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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
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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)
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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 function. Subtracting
the atomic potentials from the six dimensional potential ensures that 167
is a smooth function that can readily be interpolated without performing
an excessive amount of electronic structure calculations. The atom-surface
potential is constructed in a similar way as the molecule-surface potential. The
atom-surface potential is written as

N
V3P (ry) = PP (ri) + > VP (ry) (2.14)
J
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where I3P is the three dimensional interpolation function that needs to be
interpolated over the atomic coordinates 7;, r;; is the distance between atom
i and surface atom j, and V1P is a one dimensional corrugation reduction
function. For V' one usually takes the Z dependence of the interaction of an
atom normally incident on a top layer surface atom.

Applying the steps outlined in equations 2.13 and 2.14 reduces the corru-
gation of I9P in the X,Y, 6 and ¢ degrees of freedom with respect to V6054,
The number of electronic structure calculations that need to be performed
can be further reduced by taking into account the symmetry of the surface
during the interpolation. The way this is achieved is by generating symmetry
adapted basis functions for the interpolation using a Fourier expansion that
obeys the correct wallpaper group symmetry of the surface®®. The way this is
done specifically for the CRP PESs created for the work in this thesis has been
documented in the PhD thesis of Wijzenbroek®”.

2.3 Nuclear dynamics

After a six dimensional (i.e. depending on the six degrees of freedom of the Hy
molecul are in relation to the metal surface) PES has been obtained, nuclear
dynamics calculations can be performed either quasi-classically or quantum
mechanically. Both methods can be used to calculate observables (see section
2.4) which in turn can be used to compare to experimental observations.

2.3.1 Quasi-classical trajectory method

In the quasi-classical trajectory method Newton’s equations of motion are
solved for the six degrees of freedom of the Ho molecule moving on the six
dimensional PES.
d’R; 6D
M;——— = =V, V"’ (R;) (2.15)
dt?
Here i is the index that runs over the atoms in a diatomic molecule, and M;
is the mass of atom 4. In all but chapter 4 the predictor-corrector method of
Burlisch and Stoer®® is used to integrate the equation of motion. Additionally,
quasi-classical conditions are assumed®® such that the quantum mechanical
energies of impinging Hy molecules in their initial rovibrational state are taken
into account by imparting them to the molecule at time t3. The energies of the
rovibrational states of the Hy molecule are obtained by using the Fourier grid
Hamiltonian (FGH) method®°.
The initial conditions of each trajectory are set up as follows. At the start
of eacht trajectory the molecule is placed in the gasphase at Z = Zg,s, where
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the potential does not depend on Z. The impact site in X and Y is randomly
sampled, and an initial velocity vector for the center of mass of the molecule is
constructed based on the chosen initial perpendicular and parallel translational
energy (£, and Ej|, respectively). The initial positions and momenta are further
constrained by the the vibrational quantum number v, the rotational quantum
number J and the magnetic rotational quantum number m ;. The orientation
of the molecule with respect to 6 and ¢ is choosen based on the rotational state.
The initial angular momentum L is set by L = /J(J + 1)k and the orientation
of L is randomly sampled with the constraint cosf;, = my/\/J(J + 1). Here
01, denotes the angle between L and the surface normal. The vibrational
energy of a particular vibrational state is imparted to the molecule by randomly
sampling positions and momenta obtained from a one dimensional classical
dynamics calculations of the vibrating molecule of the same energy as the
selected vibrational state.

Trajectories are considered to be reacted when the H-H distances becomes
larger than some critical value r., and trajectories are considered to be scattered
when Z becomes bigger than Zg,s and has a momentum away from the surface.
For practical reasons there is a maximum propagation time ty,ax for all trajectory
calculations. If neither reaction nor scattering has occurred the molecule is
considered to be trapped. It should however be noted that when no energy
is removed from the molecule during the trajectory, as is the case here, in
principle no trapping should occur in the limit of an infinite simulation time.
The reaction probability P, is then calculated by dividing the number of reacted
trajectories N, by the total number of trajectories Nigtal.-

N,
P = 2.16
" Ntotal ( )
The standard error in P, op,, can then be computed as
P.(1-PF)
op, = {| ————. 2.17
Fr Ntotal ( )

Langevin equation with energy dissipation

In chapter 4 the Langevin equation is used instead of Newton’s equations of
motion in order to make it possible to carry out molecular dynamics calcu-
lations that incorporate electronic friction (MDEF). Disspative effects due
to electron-hole pair excitations in MDEF calculations have been described
phenomenologically by coupling the six-dimensional Hy molecule to a heat bath.
The coupling is here realized by a (6 x 6) frictional tensor n, which accounts
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for the effect of electron-hole pair excitations during the dynamics®-63.
d’R; 6D (R
MZ»W = —V,V Zm (T) (2.18)
E/—/

friction force

Here 7, is the frictional tensor element, and F}#"4°™(TY) is a temperature
dependent random force. The temperature dependent random force is calculated
62,63 "and is taken such that the fluctuation-dissipation
can be taken into account®?

as discussed in references
theorem%4

<Fwirand0m( )Frandom( )> _ ZkBTelnu(Szj(s(t —¢ ) (219)

In equation 2.19 kg is the Boltzmann constant. In this way F, l”andom(T) is taken
to be correlated to a Gaussian white noise distribution which is implemented as
discussed in reference®, and vanishes for T'= 0K. The electronic temperature
T,; is taken to be equal to the surface temperature. Equation 2.18 is integrated
using the Ermak-Buckholz propagator%®

The local density friction approximation (LDFA) together with the indepen-
dent atom approximation (IAA) is used to calculate the friction coefficients of
equation 2.185768 . Molecular properties are thus neglected in this approach and
the off-diagonal elements of the friction tensor as expressed in the Cartesian
coordinates of the atoms are zero. As a consequence kinetical coupling between
different degrees of freedom cannot be described in this model. Whether the
LDFA is a valid approximation in combination with the IAA is still under
debatef9"1 but it allows for a comparably simple incorporation of electronically
non-adiabatic effects during the dynamics of Hy reacting on transition metal

surfaceg?2,63,67,69,72,73

2.3.2 Quantum dynamics

Six dimensial quantum dynamics (QD) calculations are performed by using
the time-dependent wave packet (TDWP) method™ 7 in order to solve the
time-dependent nuclear Schrodinger equation:

d¥(Q;t)

i
T

= HU(Q;t). (2.20)
This is done using an in-house computer package””"®. Here, W(@, t) denotes
the nuclear wave function of Hy at time ¢ with @ being the position vector. To
describe motion in the six degrees of freedom of Hy the following Hamiltonian
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is used: ) 0 o
i h V2 h° 0 1

oM 2u Or? + 2ur?

J2(0,6) + VP (Q). (2.21)

Here, M and p are the mass and reduced mass of Hy, and J 2(9, ¢) is the angular
momentum squared operator. A discrete variable representation (DVR)™ is
used to represent the wave packet in the Z,r, X and Y degrees of freedom
and a finite basis representation (FBR)®%8! is used for the angular degrees of
freedom. In order to transform the wave function from the DVR to the FBR
and back, fast Fourier transforms®? and discrete associated Gauss-Legendre
transforms®"8! are employed.

The initial wave packet is constructed as a product of a gas phase rovi-
brational eigenfunction of Hy characterized by the quantum numbers v, J and
my (Pu.gm,(r,0,¢)) and a Gaussian wave packet with initial wave vector
ko = (K, kY, kZ)T describing translational motion.

W(Q7t = 0) = @V,J,mj(7“7 0» ¢)¢(E07t0) (222)

The initial translational motion is then described by the following wave function:
Blfosto) = XD [ gy o (22
—0o0

Here, (kOZ ) is the initial Gaussian wave packet centered on Zy, which is defined
through the width parameter ¢ and average momentum k according to:

2, _1 _ -
5(7{70Z) _ <2%> 46—0-2(]{7]65)262(]@7}(02)20' (224>

Here, o is the width of the wave packet centered around the wave vector IZO.
The width o is chosen in such a way that most of the Gaussian wave packet is
placed in a initial translational energy range of E; € [Emin, Fmaz]-

The wave function is propagated using the split operator (SPO) method®?
using a time step At. Reflections of the wave packet at large Z and r are
avoided by the use of quadratic complex absorbing potentials®®, which permits
the use of short grids in order to reduce the computational cost. The scattered
wave packet is analyzed using the scattering matrix formalism®. Scattering
probabilities can then be obtained for the translational energy range present in
the initial wave packet from the S-matrix elements. Subtracting the sum of the
state-to-state scattering probabilities from unity yields the fully initial-state
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resolved reaction probability.

P.(v,Jymy)=1- Z Pseat(v, Jymy — V' J' m/;,n,m) (2.25)

v Jm!mm

Here Pyeqi(v, J,my — V', J',m/;,n,m) are the state-to-state scattering proba-
bilities, and v/, J’ and m/; are the final vibrational, rotational and magnetic
rotational quantum numbers. The quantum numbers for diffraction are denoted
by n and m.

2.4 Computation of observables

2.4.1 Molecular beam sticking

Calculation of molecular beam sticking probabilities from fully initial-state
resolved reaction probabilities involves averaging over the rovibrational state
distribution according to the nozzle temperature T}, as well as over the velocity
distribution of the molecules in the molecular beam. The probability to find Hy
with a velocity v in an interval v 4+ dv and in a particular rovibrational state at
a given T, is denoted by

P(vy, o, v, J,Ty,)dv = Cv e~ (v=w0)*/0” gy, X Pint (v, J, T}, )dv (2.26)

Pfluac (U07O‘)

where C' is a normalization constant, vg is the stream velocity and « is the
width of the velocity distribution. In equation 2.26 the reactivity of each state
is weighted according to its Bolzmann weight as:

. ng(V7 JaTn)

Pint(v, J,T,) = T 2T (2.27)

with
f(w, J, Tp,) = (2J +1) x e(—(Bv,0—=FE0,0)/kBTvib) v o(—(Ev,1—Ev,0)/kBTrot) (2.28)

Here, the factor gy in equation 2.27 reflects the ortho/para ratio of hydrogen
in the beam. For Dy gy = 2/3 (1/3) for even (odd) values of J, while for Hy
gy = 1/4 (3/4) for even (odd) values of J. Z(T;,) is the partition function, kp
is the Boltzmann constant, and E, j is the energy of the rovibrational state
characterized by the vibrational (v) and rotational (J) quantum numbers. In
equation 2.28 rotational cooling of the Hs molecules due to the supersonic
expansion is taken into account by setting the rotational temperature to T, =
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0.8 - T,%. Degeneracy averaged reaction probabilities are computed from fully
initial-state resolved reaction probabilities as:

J
PT(E,T/,J,TI’LJ)
Pdeg(E) v, J) = Z (2 — deO)T’ (229)
m =0

where P,(E,v,J,my) is the fully initial-state resolved reaction probability,
with mj  being the magnetic rotational quantum number and E being the
translational energy (%va). Note that calculations are only performed for
positive J and m, since given the rotational symmetry of the surfaces used in
this thesis the sign of the angular momentum is unimportant. Molecular beam
sticking probabilities can then be computed as a function of the parameters
describing a molecular beam:

So(< E; >, Ty) = Z/P(vg,a,u, J, T) Paeg(E, v, J)dv. (2.30)
v,J

Here, < FE; > is the average incidence energy, which can be computed from
vo and «; usually the sticking probability is simply written as S(FE;) with the
assumption that the reader knows that F; then represents the average of F;
over the velocity distribution. A more exhaustive description of how molecular
beam sticking probabilities can be computed can be found in ref.6?

2.4.2 Rotational quadrupole alignment parameters

The extent to which the reaction of Hy with a transition metal surface depends
on the alignment of the molecule relative to the surface normal can be calculated
via the rotational quadrupole alignment parameter. The rotational quadrupole
alignment parameter, ASQ)(E, v,J), is computed from initial-state resolved
reaction probabilities as follows:37

3m?2
S —0(2 = O, 0) Pr(E v, Jymy) (L,(J—;) - 1)

AP(B, v, J) = .
ZmJ:()(Q - 5mJ:0)P7"(E7 v,dJ, ’I’)’LJ)

(2.31)

A positive value for AéQ)(I/, J) indicates a preference for reaction of molecules
aligned parallel to the surface, a negative value indicates a preference for
reactions of molecules aligned perpendicular to the surface, and zero means
the reaction proceeds independent of independent of the molecule’s alignment
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relative to the surface. Here the orientation refers to the angle 6 between the
H-H bond and the surface normal.

2.4.3 FEy;(v,J) parameters

Initial state-selected reaction probabilities can be obtained from Hs associatively
desorbing from metal surfaces by applying the principle of detailed balance®®
to associative desorption experiments®®8991  Typically the (unnormalized)
state-resolved translational energy distributions of molecules desorbing from
the surface is measured using resonance-enhanced multi-photon ionization
(REMPI)#6:86:89 combined with time-of-flight techniques. The state resolved
distributions of desorbing molecules, Pyes(E, v, J), may be related to the de-
generacy averaged initial-state resolved reaction probability, using:

E
Paes(E,v,J) x Ee *Ts Pyeg(E, v, J). (2.32)

The extracted reaction probabilities are usually fitted to a sigmoid function, in
most cases an expression involving the error function:

Pies(E, v, J) = A;J {1 +erf (%@)] , (2.33)

Here, the A, j values are the saturation values of the extracted degeneracy
averaged reaction probabilities, and the effective barrier height (Ey(v, J)) is
the incidence energy at which Pyeg(E, v, J) first becomes equal to %Au, J- Wy
represents the width of the reaction probability curve.

In an associative desorption experiment the exact state-selective flux is
usually not measured®-891 meaning that the proportionality factor in equation
2.32 cannot be obtained directly. In the absence of a measured proportionality
factor it is still possible to make a comparison between theory and experiment.
Chapter 5 will detail four different methods that can be used to make such a
comparison, namely the methods A1l and A2 in which normalized proportionality
factors are obtained from a wholly experimental procedure, and methods B1 and
B2 in which normalized reaction probabilities are extracted with reference to
theory. Given that methods A2 and B2 apply to a specific associative desorption
experiment for the Hy + Au(111) system and the particular experimental
conditions for that experiment, only methods A1l and B1 will be briefly discussed
here.
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Method A1l

Method A1 assumes that the effective barrier heights (Ey(v,.J)) can be kept
the same in the description of a molecular beam sticking experiment at a low
surface temperature and an associative desorption experiment at a high surface
temperature®®®. When applying the principle of detailed balance the surface
temperature dependence of Pyeg(FE,v,J) is taken into account by allowing
for larger W, ; parameters in the description of the associative desorption
experiments®??3. Next, the Aﬁ}, parameters are determined assuming that
they do not depend on the surface temperature by requiring that the measured
molecular beam sticking probabilities can be computed as outlined in section
2.4.1. Generally the A parameters are taken to be independent of the initial
rovibrational state, or to depend solely on the vibrational quantum number
so that a fitting procedure can be followed with a properly constrained num-
ber of degrees of freedom. Method Al was followed to extract initial-state
resolved reaction probabilities in experiments on Hs and Do desorbing from
Cu(111)86’89’91.

