Ag(111) and their complete absence for Au(111).
A detailed analysis of associative desorption experiments on Cu(111) suggests
that accurate calculation of E; /Q(V, J) parameters requires an improvement of
our dynamical model. Describing the surface degrees of freedom might close the
gap between the excellent description of dissociative chemisorption and the good
description of associative desorption, for molecules in the vibrational ground
state. Any discrepancy in predicted reactivity between simulated associative
desorption and dissociative chemisorption remaining after taking into account
the effect of surface atom motion can then most likely be attributed to electron-
hole pair excitation. Lack of additional experiments for the Hy + Au(111)
system, specifically a well described dissociative chemisorption experiment,
presently keeps us from disentangling the effects of surface reconstruction,
surface temperature and ehp excitation for this system. Additionally a full
molecular beam simulation using QD is presented for the Hy + Cu(111) system
using the B86SRP68-DF2 density functional, which is the best performing
density functional for Hy + Cu(111), and which also gives a good description of
the Van der Waals interaction in this system. Overall the Hy 4 Cu(111) system
is very well described quasi-classically when looking at molecular beam sticking
probabilities or degeneracy averaged initial-state selected reaction probabilities.

Chapter 6: Performance of made-simple meta-GGA function-
als with rVV10 non-local correlation for H, + Cu(111), Dy +
Ag(111), H, + Au(111) and D, + Pt(111)

The three made simple mGGA density functionals designed in Chapter 3 have
been combined with rVV10°! in order to obtain the MS-PBEI-rVV10, MS-
B86bl-rVV10 and MS-RPBEI-rVV10 density functionals. All three developed
density functionals can describe the molecular beam dissociative chemisorption
experiment of Ds reacting on Ag(111) with chemical accuracy, and that the
MS-B86bl-rVV10 density functional can describe two sets of molecular beam
dissociative chemisorption experiments of Dg reacting on Pt(111) with chemical



1.5. Outlook 9

accuracy. Additionally, by calculating E, j5(v, J) parameters for the Hy (D2) +
Au(111) system and comparing to experimental Ey(v, J) parameters chemical
accuracy is obtained with the MS-PBEIl-rVV10 density functional. Assessing
the performance of the three developed MS mGGA DFs for the Hy (D) +
Au(111) system is difficult due the absence of well characterized molecular
beam experiments and of calculations using a reconstructed Au(111) surface
that incorporate surface motion, as also discussed in Chapter 5. Of the three
developed density functionals MS-PBEIL-rVV10 performs excellently with respect
to the known Van der Waals well geometries. The MS-B86bl-rVV10 and MS-
RPBEI-rVV10 density functionals yield Van der Waals well geometries that are
somewhat too shallow. In a comparisson to initial-state resolved experiments
on Hy (D2) + Ag(111) an excellent agreement with experiment is observed
in the case of Ho, for all three developed density functionals. With respect
to the molecular beam sticking probabilities of Hy (Dg) + Cu(111) the three
developed density functionals yield sticking probabilities in line with sticking
probabilities predicted by the PBE®* density functional, which are too high.
The three original made simple mGGA density functionals gave a description
of the metal that was comparable to the PBEsol®” density functional. We find
that combining them with rVV10°! non-local correlation comes at the cost
of a slightly less good description of the metal. In general lattice constants
become somewhat smaller than zero-point energy corrected experimental results.
However, the slight underestimation of the calculated lattice constants is still
smaller than the overestimation of calculated lattice constants generally found
with the best current SRP density functionals that include vdW-DF2% non-
local correlation. The three developed density functionals also predict that
the interlayer distance of the top two layers of the six layer slabs that have
been used tend to expand somewhat, in contrast to experimental observations.
The obtained results show that climbing Jakob’s ladder!?? yields increasingly
more accurate results for most systems for the gas-surface systems of Hy (D2)
interacting with transition metals.

1.5 Outlook

The development of (SRP) density functionals that can describe the reaction of
Hs with multiple transition metal surfaces to within chemical accuracy is a good
step forward in the theoretical description of such systems, however many open
questions still remain. These questions are however difficult to answer without
either additional experimental observations or improvements to the dynamical
model, the implementation of which will lead to increased computational cost
of the calculations. This section will highlight further research opportunities
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that can potentially improve the theoretical description of Hy interacting with
transition metal surfaces.