Calculated E; /2(1/, J) parameters can then be defined as the translational
energy at which the computed reaction probability becomes equal to half the
experimental saturation value®”.

1
Pdeg(El/Q(Vv J)7V7 J) = EAﬁ}] (234)
Method Al is described in more detail in chapter 5.

Method B1

In method B1, the experimental sticking probability curve is normalized by
equating the reaction probability at the maximum kinetic energy to which
the experiment was sensitive (Emax(v,J)) to the calculated value at that
translational energy?%:9!,

1 1
Pieg(E1ja(v,J),v,J) = §A35 = 5Pdeg(Emax(y, J), v, J). (2.35)

Note that the maximum translational energy to which the experiment is sensitive
is usually not high enough to equal the absolute saturation value A of the
reaction probability. However, as will be discussed in chapter 5, as long as
Paeg(Bmax(v, J),v,J) > 0.9A the calculated Ej/y(v,J) parameters will be
underestimated by no more than 0.09 W, ;.
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2.4.4 Rovibrational state populations of H, and D, desorbing
from Au(111)

The following expression is used to calculate state distributions of desorbing
molecules:

Emax(u,]) (7 E )
N(v,J) = / Pit(v, J,Ts)WE €' F875’ Pyoy(E, v, J)dE.  (2.36)
0

Here, E is the translational energy and Tg is the surface temperature. A
comparison to experiment can be made by replacing Pyeg(F, v, J) in equation
2.36 with reported error function fits obtained experimentally?. Note that it
is critical for a valid comparison between theory and experiment that equation
2.36 is only integrated up to Epax(,,s). This is because the experimentally
obtained error function fits for the reaction probability are only valid below
Erax(v,7), and can yield reaction probabilities substantially bigger than one
above FEy v, 7). Generally the obtained populations are normalized to the
total v = 0 population according to:

N(v,J)
N, J) = 2.37
The ratio v = 1 : v = 0 can then calculated as:
Nv=1,J
ye1iy—gm 2N =L7T) (2.38)

Y, Nw=0,J)
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Abstract

Specific reaction parameter density functionals (SRP-DFs), which can de-
scribe dissociative chemisorption reactions on metals to within chemical accu-
racy, have so far been based on exchange functionals within the generalized
gradient approximation (GGA), and on GGA correlation functionals or van der
Waals correlation functionals. These functionals are capable of describing the
molecule-metal surface interaction accurately, but they suffer from the general
GGA problem that this can be done only at the cost of a rather poor description
of the metal. Here we show that it is possible also to construct SRP DFs based
on meta-GGA functionals, introducing 3 new functionals based on the "made-
simple" (MS) concept. The exchange parts of the three functionals (MS-PBEL,
MS-B86bl, and MS-RPBEI) are based on the expressions for the PBE, B86b,
and RPBE exchange functionals. Quasi-classical trajectory (QCT) calculations
performed with potential energy surfaces (PES) obtained with the three MS
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functionals reproduce molecular beam experiments on Hg, Dy + Cu(111) with
chemical accuracy. Similarly, QCT calculations performed on the MS-PBEI
and MS-B86bl PESs reproduced molecular beam and associative desorption
experiments on Do , Hy + Ag(111) more accurately than was possible with the
SRP48 density functional for Hy + Cu(111). Additionally, the three new MS
functionals describe the Cu, Ag, Au en Pt metals with similar accuracy as the
PBEsol functional. The only disadvantage we noted of the new MS functionals
is that, for the example of Hy + Cu(111), the reaction barrier height obtained
by taking weighted averages of the MS-PBEl and MS-RPBEI functionals is
tunable over a smaller range (9 kJ/mol) than possible with the standard GGA
PBE and RPBE functionals (33 kJ/mol).

3.1 Introduction

Dissociative chemisorption reactions often control the rate of heterogeneously
catalyzed processes®?, which are of large importance to the chemical industry?.
Important examples include dissociative chemisorption of Ns in ammonia
synthesis®, and dissociation of methane in steam reforming®. Accurately simu-
lating rate-controlling reactions is critical to the calculation of accurate rates
of the overall catalyzed processes’.

The best method to obtain accurate results for dissociative chemisorption
reactions is currently based on the specific reaction parameter (SRP) approach
to DFT (SRP-DFT). In this approach, the density functional is taken as a
weighted average of two functionals, using a mixing parameter that is typically
fitted to obtain agreement with an experiment on dissociative chemisorption for
the specific system considered. This method has now been applied successfully
to four Hy-metal systems® 1!, and three CHy-metal systems!?!3 in the sense
that it was possible to describe the sticking probability as function of incidence
energy with chemical accuracy (to within better than 1 kcal/mol). (Note
that the terms dissociation, dissociative chemisorption, and sticking are used
interchangeably in this work).

So far, the SRP density functionals (SRP-DFs) that have been developed
were based®%!4 on exchange-correlation functionals within the generalized
gradient approximation (GGA)® 17 or they were based!®!? on GGA ex-
change functionals'®'® and Lundqvist-Langreth van der Waals correlation
functionals'®2°, Unfortunately, GGA functionals are not good at giving a
simultaneously accurate description of molecule-surface interaction energies
(and therefore reaction barriers) and metal surfaces (surface energies and lat-
tice constants)?!. Specifically, GGA functionals that are good at describing
adsorption underestimate metal surface energies and overestimate metal lattice
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constants, while GGA functionals that are good at describing metals overesti-
mate adsorption energies?!, in spite of efforts to design GGA functionals?? or
nonseparable gradient approximation functionals?® that perform equally well
on both properties. The problem is often, but not always, exacerbated, in the
sense that lattice constants are increased further?*, if a Lundqvist-Langreth
correlation functional describing the attractive van der Waals interaction!®2%
is used with a GGA exchange functional to arrive at an SRP-DF!0:1213 = A
description of the metal that is fair at best may pose a problem for an SRP-DF
if it is to describe sticking over a large range of surface temperatures (7)
or sticking (often measured at low T5)2%20 and associative desorption (often
measured at high T;)%2%25. The reason is that the reaction barrier may depend
on the interlayer spacing in the top two metal layers'4?"2® as well as the
amplitude of motion of the metal atoms in the top layer??3%, both of which are
properties of the metal and depend on T.

A specific advantage of meta-GGA functionals is that their additional
dependence on the kinetic energy density 7 allows one to distinguish between
regions of electron densities describing single (covalent) bonds, metallic bonds,
and weak bonds3!. A particularly elegant way is to introduce a dimensionless
parameter « that is a function of 7 such that o = 0 corresponds to covalent
bonding, a = 1 to metallic bonding, and a > 1 to weak bonding®'. This
parameter has been employed in the construction of several much used meta-
GGA functionals, such as the TPSS?2, the revIPSS??, the RTPSS3*, the
SCAN?5 and the mBEEF?6 functionals. More recently, meta-GGA exchange
functionals have been constructed on the basis of a function f(«) such that
the exchange functional can be interpolated between the & = 0 and o = 1
limits and extrapolated to the @ = oo limit. Examples of such methods
include the meta-GGA made simple (mGGA-MS)3"3® and the meta-GGA made
very simple (mGGA-MVS) functionals®®. A good simultaneous description of
adsorption energies and lattice constants3%4041 or more generally of energetics
and structure3” 394243 has now been reported by several groups using meta-
GGA functionals.

Here, a new variant of the meta-GGA functional of the mGGA-MS type3”38
is tested. The use of mGGA-MS functionals, in which exchange functionals are
used with Perdew—Burke-Ernzerhof (PBE)-like!” and RPBE-like!'® expressions
and with a B86b-like expression** will be explored. It is shown that the
three meta-GGA MS functionals provide a chemically accurate description of
several molecular beam experiments for a benchmark system825:26:45-47 that
is, dissociative chemisorption of Hy on Cu(111), while yielding a much more
accurate description of the Cu lattice and of other metals than the previous
SRP-DFs for this system. The results imply that an SRP-DF can be constructed
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for Hy + Cu(111) on the basis of the two MS functions with PBE-like and
RPBE-like expressions (MS-PBEl and MS-RPBEI), just like it was possible
to do on the basis of the actual RPBE!6 and PBE!7 (or almost equivalently
PW9148) functionals®!3. The MS-PBEI functional also gives a slightly better
description of experiments on sticking of Dy to Ag(111)%° than achieved®® with
the previous SRP48 functional for Hy + Cu(111), but a chemically accurate
description was not yet achieved for this system. It is suggested that SRP-
DFs for specific systems can be based on mixtures of the MS-PBEI and the
MS-RPBEI MS meta-GGA density functionals. However, reaction barriers
are tunable over a range that is smaller than the range obtained with the
original PBE and RPBE functionals. Therefore, it may be necessary to replace
one of the two MS functionals with a more attractive or repulsive meta-GGA
functional to obtain a meta-GGA SRP-DF for other specific systems, such as
Hy + Ag(111).

3.2 Methodology

3.2.1 Dynamical model

The model used is the Born—-Oppenheimer static surface model, assuming the
surface atoms to be in their ideal surface lattice positions. In this model, the
effect of electron—hole pair excitation, of surface phonon motion, and of Tk
on reaction is neglected. In view of the low T employed in the molecular
beam experiments on Hy + Cu(111)25°1, Dy + Cu(111)%%, and Dy + Ag(111)%°
that we compare to, these approximations should be reasonable, as discussed
for instance in ref.4” Note in particular that recent theoretical work shows
only a modest influence of electron—hole pair excitation on sticking of Hy to
Cu(111)5% and Ag(111)%3. The six degrees of freedom in which the motion is
explicitly modeled are the coordinates of Hy. The center-of-mass position of Ho
is described by its Cartesian coordinates X, Y, and Z, where Z is the distance
to the surface. The orientation of the molecule is specified by the polar angle 6
and the azimuthal angle ¢, and r is the H-H distance. The coordinate system
and the (111) surface of face-centered cubic (fcc) metals such as Cu and Ag are
shown in figure 1.

3.2.2 Made Simple meta-GGA density functionals

Aiming at a more flexible functional with the potential for a simultaneously
good description of lattice structure and surface adsorption, we extend beyond
the GGA space used for the SRP functional to the meta-GGA functional space.
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FIGURE 3.1: (a) Center-of-mass coordinate system used for the description of Hy
molecule relative to the (111) face of an fec metal (with ABCA... stacking). (b)
Surface unit cell and the sites considered for the (111) face, and the relationschip
with the coordinate system chosen for Hy relative to the (111) surface. 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 § and ¢ are chosen such that (8 = 90°, ¢ = 0°)
corresponds to molecules parallel to the surface along the X (or equivalent U') direction.
The hexagonal close packed (hcp) and fec hollow sites correspond to atoms in layers 2
and 3, respectively.

In general, this can be done by making the density functional depend also on
the kinetic energy density 7, in addition to the density and its gradient. Sun
et al.37 are followed in expressing the meta-GGA in the so-called “made-simple
(MS) form as an interpolation between the exchange part of two GGAs for
two extreme scenarios: the uniform electron gas (UEG) (a limit that describes
metallic bonding rather well) and a single-orbital system (as in covalent bonds).
The exchange enhancement factor describing the increase of exchange relative
to the UEG then reads:

FyS(p, ) = Fy (p) + f(@)(F} (pic) — Fy (). (3.1)

77

Fl(p) and FY(p;c) are the gradient only dependent exchange-enhancement
factors for the UEG and single-orbital cases, respectively. The exchange
enhancement factor is used in GGA and meta-GGA functionals to obtain the
exchange part of the exchange—correlation energy. The numerical parameter
c will be discussed below. In eq. 3.1, p = s2, where s is the reduced density
gradient, which is proportional to the gradient of the electron density divided
by n3, n being the electron density (the exact expression is given in ref3”). The
interpolation f(«) depends on the Kohn—Sham kinetic energy 7 through the
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inhomogeneity parameter3”38

r—v

(3.2)

o= 7—unif

Here, 7 is the von Weizsécker kinetic energy density, which is equal to
the kinetic energy density associated with a single-orbital electron density*!.
Furthermore, 7" is the kinetic energy density of the UEG. The expressions
of 7W and 7" may be found in for instance ref.38. Crucial points are that
for a slowly varying electron density as found in metals, a approaches 1 as
7~ W and W <« 79 whereas for a single-orbital electron density as
found in covalent bonding o = 0, because 7 = W4, The MS functionals take
advantage of this by defining a function f(«) that equals 0 for a = 1 and that

equals 1 for o = 0:3®

1—a?

Tt (3:3)

f(a)
Interpolation between the exchange enhancement factor Fys(p, «) describ-
ing the UEG and a single orbital can then be enforced by taking Fl(p) =
F;VIS (p,a = 1) from a GGA functional accurately describing metallic bonding,
and F2(p;c) = FM3(p,a = 0) from a GGA functional accurately describing
single-orbital systems, as in covalent bonds®!. It is noted that in the present
chapter b is simply taken to be equal to 1, as in ref.3”
In this work, for the functional describing metallic bonding, the following
PBE-like!”, RPBE-like', or B86b-like?* expressions are used:

F%,PBE(p) =1l+kK- (3.4)

1+ £2

Fyrppe(p) = 1+ ’f<1 - eXP<_TMp>) (3.5)

Fypsgn(p) = 1+ ﬁ (3.6)
K

In equations 3.4-3.6, for k, we use the value 0.804 used in the original ex-
pressions, which corresponds to imposing a Lieb—Oxford bound on the ex-
changecorrelation energy in equations 3.4 and 3.5'617. A crucial point is that
to make the functionals defined in equations 3.4-3.6 describe metallic bonding
we always take pu = %, as appropriate for metallic bonding®*®® and as opposed
to the actual value used in the PBE and RPBE functionals. This way, with
the PBE-like expression the PBEsol exchange functional®* is recovered, which

was designed to accurately describe elastic properties of metals.
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To obtain the corresponding functionals describing covalent bonding, F?, in
line with the MS strategy, up is replaced everywhere by (up + ¢) in equations
3.4-3.6, with ¢ > 0. We then optimize ¢ for each functional to reproduce the
exchange energy exactly for the hydrogen atom by cancelling the spurious
self-interaction present in the Hartree energy in this atom. The strategy of hy-
drogen self-interaction correction is adopted in several meta-GGAs, for instance
in MS functionals®®, and in the TPSS3? and SCAN?® functionals. The spurious
interaction arises because in DFT an electron interacts with itself through the
use of a classical expression for the Coulomb interaction of electron densities,
and this anomalous self-interaction even occurs for the one-electron H-atom,
for which it can be computed and corrected for (in the exchange—correlation
energy) exactly®®. We choose to follow this strategy and ¢ can be determined
straightforwardly by numerical quadrature over the analytical nonrelativistic
hydrogen atom density. This can be expected to lead to a reasonable GGA
FY9(p; c) for further single-orbital densities in general, importantly suppressing
otherwise significant self-interaction errors in for example covalent bonds. Tun-
ing the functional form of the made simple exchange functionals depending on
the inhomogeneity of the density thus allows for more accurate general-purpose
functionals than possible at the pure GGA-level, in particular with the capabil-
ity of accurately describing interactions within the metal where o ~ 1 as well
as in the inhomogeneous scenario of covalent and surface bonds.