Further development in theoretical descriptions of small molecules reacting
with transition metal surfaces can be roughly segmented in three areas. One
of these areas would be the improvement of the dynamical model, by taking
into account thermal surface atom motion. Another of these research directions
would be climbing Jacob’s ladder'%? towards screened hybrid functionals. The
third area can be described by approaches that attempt to go beyond the Born-
Oppenheimer approximation!®®, thus beyond purely electronically adiabatic
dynamics calculations.

The dynamics calculations presented in this thesis assume an ideal relaxed
0 K surface, thus surface atom motion according to the surface temperature is
neglected. Adiabatic dynamics calculations on a ground state electronic PES
and using the static surface approximation have been shown to work well for
the activated reaction of He on cold transition metals!®1047108 = Agsociative
desorption experiments are however carried out on very hot surfaces343%59  In
these experiments surface atom motion cannot be readily ignored.

Currently surface atom motion can be taken into account by performing
direct dynamics calculations in which the forces are calculated on the fly using
DFT107.109-112 " This is however computationally very expensive, which makes
it difficult to obtain accurate statistics. Another approach is to obtain a high
dimensional PES that can accomodate surface atom motion using the Behler-
Parrinello approach to construct a generalized neural network representation of
a high dimensional PES''3. The neural network approach allows for compara-
tively cheap quasi-classical dynamics calculations once the neural network has
been trained to a large batch of electronic structure calculations for random
geometries of Hy above thermally distorted transition metal slabs. This method
has now been succesfully applied to create high dimensional neural network
potentials for the reaction of small molecules with transition metals'™ 117, Ap-
plying this method to the reaction of Hy with transition metals would make it
possible to test the assumption that molecular beam dissociative chemisorption
experiments and associative desorption experiments are linked through detailed
belance. As discussed in Chapter 5, when incorporating surface atom motion,
the remaining difference between predictions made by theory and experiment
can then be safely attributed to non-adiabatic effects such as electron-hole
pair excitations. Additionally, if such a high dimensional neural network PES
would be available, this would allow direct simulation of associative desorp-
tion experiments by running trajectories starting around the transition state
using Metropolis sampling of the initial conditions!'®122. Although this has
to some extent already been done, earlier work!'%120 used a PES that is an
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approximate fit'?® to unconverged DFT calculations'?* using the PW91 density
functional'?®, and the statistical accuracy of the results of the later work!??
was limited by the number of trajectories that could be run due to the direct
dynamics method employed. Performing such calculations with the highly
accurate density functionals presented in this thesis might answer some of the
open questions raised by earlier work!18-122,

Note that high dimensional neural network potentials may be difficult to
implement in QD calculations'?®. The static corrugation model (SCM)!96:127
in combination with the sudden approximation can potentially be used in QD
calculations, where multiple QD calculations could be performed for differently
initialized surface displacements.

A second way to improve the theoretical description of Hs interacting with
transition metal surfaces may be to climb Jacob’s ladder'®2. The density
functionals developed in the research that resulted in this thesis are based on
the GGA or meta-GGA, a logical next step would be to move towards (screened)
hybrid density functionals'?® combined with non-local correlation!??. As the
transferability of meta-GGA based density functionals that include non-local
correlation developed in Chapter 6 has demonstrated, climbing to a higher
rung on Jacob’s ladder has the potential to yield more generally applicable
density functionals. Some advances have been made using this approach with
the notoriously difficult Oy + Al(111) system!3° 132 and other systems!'33.
However, it is unclear whether hybrid density functionals will be better for Ho -
late transition metal surface systems. For these systems, (® — EA) tends to
exceed 7 eV, where ® is the workfunction of the metal and EA the electron
affinity of the molecule. For such systems semi-local exchange appears to work
quite well'32. Also, calculations with (screened) hybrid density functionals are
computationally very demanding. It will therefore be difficult to go beyond
the static surface approximation when using hybrid density functionals in the
forseeable future.

The third area in which the theoretical description of He interacting with
transition metal surfaces can be improved is by going beyond the Born-
Oppenheimer approximation'®®. The lack of a band gap for electronic ex-
citations in a metal allows for energy exchange of the molecule with the surface
through electron-hole pair excitations. The effect of electron-hole pair exci-
tations can be modelled as a classical friction force in molecular dynamics
with electronic friction (MDEF) calculations'®*. In Chapter 4 this is done in
the simplest possible way, by using the local density friction approximation
(LDFA) together with the independent atom approximation (IAA)135136  In
this approach molecular properties are neglected, as the off-diagonal elements of
the friction tensor expressed in Cartesian coordinates of the atoms are taken to
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be zero. Therefore kinetic coupling between different degrees of freedom cannot
be described in this model. To move beyond this limitation orbital-dependent
friction (ODF) could be used in future dynamics calculations'"13°. However
the effects of incorporating ODF in the reaction dynamics of Hy are small and
require additional experiments for theoretical predictions to be verified? and
for proving that ODF should be better.