For the FY(p,c) counterparts in equations 3.4-3.6, the following values
of ¢ were obtained by numerical integration: 0.1036 (equation 3.4), 0.07671
(equation 3.5), and 0.08809 (equation 3.6). For the correlation functional,
we used the variant of the PBE correlation (vVPBEc) used in revTPSS3, as
was also done in the MS functionals of refs.?”3%. The three MS functionals
described in this way are called MS-PBEl, MS-RPBEI, and MS-B86bl, where
the “1” stands for “like” to emphasize that we use a different value of p and
a different correlation functional than in the original PBE, RPBE, and B86b
expressions. It is emphasized that the expressions 3.4-3.6 are non-empirical,
like the original PBE, B86b, and RPBE expressions, and that no empirical
fitting was performed for the b and x parameters, as was done in ref.3® Finally,
note that the PBE-like expression (equation 3.4) was used before with MS
functionals®”3®, but with different values of , and/or ¢, and/or b.

3.2.3 DFT calculations and representation of PESs

All PESs used here were constructed from self-consistent, periodic DFT cal-
culations carried out with a user modified version of the 5.4.4 version of the
VASP program®” 69 using the three functionals described above in Section
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3.2.2, as well as other functionals. All calculations used projected augmented
wave pseudopotentials from the VASP database®'. All calculations used a
(2 x 2) surface unit cell, a (11 x 11 x 1) I'-centered Monkhorst—Pack k-point
grid, a plane wave cut-off of 600 eV, 6 metal layers, a smearing of 0.2 eV using
the Methfessel-Paxton method of order 1, and a vacuum distance between the
slabs of 16 A. Additional details, including details of how the metal lattice
was computed and on the interlayer relaxation of the slab, are presented in
appendix 3.A.

To obtain all PESs described here, the DFT data obtained with a par-
ticular functional were interpolated with the corrugation reducing procedure
(CRP)%263, In the CRP, the six-dimensional PES Vgp is written as a sum of
a 6D interpolation functional Igp and two 3D potentials V3p ;, describing the
interaction of the H-atoms with the surface:

Vsp(R,7) = Isp(R) + Y Vap(ri) (3.7)
i=1,2

Here, the 6D functional Igp is easier to interpolate than the full 6D poten-
tial because its “corrugation” has been reduced by subtracting the two 3D
atom-surface potentials®?. A similar trick is used in the interpolation of the
atom-surface potentials®?. The details of how we interpolated the PESs are
mostly the same as described in ref.%* for Hy + Ru(0001) and ref.%5 for Hy +
Cu(111); where these details deviate, this is described in appendix 3.A.

3.2.4 Quasi-classical trajectory method

To compute observables, the quasi-classical trajectory (QCT) method®® was
used. The QCT method gives a very good description of initial-state resolved
reaction probabilities for activated Ho-metal surface systems in general®7-68
and for Hy + Cu(111) in particular (see Figure 5 of ref.%?). The QCT method
would be expected to perform even better for sticking probabilities simulating
the results of molecular beam experiments on Hg + Cu(111), which are highly
averaged quantities, involving averages over collision energy and Hs internal
states distributions. Specifically, results for the very similar, but slightly
less reactive Hy + Cu(211) system™ show that QCT sticking probability
curves accurately reproduce quantum dynamical sticking probabilities down to
probabilities of 0.002 (see chapter 4). In all calculations, we model scattering
at normal incidence. Reaction and scattering probabilities are calculated by
counting how many trajectories result in a particular outcome and dividing
by the total number of trajectories. The Hy is initially placed at a distance
from the surface where it no longer interacts with the surface (Z = 8A). It is
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considered to have dissociated when 7 > 2.25A, and the molecule is considered
to have scattered when Z becomes > 8A and the molecule is moving away
from the surface. The initial conditions are simulated using standard Monte
Carlo methods as described in ref.%>. To obtain accurate statistics, for each
incidence condition at least 100.000 trajectories were propagated. To integrate
the equations of motion, the method by Stoer and Bulirsch™ was used. In the
trajectories, the maximum propagation time was taken as 22 ps.

3.2.5 Compation of observables

The initial (clean surface) sticking probability Sy can be computed from initial-
state resolved reaction probabilities with appropriate averaging over the velocity
distribution of the molecular beam and the rovibrational state distribution of
the molecules in the beam™ 7. The way this is done is described in section
2.4.1.

3.3 Results and discussion

3.3.1 Description of the metal

Equilibrium lattice constants computed with the three MS functionals are
compared with the experimental values and the values computed with other
functionals in table 3.1, for the noble metals Cu, Ag, Au, and Pt. To facilitate
the comparison with theory, the experimental lattice constants were corrected
by subtracting a contribution due to zero-point vibrations”. The comparison
clearly shows the advantage of the MS functionals that we already anticipated:
the mean signed deviations (MSDs) from the experiment computed with the
MS-PBEI (0.008 A) and MS-B86bl (0.009 A) functionals are considerably lower
than that obtained with the all-purpose functional PBE!" (0.015 A), with
only a GGA specifically designed for the solid state (PBEsol®*) performing
better (MSD = 0.002 A, table 3.1). For the MS-PBEI functional this was to
be expected as its exchange part equals that of the PBEsol®* functional in the
metallic limit (see section 3.2.2). All MS functionals perform much better for
lattice constants than the RPBE!® functional, which consistently overestimates
lattice constants, with a mean absolute deviation (MAD) equal to the MSD =
0.127 A (table 3.1).

The performance of the PBE and RPBE functionals is relevant for the
description of dissociative chemisorption: in many cases, PBE (or the very
similar!” PW91!5 functional) overestimates and RPBE underestimates the

reactivity®47_ and an SRP functional or in any case an improved functional
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TABLE 3.1: Equilibrium lattice constants, the MSD, and MAD with respect to

experiment (all in A) computed with the MS functionals in this work are compared

to zero-point energy corrected experimental values and values computed with other
density functionals™.

metal Expt. MS-PBEl MS-B8bl MS-RPBElI PBE PBEsol™ RPBE

Cu 3.596 3.585 3.583 3.590 3.632 3.570 3.68%3
Ag 4.062 4.091 4.092 4.099 4.152 4.058 4.2343
Au 4.062 4.084 4.087 4.092 4.154 4.081 4.2380
Pt 3.913 3.906 3.908 3.912 3.985 3.932 4.00%3
MSD 0.008 0.009 0.015 0.015 0.002 0.127
MAD 0.017 0.018 0.019 0.019 0.017 0.127

TABLE 3.2: Relaxations of the interlayer lattice spacing between the top two layers
relative to the bulk, in %, for Cu(111) and Ag(111)

metal MS-PBEl MS-B86bl MS-RPBEI Expt.
Cu -1.0% -1.0% -1.6% -1.0%7%, -0.7%31
Ag -0.4% -0.5% -0.5% -2.5%78, -0.5%77

can be constructed by taking a weighted average of the PBE and RPBE
functionals®?. Table 3.1 suggests that such GGA functionals should yield too
large lattice constants (0.017 A < MSD < 0.127 A). This arises from the need
to achieve a good description of the molecule—surface interaction energy: in the
construction of a GGA functional, this comes at the cost of a good description of
the metal lattice?’. Finally, the good performance of the three MS functionals
shown here is consistent with findings of earlier studies using a MS functional37.

Table 3.2 shows the interlayer contractions (in %) computed for Cu(111)
and Ag(111), for the interlayer distance between the first two top layers, also
comparing with experiments. For Cu, especially the MS-PBEI and the MS-B86bl
functionals yield good agreement with experiments, especially with the medium
energy ion scattering experiments’. For Ag, all three MS functionals yield
good agreement with the low-energy electron diffraction (LEED) experiments
of Soares et al.”” It is not clear to us what the source of discrepancy is between
these experiments and the energy ion scattering experiments of Statiris et
al.”® However, we note that the LEED results of Soares et al.”” are in good
agreement with results obtained recently”™ with the SCAN?® functional and
other functionals. It is important that a functional gives a good description
of the interlayer contractions between the top two layers of a given surface, as
this may have an important effect on the dissociation barrier height, as found
for both Hy + Cu(111)%28 and Cu(100)%".
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3.3.2 Potential energy surfaces

Figure 3.2 shows elbow plots of the MS-B86bl PES (i.e., plots of the dependence
of the potential on r and Z for specific orientations and center-of-mass projec-
tions on the surface of Hy) for four configurations in which Hy is parallel to the
Cu(111) surface. Table 3.3 shows the associated geometries and barrier heights,
comparing to the previous values of the SRP PES, which gave dynamics results
in agreement with experiments to chemical accuracy®. Analogous results for
the MS-PBEI and MS-RPBEI functionals are given in figures 3.3 and 3.4 and
tables 3.4 and 3.5.

The barrier heights E}, computed with the MS-B86bl functional are in good
agreement with the previous SRP results, overestimating the SRP barriers by
0.4-5.3 kJ/mol (table 3.3). This already suggests that the MS-B86bl functional
should give a quite good description of dissociative chemisorption of Hy on
Cu(111): the molecular beam sticking probabilities computed with the SRP
functional slightly overestimated the experimental values, although agreement
was achieved to within chemical accuracy. The barrier geometries obtained
with the MS-B86bl functional are in quite good agreement with the SRP
barrier geometries (table 3.3), except perhaps for the high barrier fcc geometry
considered, for which the PES is quite flat in 7 around the barrier geometry (see
figure 3.2c). Note that the barriers tend to be a bit earlier (i.e., they occur at a
smaller H-H distance) for the MS-B86bl PES than for the SRP PES. Finally,
the MS-PBEI barrier heights are in even better agreement with the SRP results
(see table 3.4, comparing to table 3.3).

Finally, an important issue for the construction of semiempirical functionals
is the tunability of the barrier height that can be achieved with them. With
an SRP functional that is a weighted average of the GGA functionals PW91
(which is very similar to PBE!") and RPBE, the minimum barrier height for
Hy + Cu(111) can be tuned between 46.8 and 78.9 kJ/mol (see table 3.6), that
is, over quite a large range of 33 kJ/mol. However, with a trial SRP functional
based on the MS-PBEI] and MS-RPBEI functionals (which of the three MS
functionals tested yield the lowest respectively the highest barriers, comparing
tables 3.3, 3.4, and 3.5) the minimum barrier height can only be tuned between
60.7 and 69.6 kJ/mol (table 3.6), a range of only 9 kJ/mol. The present
results thus suggest that semi-empirical functionals based on the made simple
mGGA approach with equations 3.4-3.6 can yield a much better description
of the metal lattice, but at the cost of a reduced tunability of the reaction
barrier height. Our finding for meta-GGA functions based on PBE-like and
RPBE-like expressions is analogous to results of Garza et al. for the TPSS??
(incorporating a PBE-like expression for the exchange enhancement factor)
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TABLE 3.3: H-H distance at the barrier (14, in A), the molecule—surface distance at

the barrier (Z,, in A), and the barrier height (Ep, in kJ/mol) as computed for Hy

+ Cu(111) with the MS-B86bl functional. Values in parentheses are the SRP values

from ref®. The values are given for four different dissociation geometries (see figure
3.1). In all cases, Hy is parallel to the surface.

dissociation route Ey Ty Zy

bth 65.9 (60.6) 1.00 (1.03) 1.21 (1.16)
tth 86.4 (86.0) 1.35 (1.40)  1.39 (1.39)
t2f (¢ = 120°) 78.1 (74.4) 1.22 (1.27)  1.28 (1.27)
fce (¢ = 0°) 101.1 (97.7) 1.34 (1.59) 1.27 (1.27)

and their RTPSS functional (incorporating an RPBE-like expression)3*. To
obtain a better agreement with molecular chemisorption energies (and greater
tunability between TPSS and RTPSS), they relaxed the constraint that their
RTPSS functional should reproduce the exact energy of the H-atom (i.e., that
it should correct for self-interaction of this atom exactly)34.

Figure 3.5 shows elbow plots of the MS-B86bl PES computed for four
configurations in which Hs is parallel to the Ag(111) surface. Table 3.7 shows
the associated geometries and barrier heights, comparing to the previous values
of the SRP48 PES®?, which gave sticking probabilities that were shifted to
higher incidence energies by 6.6-7.6 kJ/mol with respect to results of molecular
beam experiments?” (note that the SRP48 functional is an SRP functional for
Hy + Cu(111)* but not for Hy + Ag(111)°°). The results for the MS-PBEI
functional are given in figure 3.6 and table 3.8.