As suggested in Chapters 5 and 6 there is a need for more, more varied, and
more accurately described experiments. Presently DFT is the only electronic
structure method that is simultaneously computationally cheap and accurate
enough to map out full PESs and make large comparative studies feasible.
Within the SRP approach to DFT currently? experimental observations are
neccesary as a benchmark for density functional design. When looking at
the Ho + Ag(111) and Hy + Au(111) systems considered in this thesis, one
stark realization is that further development of chemically accurate density
functionals for Hy reacting on transition metal surfaces is still heavily stymied
by a lack of experimental data. This is bad news as presently semi-empirical
DFT seems to be the only path forward to extracting chemically accurate
information on barriers to reaction. Relying on non-empirical constraints in
density functional design is not guaranteed to yield better overall accuracy, as
illustrated by the poor performance of the SCAN! density functional for Ho
+ Cu(111)*2. For both the activated and non-activated reactions of Hy on
transitions metals there is now only a single well studied system, namely Ho +
Cu(111) (and maybe Hy + Pt(111)143) (see Chapter 5).

Finally, and this is best illustrated by the work on Hs (Dj) reacting on
Ag(111) in Chapter 5, many density functionals predict roughly similar molec-
ular beam sticking probabilities but different initial-state resolved reaction
probabilities. Observations from new and more detailed experiments could
lead the way, and show which theoretical model is more in line with reality.
Initial-state resolved reaction probabilities, rotational quadrupole alignment
parameters, vibrational efficacies, and inelastic scattering probabilties are more
sensitive to the details of the PES'4. However, accurately described measure-
ments of these observables are sparse36:41,50:54,55
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2 Theory and methods

In this chapter the theory behind electronic structure calculations, the con-
struction of potential energy surfaces (PESs), quasi-classical trajectory (QCT)
calculations, and quantum dynamics (QD) calculations is introduced. The last
section deals with the calculation of observables which can be used to compare
to experimental observations.

Within the realm of quantum mechanics the wave function, usually denoted
with the Greek letter ¥, seems to take on the role of magical all-knowing
oracle. There has been much discussion since its inception on whether the wave
function is real object or a mathematical tool, and on whether it is a complete
description of reality!™. These sort of musings on the deep mathematical
nature of reality are, however, far beyond the scope of this thesis.

From here on it is presumed that everything that can be calculated about
a particular particle or system is described by the (non-relativistic) time-
dependent Schrédinger equation for coupled electron-nuclei dynamics®.
Throughout this chapter we shall assume that the Born-Oppenheimer
approximation® (BOA) has been made. In practice this means that in QD
calculations we first need to solve the electronic structure problem to compute
the ground state PES. After the PES is obtained the time-dependent Scrodinger
equation for the nuclear dynamics can be solved. With a quasi-classical approach
we can also solve Hamilton’s equations of motion instead. Alternatively forces
can be obtained on the fly from an electronic structure method, and used to
solve Hamilton’s equations of motion in direct dynamics calculations.

2.1 Electronic structure theory: density functional
theory (DFT)

Calculating a PES for Hy interacting with a metal surface in the static surface
approximation involves solving the electronic problem for many different con-
figurations of Hy relative to the surface. DF'T is a particularly efficient method
for solving the electronic structure problem”™®. DFT has its origin in the 1927
Thomas-Fermi model®!9, which tries to evaluate the energy of a system using
only the three dimensional electron density of a system , n(7), as opposed to
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the wave function of a system which depends on the coordinates of all particles
in the system. The lack of a rigorous foundation of the Thomas-Fermi model
and the large errors it produces for molecular calculations made it a rather
crude tool, not suited for quantum chemistry'®.

Hohenberg and Kohn” provided the rigorous foundation by showing that
for a system of electrons in an external potential (i.e. the potential generated
by the nuclei) the ground state wave function is a unique, although unknown,
functional of the electron density n(7). It was also shown that the exact ground
state corresponds to the global minimum of the unknown functional of n(7),
which makes it possible to apply the variational principle to obtain the minimum
energy and ground state electron density for a given approximation. Thus the
evaluation of the energy density functional on an electron density which is not
the ground state electron density will yield a higher energy than the ground
state energy.