The barrier heights Ej computed with the MS-B86bl functional are lower
than the previous SRP48 results, underestimating the SRP48 barriers by 3.6-10.2
kJ/mol. This might be taken to suggest that the MS-B86bl functional should
give a quite good description of dissociative chemisorption of Dy on Ag(111),
as the SRP48 functional gave sticking probabilities that were shifted to higher
incidence energies by 6.6-7.6 kJ/mol?® with respect to experiment*?. However,
although the barrier geometries obtained with the MS-B86bl functional are
in reasonable agreement with the previous SRP48 barrier geometries (table
3.7), as for Hy 4+ Cu(111) (see table 3.3), the barriers for Hy + Ag(111) tend
to be a bit earlier (occur at smaller H-H distance) for the MS-B86bl PES.
As discussed below, this is relevant also to the reaction dynamics®%83,
dynamics calculations are required to see whether the MS-B86bl PES leads
to higher sticking probabilities for Dy + Ag(111) than the SRP48 PES used
earlier™”, as would be needed for better agreement with the experiment.

and
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FIGURE 3.2: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Cu(111) PES

computed with the MS-B86bl functional and interpolated with the CRP method for

four high symmetry configurations with the molecular axis parallel to the surface

(6 = 90°) as depicted by the insets, for (a) top site and ¢ = 0°, (b) bridge site and

¢ = 90° (the bridge-to-hollow global minimum barrier geometry), (c) fcc site and

¢ = 0°, and (d) t2f site and ¢ = 120°. Barrier geometries are indicated with white
circles, and the corresponding barrier heights are given in table 3.3.
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FIGURE 3.3: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Cu(111) PES

computed with the MS-PBEI functional and interpolated with the CRP method for

four high symmetry configurations with the molecular axis parallel to the surface

(6 = 90°) as depicted by the insets, for (a) top site and ¢ = 0°, (b) bridge site and

¢ = 90° (the bridge-to-hollow global minimum barrier geometry), (¢) fcc site and

¢ = 0°, and (d) t2f site and ¢ = 120°. Barrier geometries are indicated with white
circles, and the corresponding barrier heights are given in table 3.4.
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FIGURE 3.4: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Cu(111) PES

computed with the MS-RPBEI 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) top site and ¢ = 0°, (b) bridge site and

¢ = 90° (the bridge-to-hollow global minimum barrier geometry), (c) fcc site and

¢ = 0°, and (d) t2f site and ¢ = 120°. Barrier geometries are indicated with white
circles, and the corresponding barrier heights are given in table 3.5.
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FIGURE 3.5: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Ag(111) PES

computed with the MS-B86bl 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) top site and ¢ = 0°, (b) bridge site and

¢ = 90° (the bridge-to-hollow global minimum barrier geometry), (c) fcc site and

¢ = 0°, and (d) t2f site and ¢ = 120°. Barrier geometries are indicated with white
circles, and the corresponding barrier heights are given in table 3.7.
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FIGURE 3.6: Elbow plots (i.e. V(Z,r)) resulting from the Hy + Ag(111) PES
computed with the MS-PBEI functional and interpolated with the CRP method for
four high symmetry configurations with the molecular axis parallel to the surface
(6 = 90°) as depicted by the insets, for (a) top site and ¢ = 0°, (b) bridge site and
¢ = 90° (the bridge-to-hollow global minimum barrier geometry), (c¢) fcc site and
¢ = 0°, and (d) t2f site and ¢ = 120°. Barrier geometries are indicated with white
circles, and the corresponding barrier heights are given in table 3.8.

TABLE 3.4: H-H distance at the barrier (1, in A), the molecule-surface distance at

the barrier (Z,, in A), and the barrier height (Ej, in kJ/mol) as computed for Hy +

Cu(111) with the MS-PBEI functional. Values in parentheses are the SRP values from

ref®. The values are given for four different dissociation geometries (see figure 3.1). In
all cases, Hy is parallel to the surface.

dissociation route Ey Tp Zy

bth 60.7 (60.6) 1.00 (1.03) 1.20 (1.16)
tth 81.7 (86.0) 1.35 (1.40) 1.39 (1.39)
t2f (¢ = 120°) 73.2 (74.4) 122 (1.27) 1.28 (1.27)
fee (¢ = 0°) 96.3 (97.7)  1.34 (1.59) 1.27 (1.27)

TABLE 3.5: H-H distance at the barrier (14, in A), the molecule—surface distance at

the barrier (Z,, in A), and the barrier height (Ej, in kJ/mol) as computed for Hy +

Cu(111) with the MS-RPBEI functional. Values in parentheses are the SRP values

from ref®. The values are given for four different dissociation geometries (see figure
3.1). In all cases, Hy is parallel to the surface.

dissociation route Ey Tp Zy

bth 69.6 (60.6) 1.01 (1.03) 1.20 (1.16)
ttb 89.7 (86.0) 1.35 (1.40)  1.39 (1.39)
t2f (¢ = 120°) 81.6 (74.4) 1.22 (1.27) 1.28 (1.27)
fee (¢ = 0°) 104.8 (97.7)  1.39 (1.59)  1.28 (1.27)
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TABLE 3.6: Minimum barrier height (Ej, in kJ/mol) as computed for Hy + Cu(111)
with the three different MS functionals, and with the PW91 and RPBE functionals,
for bridge-to-hollow dissociation. In all cases, Hy is parallel to the surface.

functional Ey

PW91 46.88
MS-PBEI 60.7
MS-B86bl 65.9
MS-RPBEl  69.6
RPBE 78.98

TABLE 3.7: H-H distance at the barrier (1, in A), the molecule-surface distance at

the barrier (7, in A), and the barrier height (Ej, in kJ/mol) as computed for Hy +

Ag(111) with the MS-B86bl functional. Values in parentheses are the SRP values from

ref’?. The values are given for four different dissociation geometries (see figure 3.1).
In all cases, Hs is parallel to the surface.

dissociation route Ey Ty Zy

bth 129.5 (133.1) 1.22 (1.27) 1.12 (1.10)
ttb 152.9 (163.1) 1.51 (1.57) 1.50 (1.51)
t2f (¢ = 120°) 145.9 (152.4)  1.40 (1.45) 1.33 (1.34)
fee (¢ = 0°) 159.4 (164.0) 1.57 (1.67) 1.32 (1.34)

TABLE 3.8: H-H distance at the barrier (1, in A), the molecule-surface distance at

the barrier (Z;, in A), and the barrier height (Ej, in kJ/mol) as computed for Hy +

Ag(111) with the MS-PBEI functional. Values in parentheses are the SRP values from

ref’%. The values are given for four different dissociation geometries (see figure 3.1).
In all cases, Hs is parallel to the surface.

dissociation route Ey T Zy

bth 124.3 (133.1) 1.23 (1.27) 1.12 (1.10)
ttb 148.0 (163.1)  1.51 (1.57) 1.49 (1.51)
t2f (¢ = 120°) 139.8 (152.4)  1.40 (1.45) 1.33 (1.34)
fce (¢ = 0°) 154.5 (164.0)  1.56 (1.67) 1.32 (1.34)
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3.3.3 Dynamics results: molecular beam sticking

The Sy values computed with the three new MS functionals and with the
SRP48 functional are compared to experimental values for Hy + Cu(111)2%5!
and Do + Cu(111)?% in figure 3.7. As can be seen, the Sy values computed with
the three new MS functionals are in excellent agreement with all experiments
shown. The best agreement with the experiments of Auerbach and Rettner
and co-workers?>20 (figure 3.7a—e) is obtained with the MS-B86bl functional,
except perhaps for the lowest incidence energy. At the lowest incidence energies,
the MS-PBEI functional would seem to give better results, but this may be
an artifact of the use of the QCT method (reaction probabilities computed
with the MS-B86bl PES being smaller than 0.002 in these cases), as the
QCT method ignores tunneling contributions. The best agreement with the
experiment of Rendulic and co-workers® (figure 3.7f) is obtained with the
MS-PBEI functional, of which the overall performance is very similar to the
performance of the SRP48 functional. However, these are details, and the main
message is that the three MS functionals all yield excellent agreement with the
molecular beam experiments, while also giving a very good description of the
metal lattice.

To obtain a measure of the quality of the functionals for Hy + Cu(111),
one can compute the mean distance along the incidence energy axis from the
computed Sy to the interpolated experimental values. In figure 3.8, the MS-
B86bl results are shown comparing to those experiments for which enough
data were available to perform cubic spline interpolation of the experimental
data points. Computing the MAD (i.e., the mean of the calculated distances),
we obtain MAD values of 0.3 kJ/mol for the experiment of Rettner et al.?®
using pure Hy beams (figure 3.8a), 1.7 kJ/mol for the experiment using seeded
D; beams for a nozzle temperature of 2100 K of Michelsen et al.?6, and 2.0
kJ /mol for the pure Hy beam experiment of Rendulic and co-workers®!. This
illustrates that the MS-B86b yields a chemically accurate description (MAD-
values less than 4.2 kJ/mol) of the sticking of Hy and D2 on Cu(111). The
same is true for the MS-PBEI functional (MAD values of 3.2, 4.1, and 0.3
kJ/mol, see figure 3.9) and for the MS-RPBEI functional (MAD values of
1.2, 3.2, and 3.0 kJ/mol, see figure 3.10), although the MS-B86bl functional
gives a slightly better overall performance. Therefore, all three non-empirical
MS functionals used individually yield agreement with these Ho + Cu(111)
experiments to within chemical accuracy. These results also imply that it is
possible to construct an SRP-DF on the basis of these functionals, for instance,
an SRP-DF that is a weighted average of the MS-PBEI (lowest barriers) and
the MS-RPBEI functional (highest barriers).
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FIGURE 3.7: Sy values computed with the three new MS functionals and with the

SRP48 functional are compared to experimental values for Hy + Cu(111) measured

in ref.?> (panels a-c), Dy + Cu(111) measured in ref.?S (panels d,e), and Hy +

Cu(111) measured in ref.5! (panel f). Experimental results are presented in black, and

computational results in red (MS-PBEl), green (B86bl), blue (MS-RPBEI), and purple
(SRP48).
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FIGURE 3.8: Sy values computed with the MS-B86bl functional (blue symbols) are

compared to experimental values (red symbols) for Hy + Cu(111) measured in ref.?

(panel a), Dy + Cu(111) measured in ref.2% (panel b), and for Hy + Cu(111) measured

in ref°! (panel c). Horizontal lines indicate the distances along the energy axis between

the computed Sy and the cubic-spline interpolated experimental curve, and the MAD
is the mean value of these distances (in kJ/mol).
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FIGURE 3.9: Sy values computed with the MS-PBEI functional (blue symbols) are

compared to experimental values (red symbols) for Hy + Cu(111) measured in ref.?

(panel a), Dy + Cu(111) measured in ref.28 (panel b), and for Hy + Cu(111) measured

in ref’! (panel c). Horizontal lines indicate the distances along the energy axis between

the computed Sy and the cubic-spline interpolated experimental curve, and the MAD
is the mean value of these distances (in kJ/mol).
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FIGURE 3.10: Sy values computed with the MS-RPBEI functional (blue symbols)

are compared to experimental values (red symbols) for Ho + Cu(111) measured in

ref.2> (panel a), Dy + Cu(111) measured in ref.26 (panel b), and for Hy + Cu(111)

measured in ref°! (panel c). Horizontal lines indicate the distances along the energy

axis between the computed Sy and the cubic-spline interpolated experimental curve,
and the MAD is the mean value of these distances (in kJ/mol).
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To put the performance of the three MS meta-GGA functionals in perspec-
tive, in figure 3.11 we compare the seeded beam Dy + Cu(111) experimental
results of Michelsen et al.?6 to the Sy computed with two standard GGA
functionals (PBE!” and RPBE!®) and three standard meta-GGA functionals
(TPSS32, 1evTPSS33, and SCAN?3). The PBE and RPBE results straddle the
experimental Sy over a rather large energy interval, in agreement with the large
tunability of SRP functionals taken as weighted averages of these functionals.
As previously observed for Hy + Ru(0001)%*, the revIPSS functional improves
over the performance of PBE, which is consistent with the design purpose of
the former being to function well for both condensed matter physics (metals)
and quantum chemistry (molecules). For Hy + Cu(111) the improvement of
revTPSS over PBE is more substantial than for Hy + Ru(0001)%4. We also see
an improvement going from PBE to TPSS, but not as much as with revTPSS.
The SCAN functional gives the worst performance of all. This functional obeys
a maximum number of known exact constraints and performs better than PBE
for thermochemical data, gasphase reaction barriers, and for lattice constants
of solids?®. Our finding that it performs more poorly than PBE for dissociative
chemisorption may seem surprising but it is consistent with studies that find
that SCAN overbinds more than PBE for chemisorption on metals3*#*. The
reasons for this are presently not fully understood. Garza et al. have speculated
that the result that the most constrained non-empirical meta-GGA (i.e., SCAN)
performs poorly at describing chemisorption on metals is due to inherent limi-
tations of the form of semilocal functionals®*. They seem to have based their
suggestion partly on their finding that a meta-GGA functional (RTPSS) that
performs quite well at describing molecular chemisorption on metals can be
obtained by relaxing a constraint, that is, the constraint that the H-atom should
be described exactly by correcting for the self-interaction®?. Patra et al. have
speculated that the SCAN functional should overbind CO on transition metal
surfaces primarily due to density driven errors in the self-consistent SCAN
energy®*.

The revTPSS functional shows a MAD value with the Dy 4+ Cu(111) exper-
iment of figure 3.11 of 6.8 kJ/mol (see figure 3.12). While this presents good
agreement for a standard semilocal functional, it does not yet correspond to
chemical accuracy. We also note that it is not possible to construct an SRP
density functional on the basis of the three standard meta-GGA functionals
tested: none of these functionals underestimates the reaction probability. How-
ever, it is probably possible to construct an SRP functional on the basis of
one of these three meta-GGA functionals (with the best choice probably being
the revTPSS functional) and the MS-RPBEI functional, which consistently
underestimates the reactivity of Hy on Cu(111) (see figure 3.7), or the RTTPS
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FIGURE 3.11: Sy values measured in seeded beam experiments on Dy + Cu(111)2¢

(black symbols and lines) are shown as a function of E;, comparing to the Sy values

computed for these experiments with the PBE!" (red), RPBE!® (green), TPSS3?
(purple), rev-TPSS3? (orange), and SCAN3® (blue symbols and lines) functionals.

meta-GGA functional, which has a performance on molecular chemisorption on
metals that is comparable to that of the RPBE functional®*.

The Sy values computed with the MS-PBEI and MS-B86bl functionals are
compared to the experimental values for Dy + Ag(111)*° in figure 3.13. These
two functionals perform slightly better than the SRP48 functional, which gave
a MAD of 7 kJ/mol®®, while MAD values of 4.5 and 5.5 kJ/mol were obtained
with the MS-PBEI and MS-B86bl functionals, respectively. The improvement
of the performance is not as large as one might assume based on barrier heights
only (which for MS-B86bl were lower than the SRP48 values by 3.6-10.2 kJ /mol,
see above). However, the sticking of Dy on Ag(111) is dominated by reaction
of high vibrational states (the dominant contribution comes from v = 3)*.
The barriers are earlier on the MS-B86bl surface than on the SRP48 PES (see
table 3.7), and, as summarized by the Polanyi rules®?®3, the later the barrier
is, the more the reaction of vibrationally excited molecules is promoted. Thus,
with the B86bl PES, the reaction of the high vibrational states is slightly less
promoted, and this to some extent cancels the effect of the lower barriers.
However, the main point is that the new MS functionals perform rather well
for Dy + Ag(111) and in fact slightly better than the SRP48 functional while
also yielding a very accurate description of the Ag(111) lattice.

Like the SRP48 functional, the MS-PBEI and MS-B86bl functionals, which



Chapter 3. Specific reaction parameter density functional based on the
76 meta-generalized gradient approximation:
Application to Hy + Cu(111) and Hy + Ag(111)

o
&

| D, T, =2100K
| MAD = 6.8 kJ/mol

©
~

o
w

I e exp.
® revIPSS

o
(M)
T

reaction probability

o©
o
T

o

40 50 60 70 80
average collision energy [kJ/mol]

FIGURE 3.12: The Sy computed with the rev-TPSS functional (blue symbols) are

compared to experimental values (red symbols) for Dy + Cu(111) measured in Ref.?¢.

Horizontal lines indicate the distances along the energy axis between the computed Sy

and the cubic-spline interpolated experimental curve, and the MAD is the mean value
of these distances (in kJ/mol).

may in principle be counted as SRP functionals for Hy + Cu(111) (i.e., with zero
mixing coefficient of the other functional the SRP functional would be based
on), are not yet transferable to Ho + Ag(111): they do not give a chemically
accurate description of the existing molecular beam experiments for this system
(such transferability was observed for the SRP density functional for methane
+ Ni(111)'2 to methane + Pt(111)'3). As the MS-PBEI functional yields the
highest reactivity of the three MS functionals tested here for Hy + Ag(111), our
results suggest that it should not be possible to base an SRP-DF for this system
on a combination of two of these three MS functionals. We attribute this result
to the rather limited tunability of the MS functionals tested here. However,
our present results for Ho + Ag(111) (figure 3.13) and for Hy + Cu(111) (figure
3.11) suggest that an SRP-DF for Hy + Ag(111) might be constructed on the
basis of the MS-PBEI and one of the three meta-GGA functionals (SCAN,
TPSS, or revIPSS). For further discussion on the agreement between theory
and experiment for sticking of Dy on Ag(111), the reader is referred to ref.5
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FIGURE 3.13: Sy values computed with the MS-PBEI (blue symbols, upper panel)
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comparing to the values measured (red symbols) in molecular beam experiments®®, for
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points to the cubic spline interpolated experimental sticking probability curve. The
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3.3.4 Dynamics results: initial-state selected reaction proba-
bilities Ag(111)

Finally, initial-state selected reaction probabilities Pyeq(E;, v, J) computed with
the MS-PBEI and MS-B86bl functionals are compared with the values extracted
from associative desorption experiments®>®® and computed with the SRP48
functional®® for Hy and Dy + Ag(111) in figure 3.14. Interestingly, changing
to the new MS functionals from the previously used SRP48 functional now
seems to lead to more distinct improvement than observed for the sticking
(figure 3.13 and discussion above). The reason is that the associative desorption
experiments were performed for low vibrational states of He and Dy (v = 0 and
1), so that the effect of the earlier barriers in the MS PESs is less pronounced
than for the sticking, which is dominated by the reaction of ¥ = 3 Dy as noted
before. Note however that the initial-state-selected reaction probabilities from
the experiments were extracted from reactive flux measurements in associative
desorption, using detailed balance. The measured reaction probabilities are
therefore not normalized®>-86,

3.4 Conclusions

The main goal of this study was to determine whether, with a meta-GGA
functional constructed within the “made simple” approach, it would be 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 GGA. A second
goal was 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 dissociative chemisorption of Hs on and its associative desorption from
Ag(111) than was previously possible with the SRP48 GGA functional for Hy
+ Cu(111).

To determine the answer to these questions, we computed bulk lattice
constants for Cu, Ag, Au, and Pt, interlayer lattice spacing relaxations for
Cu(111) and Ag(111), and PESs for Hy + Cu(111) and Ag(111). We did this
for three meta-GGA functionals based on the MS concept. In this approach,
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 exchange parts of the three functionals
(MS-PBEI, MS-B86bl, and MS-RPBEI) are based on the expressions for the
PBE, B86b, and RPBE exchange functionals, respectively. The three new MS
functionals yield metal bulk lattice constants with an accuracy intermediate
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FIGURE 3.14: Initial-state selected reaction probabilities Pyeq(F;, v, J) computed with

the MS-PBEI and MS-B86bl functionals are shown as a function of F;, comparing with
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between the all-purpose PBE GGA functional and the PBEsol functional,
a GGA functional designed with the specific goal of accurately reproducing
observables for the solid state. The interlayer lattice spacing relaxations for the
top two layers of Cu(111) and Ag(111) are in good agreement with experimental
values.

The barrier heights and geometries obtained for Hy + Cu(111) were in good
agreement with those obtained earlier with the original SRP functional for He +
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. The sticking probability curves computed with the MS-PBEI and
MS-B86bl functionals for Do + 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). The initial-state
selected reaction probabilities computed for Ho and Dy + Ag(111) also agree
quite well with the initial-state selected reaction probabilities extracted from
associative desorption experiments of Hodgson and co-workers on these systems.

The main conclusions from this chapter are therefore that, considering
the two systems investigated, (i) it is possible to construct non-empirical
meta-GGA “made simple” functionals for these two Hs-metal systems that
describe the dissociative chemisorption reaction as accurately as previous semi-
empirical 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-PBE] and MS-RPBEI), an SRP-DF can be
constructed for Hy + Cu(111), but not for Hy + Ag(111). This limitation for Ho
+ Ag(111) is due to a potential disadvantage of the SRP approach based on the
MS meta-GGA functionals tested: results for Hy + Cu(111) suggest that these
candidate SRP functionals are less “tunable” than analogous semiempirical GGA
functionals for barrier heights. Specifically, for Hy + Cu(111), the minimum
barrier height varied by 9 kJ/mol going from MS-PBEI to MS-RPBEI, while it
varied by 33 kJ/mol going from PW91 to RPBE.

The behavior of the standard meta-GGA functionals SCAN, TPSS, and
revI'PPS have been investigated and it has been noted that they all overestimate
the sticking probability for Do + Cu(111), so that they cannot be combined with
each other to obtain an SRP functional for this system. However, the revTPSS
functional provided a rather good description of the sticking of Dy on Cu(111),
with a MAD of the computed and measured sticking probability curves of only
6.8 kJ/mol. Also, it might be possible to construct an SRP-DF for Hy + Ag(111)
on the basis of the revTPSS and MS-PBEI functionals, which would probably
also give a good description of the Ag lattice. More generally, a good strategy
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for constructing an SRP-DF based on meta-GGA functionals might be to start
with a weighted average of MS-PBEI and MS-RPBEIL, if necessary replacing
MS-PBEI with TPSS or revIPSS, or MS-RPBEI by RTPSS?*, depending on
whether a more attractive or more repulsive component functional is required.
An alternative strategy for “casting the net wider” might be to relax slightly
the condition that either the PBE-like or the RPBE-like MS functional for
covalent bonding should exactly correct for the self-interaction correction of
the H-atom, by allowing ¢ to vary slightly in equations 3.4-3.6, as done in the
RTPSS functional®?.

The next step would be to apply the MS meta-GGA functionals to the other
molecule-metal surface systems for which chemically accurate reaction barrier
heights are now available (Hy + Pt(111) and methane + Ni(111), Pt(111),
and Pt(211)). It is anticipated that for these systems it will be necessary to
accurately model the van der Waals attractive interaction of the molecule with
the metal surface. Results we obtained with the MS functionals investigated
here for Hy + Pt(111) suggest that these functionals are not accurate for the
reaction barrier height for this system (see chapters 5 and 6). This is in line
with previous findings that modeling the van der Waals interaction is necessary
for an accurate description of weakly activated dissociative chemisorption of
Hs on metal surfaces such as Ru(0001)%* and of dissociative chemisorption of
methane on Ni(111).1287

3.A Appendix: Details electronic structure calcula-
tions and interpolation of the PESs

3.A.1 Calculations on bulk metals and on slab relaxation

For each functional, the bulk fcc lattice constant was computed using a four
atom unit cell with a (28 x 28 x 28) grid of k-points, a 0.2 eV smearing using the
Methfessel-Paxton method of order 1, and a plane-wave cut-off energy of 600 eV.
Slabs were generated by carrying out a relaxation of the interlayer distances of
a six-layer slab using a (28 x 28 x 1) grid of k-points and again a plane-wave
cut-off energy of 600eV and a 0.2eV smearing using the Methfessel-Paxton
method of order 1, for a (1 x 1) surface unit cell.

3.A.2 Details on the interpolation of the PESs fo H, + Cu(111)
and Ag(111)

The configurations (U, V, 0, ¢) of the two dimensional cuts used in the inter-
polation of the six dimensional PES are by design the same high symmetry
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two dimensional cuts through the FCC(111) unit cell as reported in ref.%
We deviate here from previous work in that a denser, non-equidistant grid
in r and Z has been used in order to increase the smoothness of the result-
ing 6D PES. Here we use a 16 x 22 r, Z grid for the 29 two dimensional
cuts needed. An added advantage of the denser grids is the better sam-
pling of the electronic structure around the barrier location. We used Z =
[0.25,0.5,0.75,1.0,1.125,1.25,1.375, 1.50, 1.75, 2.0, 2.25, 2.50, 2.75, 3.0, 3.25, 3.50,
3.75,4.0,4.25,4.5,5.0,5.75] A, and r = [0.4,0.5,0.6,0.65,0.7,0.75,0.8, 0.85,
0.95,1.05, 1.15,1.25,1.5,1.75,2.0,2.3] A.

For the interpolation of the three dimensional atomic PES the same ten
sites in U and V are used as in ref.%®, with Zyin = —1.195A and Zpax = 7.51&,
with 62 points per site. We deviate here from previous work in that for the
reference site at (U = 0,V = 0) a much denser grid of 162 points was used
to reduce noise in the corrugation reducing procedure. The additional points

were used to create a denser sampling of the grid between Z = —1.195A and
Z = +2.0A.
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4 Quantum dynamics of
dissociative chemisorption of Hy
on the stepped Cu(211) surface

This Chapter is based on:

Smeets, E. W. F.; Fiichsel, G.; Kroes, G.-J. Quantum dynamics of dissociative
chemisorption of Hy on the Stepped Cu(211) Surface. J. Phys. Chem. C 2019,
123, 23049-23063

Abstract

Reactions on stepped surfaces are relevant to heterogeneous catalysis, in
which reaction often takes place at the edges of nanoparticles where the edges
resemble steps on single crystal stepped surfaces. Previous results on Ho +
Cu(211) show that in this system steps do not enhance the reactivity, and
raised the question of whether this effect could be in anyway related to the
neglect of quantum dynamical effects in the theory. To investigate this full
quantum dynamical molecular beam simulations of sticking of Hy on Cu(211) are
presented in which all important rovibrational states populated in a molecular
beam experiment are taken into account. It is found that the reaction of Hy with
Cu(211) is very well described with quasi-classical dynamics when simulating
molecular beam sticking experiments, in which averaging takes place over a large
number of rovibrational states and over translational energy distributions. 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. Specifically, we present evidence that at translational
energies close to the reaction threshold vibrationally excited molecules show a
negative rotational quadrupole alignment parameter on Cu(211), which is not
found on Cu(111) and Cu(100). The effect arises because these molecules react
with a site specific reaction mechanism at the step, i.e., inelastic rotational



9 Chapter 4. Quantum dynamics of dissociative chemisorption of Hy on the

) stepped Cu(211) surface

enhancement, which is only effective for molecules with a small absolute value
of the magnetic rotation quantum number. From a comparison to recent
associative desorption experiments as well as Born-Oppenheimer molecular
dynamics (BOMD) calculations it follows that the effects of surface atom motion
and electron hole-pair (ehp) excitation on the reactivity fall within chemical
accuracy, i.e., modeling these effect shifts extracted reaction probability curves
by less then 1 kcal/mol translational energy. No evidence is found in the
fully-state-resolved calculations for the ’slow’ reaction channel that was recently
reported for associative desorption of Hy from Cu(111) and Cu(211), but the
results for the fast channel are in good agreement with the experiments on Ho
+ Cu(211).

4.1 Introduction

The rate limiting step in a heterogeneously catalysed process is often a disso-
ciative chemisorption reaction®?. Hydrogen (Hj) dissociation is important to
heterogeneously catalyzed production of syngas and ammonia® and has recently
gained industrial importance with the production of methanol from COq over
a Cu/Zn0O/Aly03 catalyst, in which the rate limiting step is considered to be
the dissociation of Hy® 7. Stepped, kinked or otherwise defective surfaces more
closely resemble real catalytic surfaces, as catalyzed reactions tend to proceed
at the corners or edges of nanoparticles®?. A better theoretical understanding
of the reaction dynamics of Ho dissociation on stepped surfaces could well be a
first step to the design of new catalysts from first principles!?.

Hs reacting on copper surfaces is a prototypical example of a highly activated
late barrier system!' 4. For the flat Cu(111), Cu(110) and Cu(100) surfaces a
plethora of experimental'* 25 and theoretical'®26~44 results have been reported
that are generally in good agreement with each other. This large body of work
has allowed for the development of a chemically accurate description of molecular
beam experiments using the semi-empirical specific reaction parameter approach
to density functional theory (SRP-DFT)35. Recently molecular beam adsorption
experiments?® and associative desorption experiments*® for Hy reacting on
Cu(211) have been reported, allowing for a more stringent comparison between
theory and experiment for this system. Theoretical reaction dynamics results of
Hy reacting on stepped or defective surfaces have only been reported sparingly,
most notably for Dy on Cu(211)4", Hy on Pt(211)*752 and Hy on defective
Pd(111)%3,

In previous work we and others have shown that the Cu(211) surface is less
reactive towards Hy than the Cu(111) surface*”, which indicates that predictions
based on the d-band model of Ngrskov and Hammer®%5% are not always reliable.
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In the d-band model increased reactivity at steps, defects, or otherwise less
coordinated surface atoms, is ascribed to a reduced width of the d-band®#56
and a shift of the center of the d-band towards the Fermi level at these sites. In
the case of Cu(211) the breakdown of the d-band model is due to the geometric
effect of the lowest barrier to reaction for Hy on Cu(111) not being situated at
a top site?’.