A difficulty in DF'T arises in calculating the electrons’ kinetic energy from
n(7), which is the main constituent of the total energy of the system. A
solution to this problem was given by Kohn and Sham® in the form of a
ficticious system of non-interacting electrons in an effective external potential.
The Kohn-Sham equations recast the many electron problem as a set of N
single-electron equations:

v? ,
[~ + Vks(M)]ei(7) = ei(r) (2.1)
In this equation and those below we will asume that atomic units are used.
Here, ¢;(7) is the single particle orbital (or Kohn-Sham orbital) for a ficticious
non-interacting system. The electron density can then be retrieved by summing
over all Kohn-Sham orbitals.

N
() = 16:(A)° (2:2)
i=1

The first term in equation 2.1 represents the kinetic energy of the non-interacting
electrons, and the second term is the Kohn-Sham potential, Vi g(7). The Kohn-
Sham potential is given by

Vis(7) = Vet () + Vi (7) + Vae(7), (2.3)
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in which V() is the external potential, Vi (7) is the Hartree (Coulomb)
potential, given by
n()

=71

Vi (r) = dr, (2.4)

and the exchange-correlation potential is given by

Vie(T) = w. (2.5)

on(®)

Ve (7) represents the error made by ignoring many-body effects by using the
kinetic energy of the system of non-interacting electrons and the Coulomb
potential. Although Hohenberg and Kohn” proved that a universal exchange-
correlation functional, F,., must exist, it is, presently, not known exactly. In
any practical calculation it is therefore approximated. These approximations
are discussed in section 2.1.1.

2.1.1 Exchange-correlation density functionals: LDA, GGA,
meta-GGA

As discussed in section 2.1, the expression of the exact exchange-correlation
functional is unknown. Many non-empirical density functionals have been
constructed that recover some or all known exact constraints on the design
of density functionals'™'2. Some notable examples are the PBE'?, PBEsol*,
RPBE'?, B86b'6, TPSS'7, revIPSS!®, and SCAN'? density functionals. In
general semi-local approximations to the exchange-correlation functional, in a

spin unpolarized framework, take the following form:2°

Ere(n(F)) = /d3fn(f’)€xc(n(f’), vn(r), (7)) (2.6)

Here, Vn(7) is the gradient of n(), and 7(7) is the kinetic energy density. Both
Vn(r) and 7(7) depend on n(7). In equation 2.6 one can choose to only take
into account n(7), this is called the local density approximation (LDA). In the
LDA the exchange-correlation energy is taken to be the exchange-correlation
energy of the homegeneous electron gas of the same density as n(7).

When one chooses to take into account not only n(7) but also Vn(7) this
amounts to climbing Jacob’s ladder?! one rung up to the generalized gradient
approximation (GGA)!315:22 At the GGA level the exchange-correlation energy
thus depends on both n(r) and its gradient. When n(7), Vn(7) and 7(7) are
taken into account in equation 2.6 one climbs another rung on Jacob’s ladder?!
towards a meta-GGA exchange-correlation density functional'®!'9. Taking into
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account higher orders in the expansion of n(7) amounts to taking into account
more and more information about the local environment of each point in the
three dimensional n(7). So far only one density functional has been reported
that statisfies all known exact constraints on a exchange-correlation functional,
namely the SCAN density functional'®. Statisfying all known exact constraints
is however no panacea for describing the interaction of Hy with transistion
metal surfaces, as will be discussed in chapter 3.

Many different functional expressions have been put forward as exchange
correlation functionals. The work presented in this thesis focuses on the
construction of density functionals at the GGA level (see chapter 5) and the
meta-GGA level (see chapters 3 and 6).

2.1.2 Non-local correlation

When an exchange-correlation functional is solely based on n(r), Vn(r) and/or
7(7) it is inherently (semi-)local. Such exchange-correlation functionals cannot
describe longe range electronic correlations such as Van der Waals interactions.
As will be discussed in chapter 5, longe range electronic correlation is also
important in the description of the interaction of Hy with transition metals.

So far, several methods have been proposed that introduce long range
(non-local) correlation in DFT calculations?®. The simplest method is the
DFT-D3 method by Grimme?*?® in which a pairwise potential is added based
on Cg coefficients computed using time-dependent density functional theory
(TD-DFT). A more general approach to incorporating non-local correlation
in DFT calculations is based on the Rutgers-Chalmers formulation of non-
local correlation by Lundqvist et al.26. One of the first generally applicable
non-local exchange-correlation density functionals was the vdW-DF1 density
functional proposed by Dion et al.?”, and its later revision vdW-DF228. Other
implementations based on the same Rutgers-Chalmers formalism are the VV102?
and rVV103° non-local exchange-correlation density functionals. The difference
between the vdW-DF and VV10 based functionals is that the former consists of
the local LDA correlation functional and a non-local correlation term, whereas
the latter consists of a semi-local (beyond LDA) correlation functional plus a
non-local correlation term.

The non-local term that is part of the vdW-DF and VV10 based non-local
correlation functionals can be written as:

gt — [arn(r) (3 [ ate () + 6). (2.7)



2.1. Electronic structure theory: density functional theory (DFT) 31

Here ®(7,7) is the kernel describing density-density interactions®'. The param-
eter 8 is not present in the vdW-DF non-local correlation functionals and is
taken to be g = 3%(%)% in the VV10 group of non-local correlation functionals
to ensure a zero non-local correlation energy for the homogeneous electron
gas32. In the VV10 group of non-local correlation functionals the b parameter
is optimized to avoid double counting of intermediate range correlation effects
that might be present in the semi-local correlation functional that is part of
the VV10 based correlation functionals.

In the context of plane wave DFT the method of Roman-Pérez and Soler3!
has allowed for the vdW-DF127, vdW-DF22®, VV10%? and rVV103° non-local
correlation functionals to efficiently evaluate the double integral over n(7) by
use of an auxiliary function called the kernel which describes the density-density
interactions. Note that apart from a convergence paramter C' present in the
integration kernel, only the vdW-DF127 non-local correlation functional is
non-empirical?®. In the construction of the vdW-DF228, VV10%? and rVV103°
non-local correlation functionals at least one parameter is optimized to obtain
better agreement with experimental observables.

2.1.3 The problem of obtaining accurate reaction barriers

Currently no first principles electronic structure method exists that can compute
molecule-metal interaction energies and barrier heights to within chemical
accuracy (1 kcal/mol®3). For the benchmark Hy + Cu(111) system diffusion
Monte-Carlo (DMC) calculations underestimate the best available value for the
reaction barrier height by 1.641.0 kcal /mol34. The description of Oy scatttering
from Al(111) was greatly improved by dynamics calculations employing an
embedded correlated wave function (ECW) method, but chemical accuracy was
not yet reached?.

In the absence of chemically accurate first principles methods describing the
interaction of molecules with metals, validation of calculated barrier heights
needs to be performed in relation to experimental measurements. However,
a barrier height is not a direct observable. An alternative path to validating
calculated results uses a dynamics method to compute a physical quantity that
is an observable, such as the sticking probability as a function of the incidence
energy. The sticking probability as a function of the incidence energy can be
measured in supersonic molecular beam experiments3®. The fact that such
experiments can probe the reactivity of specific, well-defined Miller index metal
surfaces at low temperatures make such experiments suitable for validation of
calculated barrier heights33.
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2.1.4 Specific reaction parameter approach to DFT

The specific reaction parameter (SRP) approach to DFT is a semi-empirical
method, originally proposed by Truhlar and coworkers”3®. Since the work
presented in this thesis mostly focuses on reproducing molecular beam disso-
ciative chemisorption experiments, the SRP method is applied by selecting
a specific observable (here the zero coverage sticking probability, Sp) of an
experiment. In the present context a SRP density functional (ESEP) is then
constructed by taking a weighted average of a density functional (e.g. E?C) that
overestimates the sticking probability, and one density functional (e.g. EB)
that underestimates the sticking probability for the system of interest?’.

ESRP — o B2 + (1-0a)-EE (2.8)

Here « is the SRP mixing parameter. This approach allows for the construction
of chemically accurate SRP density functionals for specific systems333943 A
SRP density functional might be considered successful if it is fitted to reproduce
one particular experiment, while also being able to describe another experiment
on the same system the SRP density functional was not fitted to. Additionally,
a SRP density functional can be considered transferable if it can reproduce
experimental results for a system it was not fitted to, i.e. a molecular beam
dissociative chemisorption experiment on the same molecule reacting with a
different transition metal surface. Note that there exist also other approaches
to creating a tunable density functional, one such example would be the PBE«
density functional** in which a can be adjusted, as was done for Hy + Pt(111)4°,