Due to the corrugated nature of the molecule surface interaction and the
denser distribution of barriers to reaction it is unclear whether quantum effects
can have a significant effect on the reaction dynamics of Hg reacting on Cu(211).
Our main goal is to investigate if including quantum effects during the dynamics
significantly affects observables such as the macroscopic molecular reaction
probability and rotational quadrupole alignment parameters. To this end we
will mainly focus on a comparison of fully state-resolved quantum dynamical
(QD) and quasi-classical trajectory (QCT) reaction probabilities for Hy incident
on Cu(211), and the effect of Boltzmann averaging over all rovibrational states
populated in a molecular beam experiment. Employing the time-dependent
wave packet (TDWP) method®”*®, we have carried out QD calculations mainly
for Hy. Due to the low mass of Hy quantum effects are presumed to be most
prevalent for Ho and energy transfer to the surface during collision is expected
to be small. Performing this large body of calculations for Dy would have been
much more expensive because its larger mass necessitates the use of denser
numerical grids and longer propagation times.

Another aim will be to investigate if the reaction dynamics of Hy dissociation
on the stepped Cu(211) differs from the reaction dynamics at low Miller index
copper surfaces, for which the reaction dynamics is reasonably similar3! 3344,
This is relevant because the Cu(211) surface has Cu(111) terraces and Cu(100)
steps, and considering this question might thus provide more insight in how a
stepped surface can alter reaction mechanisms. Rotational quadrupole align-
ment parameters for vibrationally excited molecules are similar in behavior for
Cu(111)1733 and Cu(100)3132. Tt will be investigated whether the same holds
for Hy + Cu(211).

Recent associative desorption experiments on Cu(111) and Cu(211)5, which
were in good agreement with earlier theoretical and experimental
work!731:35,36,47.59 "have shown a ’slow’ reaction channel to be active for both
Cu(111) and Cu(211) which has not been reported before. In this channel
reaction could be facilitated by trapping on the surface and distortion of the
surface due to thermal motion forming a reactive site0. Our calculations on
sticking of Ho are performed using the static surface approximation, which
suggests that we might not be able to model this slow channel. We do however
make a direct comparison to the experimental effective barrier heights obtained
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by applying the principle of detailed balance and direct inversion of time-of-flight
measurements reported by Kaufmann et al.46 for the fast channel.

The highly accurate potential energy surface (PES) used in our calculations
and our previous work?” has been constructed using the corrugation reducing
procedure (CRP)% together with the SRP48 density functional®®, which was
proven to be chemically accurate for Ho dissociating on Cu(111)36. It has also
been shown previously that the SRP functional for Hy + Cu(111) is transferable
to Hy + Cu(100)3!. All our calculations have been carried out using the BOSS
model which works well for activated Hy dissociation on metals at low surface

tempem‘curesQ7’34’37’61 .



4.2. Computational methods and simulations 95

4.2 Computational methods and simulations

In the following, we present details on the different simulations we have per-
formed to describe the dynamics of Hy (D2) incident on Cu(211). In our
six-dimensional QD, QCT and MDEF simulations we used the static surface
approximation. They are carried out on a six-dimensional PES that was previ-
ously developed by us*” on the basis of the corrugation reducing procedure5?
and ~116 000 DFT energy points computed with the SRP48 functional®3. The
SRP48 functional contains 48% RPBE®? and 52% PBE®? exchange correlation
and was fitted to quantitatively reproduce experimental sticking probabilities
for the reaction of Ha(D2) on a flat Cu(111) surface®3. The very similar SRP

functional®® performed excellently at describing the Hy + Cu(100) reaction®!.

4.2.1 Coordinate system

The six-dimensional dynamics calculations account only for the motion along
the six molecular degrees of freedom (DOF) of Hy (D3), while the surface atoms
are kept frozen at their ideal 0 K configuration as computed with DFT. The
molecular coordinates include the center of mass (COM) position of Hy given
by the coordinates X,Y, Z, where Z is molecule-surface distance and X, Y
describe the lateral position measured relative to a Cu reference atom at the step
edge. Also included are the H-H bond distance r and the angular orientation
of Hy given by the polar angle 6 defined with respect to the surface normal
and the azimuthal angle ¢. The coordinate system is drawn in figure 4.1a, and
the Cu(211) surface unit cell in figure 4.1b, and additional details about the
dimensions of the (1x1)Cu(211) unit cell are specified in the corresponding
caption.

4.2.2 Ab initio molecular dynamics simulations

To describe the reaction of Dy on Cu(211) at normal incidence with the Born-
Oppenheimer molecular dynamics (BOMD) technique, we employ a modified
version of the Vienna Ab Initio Simulation Package®* %" (VASP). Note that
in previous publications, we referred to the direct dynamics technique using
SRP-DFT as the ab-initio molecular dynamics (AIMD) method. Because this
might be taken to imply that the SRP functional is not semi-empirical we
abandoned this name and we now refer to it as Born-Oppenheimer molecular
dynamics (BOMD). The modifications of the computer package concern the
propagation algorithm and were first introduced in work%:? on electronically
non-adiabatic effects in gas-surface systems using VASP. To be consistent with
our previous work on the system®”, we adopt the same computational setup
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FI1GURE 4.1: Coordinate system for
H3(D2) on Cu(211). H atoms are drawn
in blue and Cu atoms in brown. Shown
in a) is a side view of a (1 x 2)Cu(211)
supercell and b) a top view on a (1 x 1)
unit cell. The six molecular DOF are in-
dicated, i.e., the COM coordinates given
by X,Y, Z, where X,Y are the lateral co-
ordinates and Z is the molecule surface
distance. Furthermore, the H-H distance
is represented by r and the angular ori-
entation by the polar angle 6 and the
azimuthal angle ¢. The latter is defined
with respect to the X axis, the former
with respect to the macroscopic surface
normal. The computed lengths of the
lattice vectors of the (1 x 1) unit cell are
Lx =6.373 A and Ly = 2.602 A along
Xand Y.

for the electronic structure calculations specified in the supporting information
of ref.4” Here, we briefly recall only the most important details. The Cu(211)
surface is represented using a five layer slab model periodically repeated over
a (1x2) supercell with a vacuum spacing of 15 A. Ultrasoft pseudopotentials
are used and plane waves corresponding to energies of up to 370 eV. The
k-points are sampled using the Monkhorst-Pack grid scheme and an 8x8x1
mesh centered at the I' point. Fermi smearing is used with a width of 0.1 eV.

BOMD simulations are performed at different average incidence energies
and mimic corresponding molecular beam conditions at which Michelsen et al.
originally performed experiments on the dissociation of Dg on flat Cu(111). The
inclusion of beam parameters in the simulations is explained below in section
4.2.5. For each incidence energy point, we perform 500 trajectory calculations.
This allows us to achieve an absolute standard error of smaller than 0.02 in
the computed initial sticking coefficient. All BOMD trajectories start at a
molecule-surface distance of Z =7 A and are propagated until dissociation or
scattering of Do has occurred. Here, we count trajectories to be dissociatively
adsorbed if the D-D distance r is larger than 2.45 A. A non-reactive scattering
event is counted when trajectories return to the gas phase and have reached a
molecule-surface distance of Z > 7.1 A. We use a time-step discretization At
of 1 fs in the dynamics propagation and a maximum propagation time ¢y of 2
ps. Geometries between consecutive time steps are updated if the electronic
energy is converged to 1075 eV. The setup allows on average for an energy
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conservation error of typically ~ 10 meV.

BOMD simulations performed within the static surface approximation
employ the same slab model described in our earlier work®?. Therein, the first
four layers of the slab are relaxed through energy minimization (the positions
of the fifth layer atoms are fixed during relaxation). The resulting optimized
Cu(211) surface conserves the plm1 space group and remains unchanged during
the BOMD simulations. This prevents energy transfer to take place between
the molecule and the surface due to excitation of surface atom motion upon
scattering. To model a thermalized Cu(211) surface at a temperature T = 120
K according to experiments, we follow the NVE/NVT procedure explained in
Refs.3370 and generate 10,000 slab configurations resembling the phase space.
The initial condition of an BOMD trajectory at Ts = 120 K is set up by
randomly mixing thermalized slab models with a random configurations of Do
generated according to the molecular beam conditions.

4.2.3 Quasi-classical simulations

The MD(EF) simulations presented in this work use the 6D-PES of Ref.4” and
assume quasi-classical conditions”, that is, initial conditions of the classical
trajectories reflect the quantum mechanical energies of incident Hy(D3) in their
initial rovibrational state(s). To do so, we use the method described in ref.™
The dynamics is studied by integrating a Langevin equation”® numerically using
the stochastic Ermak-Buckholz algorithm™ and the methodology is outlined in
refs.”%™ Note that in the non-dissipative limit, i.e. the MD case, the Langevin
equation obeys Newton’s equation of motion for which the propagation algo-
rithm is also suitable. In the MDEF case, energy dissipation between molecule
and surface is mediated through electronic friction as computed from the local
density friction approximation within the independent atom approximation
(LDFA-TAA) model™. Specifically, friction coefficients of the hydrogen atoms
are represented as a function of the electron density of the ideal bare Cu(211) sur-
face. The latter is extracted from a single DFT calculation, see Ref.” for details.

QCT calculations are used here i) to model fictitious molecular beam
experiments using realistic beam parameters, and ii) to perform initial state-
resolved calculations. In the former case, 100 000 QCT calculations per energy
point are computed, whereas state-resolved sticking coefficients are evaluated per
energy point from 50 000 trajectories. As with BOMD, all MD(EF) trajectories
start at a molecule-surface distance of Z =7 A. A time step of At = 0.5 h/Ey,
(~0.012 fs) is used for the propagation resulting in an energy conservation
error for the MD simulations of smaller than 1 meV. To determine probabilities



3 Chapter 4. Quantum dynamics of dissociative chemisorption of Hy on the

) stepped Cu(211) surface

for dissociative adsorption and non-reactive scattering, we impose the same
conditions used for the BOMD simulations, see above.

4.2.4 Quantum dynamics simulations

To perform 6D quantum dynamics simulations, we solve the time-dependent
Schrédinger equation:

ih% = H(Q)V(Q;1), (4.1)

using the time-dependent wave packet (TDWP) approach as implemented in
our in-house computer package®”®®. In Eq.4.1, Q= (XY, Z, r,0,0)7 is a
six-dimensional position vector, w(g;t) is the time-dependent nuclear wave

function of the system and H (Q) is the time-independent Hamiltonian which
reads:

. h? h? 92 1
HQ)=—-—V?— ——5 +

3ty oo T agad 09 +V(Q. (4.2)

Here, M and p are the mass and the reduced mass of Ho, and V and J are
the Nabla and the angular momentum operators. The 6D PES, V(Q) =
V(X,Y,Z,r,0,¢), is taken from ref!” and was computed with the SRP48
functional®3. The initial wave function is represented as a product of a Gaussian
wave packet u(Zp,kZ) centered around Zj, a two-dimensional plane wave
function <Z>(k:())( , k%/ ) describing motion along X,Y and the rovibrational wave

function v, j m, (1,0, ) of incident Ha:

U(Q,t =0) =ty jm, (r.0,0) (ki , kg Yu(Z; Zo, kE) (4.3)

where the two-dimensional plain wave function and the Gaussian wave packet
are defined as

(kg ky) = ko otk Y0) (4.4)
2 L~

w(Z; Zo, k) = <2L>4/ dkOZ(fUQ(Efkg)ei(Efkoz)ZoeikOZZO. (4.5)
T 0

Here, o is the width of the wave packet centered around Zy with the average
momentum k& and kg( Yo7 are the initial momenta of the COM. The width o is
chosen in such a way that 90% of the Gaussian wave packet is placed in a energy
range E; € [Epmin, Pmaz)|- Eq.4.1 is solved numerically using the split operator
method with a time step At. We apply a quadratic form of optical potentials”®

in the scattering (at large values of Z) and adsorption regions (at large values
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of 7). The scattered fraction of the wave function is analyzed through the
scattering matrix formalism”’ and the scattering probability Pi. is computed
accordingly. Substracting Ps. from 1 then yields the sticking probability Sp.

Parameters for the wave packet calculations defining the initial wave packet,
the rotational basis set, the grid representation, time step and the optical
potentials are compiled in Table 4.1. The final propagation time can vary since
we stop simulations if the remaining norm on the grid is below 0.01.

TABLE 4.1: Input parameters for the 6D quantum simulations on the reactive scattering
of Hy on Cu(211). All wave packets were propagated until the remaining norm was
less then one percent.