So far SRP density functionals fitted to reproduce molecular beam dissocia-
tive chemisorption experiments for Ho and Dy were shown to be transferable
among systems in which Hs interacts with different crystal faces of the same
metal?>46 but not with different metals?™4®. Transferability of SRP density
functional among systems in which the same molecule interacts with different
metals has only been reported for CHy dissociation on Ni(111)4% to CHy dis-
sociation on Pt(111)%°. In chapters 5 and 6 it will be shown that this type
of transferability can also be achieved for the reaction of Hy and Dy on low
Miller index surfaces of transition metals, when using a non-local correlation
functional such as vdW-DF127, vdW-DF228 or rVV103°.

In equation 2.8 a weighted average is taken of two exchange correlation-
functionals. In practice often only the exchange part of two density functionals
is mixed in the creation of a SRP density functional. When creating SRP density
functionals that incorporate a non-local correlation functional two expressions
for the total exchange-correlation functional can be obtained, depending on
whether the non-local correlation part stems from the vdW-DF or VV10 group
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of non-local correlation functionals:
vdW-DF non-local correlation
ESRP — o B} + (1—a)-EB4+  ELDA 4 pronlocal (2.9a)
EE(I}P —a. E;:A r(1-a)- Ea]:B 4 Ezemi—local + Egon—local _ (2.9b)

(r)VV10 non-local correlation

2.1.5 Periodic DFT

Metal surfaces are often periodic. In this case it is advantageous to treat the
metal surface as infinitely periodic in DFT calculations, since this naturally
allows for performing calculations on only the atoms that are part of the
repeating unit cell. Calculations using a finite metal slab would quickly spiral
out of control with respect to computational cost due to the need to use large
finite slabs in order to avoid ’edge’ effects. An elegant way of introducing
periodicity in DFT calculations is by applying Bloch’s theorem®®, which applies
to the solution of the Schrédinger equation of an electron in a periodic potential,
and to the Kohn-Sham orbitals of equation 2.1. Bloch’s theorem states that
eigenfunction for an electron in a periodic potential can always be written as a
plane wave multiplied with a periodic function which obeys the periodicity of
the system

6, 1 (7) = u (P (2.10)

Here k is a wave vector in the first Brillouin zone, and ¢ is an index running
over all Khon-Sham orbitals. The function ug(7) is a function that obeys the
same periodicity as the potential of the surface (ﬁ), ie. ug(?) = up(F+ ]%)
When expanding u(7) in a Fourier series (plane wave basis set) the Kohn-Sham
orbitals can be written as

6, 1(M) = NS cin(G)el T, (2.11)

where N is a normalization constant, G is a reciprocal lattice vector and czk(é)
are the expansion coefficients.

In principle the Fourrier expansion is exact, in practice a maximum kinetic
energy cut-off is used for the plane waves in the basis set according to:

1. -
5k + Gl < Bewtor (2.12)
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Note that describing high energy core electrons using plane waves would
require exceedingly high cut-off energies. To get around this problem one
can replace the Coulomb potential set up by the bare nucleus and the core
electrons by the potential of a pseudo atom. This pseudo atom would describe
the nucleus, the core electrons, and the interactions between them, including
relativistic effects®'®2. Pseudo potentials are constructed in such a way that
the pseudo wave function is as smooth as possible within a cut-off radius r.
close to the nucleus while simultaneously yielding almost exactly the same
real potential and wave function outside of r.. Given that the wave function
describing the core of the atoms is much smoother when using pseudo potentials,
calculations can be carried out using a lower cut-off energy (see equation 2.12).
For the work presented in this thesis two types of pseudo potentials have been
used, namely Vanderbilt’s ultrasoft pseudo potentials®® and the more general
projector-augmented-wave potentials®.

2.2 Constructing potential energy surfaces

Obtaining a continuous representation of the six dimensional PES of a diatomic
molecule interacting with a surface of which the surface atoms are fixed in their
ideal lateral positions can be achieved by applying the corrugation reducing
procedure (CRP)*#%°. The CRP method is a rather efficient procedure to
interpolate potential energies calculated on a grid and obtained from any
electronic structure method. In the CRP method the molecule-surface PES is
written as

2
VP(R,r) = IP(R) + ) V" (ry), (2.13)
=1

where R are the coordinates of the molecule, 7; are the coordinates of the 7"
atom belonging to the molecule, V3P is the atom-surface potential evaluated
for each atom, and I is the so-called interpolation 