0.05 - 0.22 &V 0.2-0.6 eV 0.57- 1.4 eV Dy
vo vy vo vy vo vo vy v1Jg
Jelo,7 | Je8,11]

Zstart (Bohr) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Nzqpee 280 280 280 280 280 280 280 280

z 180 180 176 176 176 176 176 176
AZ (Bohr) 0.1 0.1 0.08 0.08 0.08 0.08 0.08 0.08
Rstart (Bohr) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

R 60 60 56 56 56 56 56 56
AR (Bohr) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Nx 36 36 36 36 36 36 36 42
Ny 12 12 12 12 12 12 12 16
Tmax 26 /25 | 30/29 | 26 /25 | 32 /31 38 / 37 42 / 41 36 / 35 42
mJmax 26 /25 | 30 /29 | 26 /25 | 32 /31 30 / 29 42 / 41 28 / 27 40
Complex absorbing potentials
ZCAF start [ag] 8.9 8.9 8.88 8.88 8.88 8.88 8.88 8.88
ZCAP end [ao] 15.9 15.9 12.0 12.0 12.0 12.0 12.0 12.0
ZCAP Optimum [eV] 0.16 0.16 0.3 0.3 0.95 0.95 0.95 0.3
ZTAF start [ag] 18.1 18.1 16.8 16.8 18.16 18.16 18.16 16.8
ZSAP end [ag) 25.9 25.9 20.32 20.32 20.32 20.32 20.32 20.32
z2EAP Optimum [ev] 0.16 0.16 0.3 0.3 1.2 1.2 1.2 0.3
REAT start [ag] 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55
REAP end [ag] 9.65 9.65 9.05 9.05 9.05 9.05 9.05 9.05
REAP optimum [eV] 0.12 0.12 0.3 0.3 1.0 1.0 1.0 0.3
Propagation
At [h/En] 2 2 2 2 2 2 2 2
ty [h/Ey] | 44000 | 44000 | 14000 | 14000 | 10000 | 10000 | 10000 | 20000
Initial wave packet
Eomin [V] 0.05 0.05 0.2 0.2 0.57 0.57 0.57 0.2
Emaz [eV] 0.22 0.22 0.6 0.6 1.4 1.4 1.4 0.6
Zo lao] 13.50 13.5 11.44 11.44 11.44 11.44 11.44 11.44

4.2.5 Computation of observables

To incorporate the effect of a molecular beam on the computed sticking coeffi-
cient we need to take into account the distributions of translational energies
and the rovibrational state population due to a nozzle temperature T},. The
probability to find a molecule with velocity v + dv in a rovibrational state
described by the vibrational quantum number v and the angular momentum
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quantum number J is given by:
P(v,v,J,Ty)dv = Py (v; Ty)dv X Py (v, J, T5,) (4.6)

where the flux-weighted velocity distribution Py, is a parameterized function
of T,, and determined by the width parameter a and the stream velocity vg

according to"® L
Pz (v; T, )dv = Cvde= (000 gy (4.7)

where C' is a normalization constant. The ensemble representation of the
rovibrational state population distribution reads:

w(J) f(v, J,T,)
ZU’,J’EJ(mOd 2) f(V/’ J' Tn)

Pint(V7 ']7 TTL) = (48)

with
fw, J,Ty) = (2J +1) x e(=(Bv,0—FE0,0)/kBTvib) o o(=(Ev,1—Ev,0)/kBTrot) (4.9)

Here, kp is the Boltzmann constant and £, ; is the energy of the quantum
state characterized by v and J. In equation 4.9 the first and second Boltzmann
factor describe vibrational and rotational state populations, respectively. Note,
that the rotational temperature is Tpo; = 0.87},' whereas the vibrational tem-
perature Ty, = 1;,. This setting is in agreement with the observation that
rotational but no vibrational cooling occurs during gas expansion in the nozzle.
The factor w(J) in Eq. 4.8 is due to ortho- and para-hydrogen molecules present
in the beam. For Ho, w(J) is 1/4 (3/4) for even (odd) values of J, and for Do,
w(j) = 2/3 (1/3) for even (odd) values of .J.

In the case of classical dynamics calculations (MD, MDEF and BOMD),
the probability distribution P(v,v,J,T},) is randomly sampled as described in
ref’® using the different beam parameters of Hy and Dy listed in Table 4.2.
The sticking coefficient per energy point is given by the ratio of the number
of adsorbed trajectories N,4s and the total number of computed trajectories
N, that is, Sg = Nggs/N. To extract quantum mechanical results on Hy beam
simulations, a direct sampling of P(v,v, J,T},) is not feasible. Instead, initial
state-resolved reaction probabilities Ryono(Ei, v, j) are first computed as func-
tions of the monochromatic incidence energy E; by degeneracy averaging fully
initial state-resolved reaction probabilities Pr(E;, v, J,m;) over the magnetic
rotational quantum number my, i.e.,
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J
Rmono(Ei7 v, J) = Z (2 - 5mJ,O)PR(Ei7 v, J7 mj)/(2‘] + 1) (410)

mJ:O

The initial sticking probability So((F;)) is then calculated as a function of
average incidence energy (E;) by averaging over the rovibrational (v, J) states
populated in the beam (see Eq. 4.8) and the flux-weighted distribution of the
incident translational energies of the beam, according to

So((Ei) =)

J

OOP/ Eia 7J7Tn Rmono Ei7 7=] dEz
Zfo (Ei, v, J, Tn) (Ei, v, J)dEi (4.11)

f()oo P/(Eia v, J7 Tn)dEz

We note that although So((E;)) is written and plotted in publications as a
function of average incidence only, it also implicitly depends on 7;, through the
distribution P’(E;,v, J,T,) of incidence energies and the rovibrational state
populations

P(E;,v,J, T,)dE; = P}lux(Ei;Tn)dE,; X Pt (v, J, T),). (4.12)

P'(E;, v, J,T,) makes the initial sticking also depend implicitly on incident
beam conditions other than just 7;,, due to the occurrence of the flux-weighted
distribution of incidence energies P],"lux(Ei; T,), which depends on a number of
factors including the molecular beam geometry, backing pressure, whether or
not a seeding gas is used, and can be described by the parameters Ey and AFEy
according to:

Plo(Ei; To)dE; = C' Eje P WVEVE)* /AL g, (4.13)

Instead of averaging over incidence energies using P}lum(Ei; T,) as done in
Eq. 4.12 it is also possible to average over the flux-weighted velocity distribution
of the molecules in the beam, Py, (vi; T5,), and the derivation Py, (Ei; Ty)
from Pfpyq(v; Ty ) is discussed in Ref™. For a particle of mass m, the parameters
are defined as Fy = mv3 /2 and AEy = 2Eya/vp.

To obtain sticking coefficients Sy, we perform 114 state-resolved calcula-
tions (corresponding to 342 wave packet calculations) for an energy range of
E; € 0.05,1.4] eV. The initial states of incident Hy considered here to evaluate
Eq.4.11 are characterized by the quantum numbers J € [0,11] for » = 0 and
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TABLE 4.2: Molecular beam parameters taken from experiments performed on the

Hy(D3) + Cu(111) system and the Dy + Pt(111) system. The parameters vo, o, Tp,

represent the stream velocity of the beam, the velocity width of the beam and the nozzle

temperature, yielding an average translational incidence energy (F;). Parameters were
taken from refs!6:35,

Tn [K] | (Es) [kJ/mol] [ vo [m/s] | Eo [eV] | o [m/s]
Seeded molecular Ho beams, Ts = 120K

1740 19.9 3923 0.160 1105
1740 28.1 4892 0.250 1105
1740 38.0 5906 0.364 945
2000 18.2 3857 0.155 995
2000 25.1 4625 0.223 1032
2000 44.1 6431 0.432 886
Seeded molecular Dy beams, Ts = 120K
2100 62.6 5377 0.829 649
2100 69.2 5658 0.860 717
2100 80.1 6132 0.849 830
Pure molecular Hy beam, Ts = 120K
1435 31.7 5417 0.307 826
1465 32.0 5446 0.310 830
1740 38.0 5906 0.364 945
1855 40.5 6139 0.394 899
2000 44.1 6431 0.432 886
2100 47.4 6674 0.465 913
2300 49.7 6590 0.454 1351
Pure molecular Ha beam, Rendulic and co.
1118.07 25.1 3500 0.12794 1996
1331.89 29.9 3555 0.13200 2342
1438.82 32.3 3380 0.11932 2611
1501.19 35.7 3151 0.10371 2819
1581.35 35.5 3219 0.10816 2903

J €0,7] for v =1, respectively, and m; € [0, J].

The rotational quadrupole alignment parameter as a function of v and J is
a measure of the extent to which the reaction depends on the orientation of the
molecule. The rotational quadrupole alignment parameter is calculated from
the fully-state-resolved reaction probability as follows™

m2
So(2 = Gy P o) (57~ 1)
AP, 7) = . . (4.14)
ZmJ:O(Q - 5mJ70)P7'(V7 J, mJ)
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4.3 Results and discussion

4.3.1 Fully-state-resolved reaction probabilities

In order to highlight the difference between a QD and QCT treatment of the Hy
+ Cu(211) system we first present initial-state-resolved reaction probabilities
in figure 4.2a, 4.2b and 4.2c. QD calculations have been performed for a large
number of rovibrational states. All input parameters can be found in table
4.1. The biggest differences between QD and QCT calculations at the fully-
state-resolved level are observed for the lowest rovibrational states, as shown in
figure 4.2b and 4.2c. The differences get increasingly smaller with increasing
J for J > 1. From QCT data at higher translational energies that are not
shown in this figure it is clear that all states converge towards an asymptotic
maximum reaction probability which depends slightly on the rovibrational
state with respect to the maximum reaction probability. We note that for very
high J, J > 10 (not shown here), QD predicts a marginally smaller (less then
2%) asymptotic maximum reaction probability, while figure 4.2¢ suggest the
opposite is true for the vibrational ground state and the first vibrationally
excited state.

Figure 4.2b shows the largest discrepancy between the QCT and QD calcu-
lations observed. Here |m ;| = J pertains to a ’helicoptering’ Ho molecule, and
myj = 0 to a "cartwheeling’ Ho molecule rotating in a plane perpendicular to the
surface. The preference for reacting parallel to the surface (i.e. m; = J having
a higher reaction probability then mj; = 0) is bigger for QD calculations than
for QCT calculations. This difference is negligible however when looking at
degeneracy averaged reaction probabilities, which are shown in figure 4.2a. This
also holds for the states not shown here. When looking at degeneracy averaged
reaction probabilities, the agreement between the QCT and QD method is
excellent.

In the calculations no evidence of the "slow channel" reactivity reported
by Kaufmann et al.*6 in their very recent paper is observed, i.e. of reaction
at low translational energies. It can now be ruled out that quantum effects
during the dynamics are the source of this slow channel reactivity, in which
reaction supposedly is inhibited by translational- and promoted by vibrational
energy?®. When looking at the individual rovibrational states that exhibit the
biggest difference in reactivity between QD and QCT calculations, no evidence
of the slow reaction channel is present in our results. The translational energy
range sampled in our calculations should overlap with the translational energy
range where the slow channel is reported to be active by Kaufmann et al.%.
We therefore propose that the observed slow reaction channel must originate
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from surface motion at a very high surface temperature (923K), which has not
been incorporated into our QD calculations and is challenging to incorporate

in QCT calculations®.

4.3.2 Rotational quadrupole alignment parameters

As might be suspected from figure 4.2b from the larger preference for a parallel
reaction orientation for J = 1, calculated rotational quadrupole alignment
parameters show a large difference between QCT and QD calculations for the
J = 1 states shown there. However, here we will now focus on rotational
quadrupole alignment parameters for two particular rovibrational states of Ha:
(v=0,J =7 and (v = 1,J = 4) (figure 4.3a), and Dy: (v = 0,J = 11)
and (v = 1,J = 4) (figure 4.3b). These two sets of states were selected
because they are very similar in rotational energy to the two rovibrational
states for which rotational quadrupole alignment parameters for Do desorbing
from Cu(111) have been measured experimentally!” and studied theoretically
using the BOMD method3?. Results for both states of Dy reacting on Cu(111)

have been included in figure 4.3b. Note that a positive A((]Q)(I/, J) indicates
a preference for a parallel reaction orientation, a negative value indicates a
preference for a perpendicular orientation, and zero means the reaction proceeds
independent of orientation.

We observe that the predicted rotational quadrupole alignment parameters
eventually tend to zero with increasing translational energy, as all molecules
irrespective of orientation will have enough energy to traverse the barrier. It
is also clear that for Hy (v = 0,J = 7) the agreement between QCT and
QD calculations is excellent. The slight deviations at the lowest translational
energies can be attributed to noise in the very low reaction probabilities of the
underlying individual states.

The increase of the rotational quadrupole alignment parameter with de-
creasing translational energy, for the Hy (v =0,J =7) and Dy (v =0,J = 11)
states, is comparable to what is reported in the literature for Ho and Do asso-
ciatively desorbing from Cu(111) and Cu(100)'73133, This monotonic increase
of the rotational quadrupole alignment parameter with decreasing translational
energy can be explained by a static effect of orientational hindering, in which
slow- or non-rotating molecules will scatter when their initial orientation does
not conform to the lowest barrier geometry®2. Specifically, the molecule must
be in favourable orientation to begin with in order to react, especially with the
energy available to reaction being close to the threshold energy.

The blue lines in figure 4.3a correspond to the (v = 1, J = 4) rovibrational
state of Hy and in figure 4.3b to the (v = 1, J = 6) rovibrational state of Da.



4.3. Results and discussion 105

Degeneracy averaged
J=1

v.J

© o o
A OO 0

reaction probability

o
(V)

02 04 06 038 1 12 14
translational energy [eV]

FIGURE 4.2: Reaction probability computed with QD calculations (solid lines) and
QCT calculations (dashed lines) for normal incidence. Panel (a) shows degeneracy
averaged reaction probabilities for J = 1 for both the ground state and the first
vibrationally excited state. Panel (b) shows the reaction probability obtained for
the m; = 0,1 states belonging to J = 1 for both the ground state and the first
vibrationally excited state. Panel (c) shows the reaction probability for the J = 0
state for both the ground state and the first vibrationally excited state as well.
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In contrast to the previously described states (v = 0,high J), the rotational
quadrupole alignment parameter now first increases with increasing translational
energy until reaching a maximum around 0.43 eV for Hy and 0.52 eV for Do
before decreasing towards zero with increasing translational energy. From figure
4.3 it is clear that around the maximum the agreement between the QD and
QCT calculations is not as excellent for Ho than for Do, although the agreement
is still good.

The downturn of the rotational quadrupole alignment parameter with
decreasing translational energy seen here for Dy and Hs in their (v = 1) states
colliding with Cu(211) was not observed for Dy desorbing from Cu(111) for
which, as can be seen in figure 4.3b, only a monotonous increase with decreasing
translational energy has been reported!”33. A slight downturn of the rotational
quadrupole alignment parameters has been predicted for vibrationally excited
Hy reacting on Cu(100)3%32 although the downturn was too small to lead to
a negative rotational quadrupole alignment parameter. Because the behavior
predicted for (v = 1) hydrogen colliding with Cu(211) qualitatively differs from
that observed previously for Cu(111) and Cu(100), we will now first attempt
an explanation for the dependence of the rotational quadrupole alignment
parameter on incidence energy that we predict for Dy (v =1, J = 6), and then
discuss the case Dy (v =0,J = 11).

From the literature it is known that the behavior of the rotational quadrupole
alignment parameter as a function of incidence energy can be related to features
of the molecule-surface interaction at the preferred reaction site of the molecule,
for the initial rovibrational state considered®?. For example, vibrationally
excited Hy with a translational energy close to the threshold to reaction was
found to prefer to react on a top site of Cu(100) due to features in the PES
being more favorable, for instance, the increased lateness of the barrier at this
site allowed more efficient conversion of energy from vibration to motion along
the reaction path3?3839  Next, the dependence of the rotational quadrupole
alignment parameter on incidence energy of vibrationally excited Hy on Cu(100)
could be explained on the basis of the anisotropy of the molecule-surface
interaction energy at the top site. In our explanation of the behavior seen for
Hs and Dy on Cu(211), we will therefore proceed in a similar manner.

Figure 4.4a shows the reaction density of Dy (v = 1,J = 6) extracted
from QCT calculations projected onto the Cu(211) unit cell. Here we focus
specifically on the Dy (v = 1, J = 6) rovibrational state because it has been
experimentally measured on Cu(111)'7, but the same mechanism appears to
be present in our data for Hy (v = 1,J > 2). All reacted trajectories up
to a translational energy of 0.35 eV have been included. It is immediately
clear that molecules in this particular state prefer to react on the ¢; top site*’,
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FIGURE 4.3: Panel (a) shows rotational quadrupole alignment parameters, A(g)(z/, J),
for two rovibrational states of Hy: (v = 0,J = 7) and (v = 1,J = 4). Panel (b)
shows rotational quadrupole alignment parameters for two rovibrational states of Do:
(v=0,J=11) and (v =1,J = 6). Solid lines correspond to QD calculations, dashed
lines to QCT calculations. Panel (b) also shows experimental results for Do on Cu(111)
(black)'7, as well as BOMD results for Dy (v = 1,.J = 6) on Cu(111) (green)33.
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which in the case of Cu(211) is at the step, with small outliers in reactivity
pointing towards the bottom of the step. The t; barrier is an extremely late
barrier (r;, = 1.44 A), as can be seen in table 3 of ref*”. The very late barrier
allows for efficient conversion of vibrational energy to motion along the reaction
coordinate! 1241,

Figure 4.5 shows a representative reactive trajectory of Dy (v = 1,J =
6, my = 0) with a translational energy of 0.3 eV, and plots the classical angular
momentum, Jo, as a function of the propagation time. Jo is decreased before
reaching the barrier, and a minimum in J¢ is reached at the transition state,
where r becomes equal to 1.44 A corresponding to the ¢; barrier’”. In the
majority of the reacted trajectories the minimum of J¢o is reached when r
reaches the value of the t; transition state, even when the molecule would
make one or more bounces on the surface. This is a clear indication that
rotational de-excitation takes place before the molecule reaches the transition
state. This suggests that the reaction proceeds through rotational inelastic
enhancement?®?, i.e., the reaction is promoted by rotational energy flowing to
the reaction coordinate. The bump in Jo (i.e. its increase) still relatively
far away from the surface is a feature that is also present in the majority of
reactive trajectories. It is not completely clear to us what the cause is of
this increase of J¢ still relatively far away from the surface before proceeding
towards the transition state. We speculate that the increasing vicinity to the
surface turns on the anisotropy of the molecule-surface interaction, thereby
coupling rotational motion and stretching motion, and providing a mechanism
for the rotational energy to remain more constant while the bond extends and
compresses due to the molecular vibration. This mechanism could consist in
the classical angular momentum increasing when the bond extends, to offset the
effect of the bond extension on the rotational constant (upon bond extension
the rotational constant decreases and if not compensated this would decrease
the rotational energy). This could possibly explain the hump observed in J¢&
at ¢ &~ 4500 atomic units of time in figure 4.5.

There is also indirect evidence for rotationally enhanced reaction of Do
(v=1,J =6,my; = 0) in our QD calculations. Figure 4.6a shows inelastic
scattering probabilities for Dy (v = 1,J = 6,m; = 0) and figure 4.6b shows
inelastic scattering probabilities for Dy (v = 1,J = 6,m ; = 6). From a pair-
wise comparison of data with the same color between figure 4.6a and figure 4.6b
it is clear that Dy (¥ = 1,J = 6, m; = 0) has a considerably higher probability
to rotationally de-excite in the scattering process compared to Dy (v =1,J =
6,m; = 6). This suggests that the reaction of (v =1,J = 6,m; = 0) is also
rotationally enhanced in the quantum dynamics if the de-excitation occurs



4.3. Results and discussion 109

before the barrier is reached and the released rotational energy is transfered to
motion along the reaction coordinate.

There are four possible mechanisms that affect the reaction probability and
may affect the rotational quadrupole alignment parameters, two enhancing
mechanisms and two steric hindering mechanisms®?. Here we have focused
on one enhancement mechanism, inelastic rotational enhancement, since the
evidence presented in figures 4.5, 4.6a and 4.6b is consistent with this mechanism.
Inelastic rotational enhancement requires reaction to take place on a site with
a low anisotropy in ¢ and a large anisotropy in 6 at the barrier3?. The main
reasons for proposing the presence of this mechanism are the sharp downturn
of the quadrupole alignment parameters for (v = 1, J > 2) rovibrational states
in figure 4.3a and 4.3b and the rotational de-excitation seen in figures 4.5, 4.6a
and 4.6b. We note that inelastic rotational enhancement is the only mechanism
that predicts a lowering of the rotational quadrupole alignment parameters>?.
A complete overview of the four mechanisms and what features of the PES
they depend on can be found in table 3 of ref.32.

A feature of the 1 site that facilitates the conversion of rotational energy to
motion along the reaction coordinate is a low anisotropy of the potential in ¢
combined with a large anisotropy in 6. Figure 4.7 shows the anisotropy at the ¢;
barrier?” (r and Z are kept constant here), the top panel shows the anisotropy in
¢ and the bottom panel shows the anisotropy in 6. It is clear that the anisotropy
in 0 is substantial, while the anisotropy in ¢ is very small compared to the
anisotropy in . Somers et al.32 have shown that the high anisotropy in 6 may
facilitate inelastic rotational enhancement. Inelastic rotational enhancement is
expected to be most effective for low |m | states with J > 2, and the mechanism
would lead to decreased rotational quadrupole alignment parameters3?. The
reason for the decrease in the rotational quadrupole alignment parameters is
that m is approximately conserved, so that a decrease in J, which can promote
reaction through rotationally inelastic enhancement, is possible only for low
[m|.

It is also clear from figure 4.3b that from the point of view of the orienta-
tional dependence of reaction Cu(211) cannot be described as a combination
of (100) steps and (111) terraces. The monotonic increase of the rotational
quadrupole alignment parameter for Dy reacting on Cu(111)!733 is very similar
to the behavior reported for Cu(100)3132. A slight downturn at translational
energies close to the threshold to reaction has been reported in the case of
Cu(100), indicating that the inelastic rotational enhancement mechanism is
taking place. The downturn is however small and does not lead to negative
quadrupole alignment parameters as we show here for Hy and D4 reacting on
Cu(211). This is a clear indication that the reaction dynamics of the Cu(211)
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surface is distinct from the reaction dynamics of its component Cu(111) terraces
and Cu(100) steps when looked at individually. This is most likely because
the energetic corrugation of the Cu(211) surface is much lower compared to
Cu(111) and Cu(100), a feature that favors the reaction of vibrationally excited
molecules if sites with late barriers are present.

We now turn to an explanation for the monotonic decrease of the rotational
quadrupole alignment parameter predicted for the (v = 0, high J) states of
Hy and Dy colliding with Cu(211) in figure 4.3a and 4.3b. No downturn of
the rotational quadrupole alignment parameter is observed for the (v = 0)
states even though Dy (v =0,J = 11,m; = 11) reacts at the step as well as
Dy (v =1,J = 6), as can be seen in figure 4.4b. The lack of a downturn in
the rotational quadrupole alignment parameter arises because the Dy (v = 0)
states react using a different mechanism. Figure 4.8 shows a representative
reactive trajectory of Dy (v = 0,J = 11,my = 11), and it is clear that the
angular momentum only drops after the transition state has been reached.
This is a clear combination of elastic rotational enhancement for the helicopter
molecules together with orientational hindering for the cartwheeling molecules
which causes the increase of the rotational quadrupole alignment parameters
of the (v = 0) molecules®?. We note that Dy (v = 0,J = 11) reacting on the
step at the ¢ site is due to the high initial rotational quantum number. The ¢;
barrier is slightly higher in energy than the lowest barrier to reaction but at
this site the reaction is less rotationally hindered if the molecule rotates in a
plane parallel to the surface, and the barrier is much later than at the lowest by
site on the terrace. This allows molecules in the vibrational ground state that
are rotating fast in helicopter fashion and have incidence energies close to the
threshold to reaction to react there, by converting rotational energy to motion
along the reaction path as the bond extends and the rotational constant of the
molecule drops, while J remains roughly the same.

Above, we have shown that Dy in its (v =0,J = 11) and (v =1,J = 6)
states prefers to react near the ti-site, i.e., on or near the steps (see figure 4.4a
and 4.4b). This might seem to contradict an earlier conclusion, that at low
incidence energies Do prefers to react on the terrace*”. However, this conclusion
was based on molecular beam experiments and simulations of those experiments,
and under the conditions addressed*” the (v = 0,.J = 11) and (v = 1,.J = 6)
states would hardly have population in them. A more appropriate picture of
the reaction probability density for molecules under the conditions of ref.4”
is shown in figure 4.4c. There it can be seen that Dy (v = 0,J = 2) (this
state would be highly populated in the beams used and simulated in Ref.4")
prefers to react at the terrace bs site, which has the lowest barrier to reaction.
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The reaction density for Dy (v = 0,J = 2) is in line with earlier findings that
molecules in the vibrational ground state with low J react at the lowest barrier
to reaction23%39 and with the findings for Dy + Cu(211) of ref.47.

Kaufmann et al.*6 did not measure rotational quadrupole alignment pa-
rameters in their recent study. We believe that the downturn of the rotational
quadrupole alignment parameter at low incidence energies, which has not been
observed before with this large downward shift for both Hy and Dy reacting
on copper, may well be experimentally verified for both isotopes on Cu(211).
Specifically, the reaction probability of Ho and Ds is large enough, and the
(v =1, J = 4) rovibrational state of Hy and the (v = 1,J = 6) of D2 have large
enough Boltzmann weights at reasonable surface temperatures (923K) to make
the downturn measurable. Comparing experimental rotational quadrupole
alignment parameters to theoretical ones will provide a very stringent, and
detailed way of testing the accuracy of the electronic structure calculations
used in the construction of the PES.

4.3.3 Comparing to experimental Ey(v,.J) parameters

Next we will make a direct comparison with the state-specific, or degeneracy
averaged, reaction probabilities reported by Kaufmann et al.*6 From their
experiments they could derive dissociative adsorption probabilities by applying
the principle of detailed balance to the measured time-of-flight distributions.
However, comparing the relative saturation value of the reaction probability
obtained from associative desorption experiments to the zero coverage absolute
saturation values predicted by theory is not straightforward. The authors of the
experimental paper pose several ways of scaling the experimental data in order
to make a comparison to theoretical work possible. Scaling the experimental
data to experimental molecular adsorption results introduces the uncertainties
related to the direct molecular adsorption experiment used as a reference in
this process. Theory calculates sticking probabilities in the zero coverage limit.
When scaling the experimental desorption data to experimental adsorption
data the zero coverage limit will only be a lower bound, especially when a
molecular beam experiment with a very broad translational energy distribution
is chosen as a reference. (Note that in section 5.2.6 of Chapter 5 a more
exhaustive disccusion is presented on the different methods to compare theory
to experimental Ey(v, J) parameters.)

We opt for the simplest and most direct method to scale to the relative ex-
perimental associative desorption data. In order to compare to the experimental
Ey(v,J) parameters, where Ey(v,J) is the translational energy for which the
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FI1GURE 4.4: Three plots of the reaction probability density of Do projected onto the

Cu(211) unit cell. Panel a shows the reaction density of Dy (v =1, J = 6); all reacted

trajectories up to a translational energy of 0.35 eV are included. Panel b shows the

reaction density of Dy (v = 0,J = 11); all reacted trajectories up to a translational

energy of 0.35 eV are included. Panel ¢ shows the reaction density of Dy (v = 0, J = 2);
all reacted trajectories up to a translational energy of 0.65 eV are included.
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FIGURE 4.5: A single representative reactive trajectory of Do (v =1,J = 6,m; = 0)

with a translational energy of 0.3 eV. The blue curve shows the angular momentum

(Je), the red curve shows the bond length (r), and the green curve shows the center
of mass distance to the surface (Z).
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FIGURE 4.6: Rotationally inelastic scattering probabilities for Dy for two different
inital rovibrational states as a function of translational energy. Panel (a) shows
rotationally inelastic scattering probabilities for Dy (v = 1,J = 6, m; = 0), panel (b)
shows rotationally inelastic scattering probabilities for Dy (v = 1,J = 6,m; = 6).
Colors correspond to the final rovibrational state of the molecule, with blue being for
(v =1,J" =0), red being for (v/ =1,J" = 2), and green being for (v/ =1, .J" =4).
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FIGURE 4.8: A single representative reactive trajectory of Do (v = 0,J = 11,m; = 11)

with a translational energy of 0.3 eV. The blue curve shows the angular momentum

(Je), the red curve shows the bond length (r), and the green curve shows the center
of mass distance to the surface (Z).
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reaction probability of the (v, J) state is half of the maximum reaction probabil-
ity measured for that (v, J) state, we use the reported maximum translational
energy sensitivity presented in tables S7 and S9 of ref.46 Theoretical Ey(v,J)
are taken to be the translational energy to which the reaction probability is
half that of the reaction probability at the maximum translational energy for
which the experiment is sensitive. This method also corresponds to what is
showcased in figure 13a of ref.#% Note that in section 2.4.3 the method described
here to make a comparison to experimental effective barrier heights is denoted
as method B1.

Figure 4.9 shows Ey(v, J) parameters for Hy and D2 reacting on Cu(211).
The agreement between theory and experiment is excellent for Hy. We calculated
mean absolute and mean signed deviations between the experimental and
theoretical E(v, J) parameters, see table 4.3. It is clear from figure 4.9 and table
4.3 that the agreement between theory and experiment is excellent in the case of
Hy, for which the total mean absolute deviation (MAD) (1> |Eg cup — Eol)
and mean signed deviation (MSD) (™13 Epezp — Eo) values for QD and
QCT calculations fall within chemical accuracy. We note that for Hy the
agreement is best for vibrationally excited molecules, while the reverse is true
with respect to Dy. For Dy the agreement is not yet within chemical accuracy,
mainly due to the slightly bigger discrepancies between theory and experiment
for the first vibrationally excited state. Theory, however, does not reproduce
the rotational hindering that can be seen in the experimental data, i.e. Eo(v,J)
does not first increase with J until a maximum before falling off with increasing
J. Theory shows no such behavior, here the Ey(v, J) parameter falls off with
increasing J for all methods investigated here.

Experiments on associative desorption of Hy from Cu(111)!%46 and of Dy
from Cu(111)16:3346 Jikewise found the rotational hindering effect on reaction
for low J. As for Hy and Dy interacting with Cu(211), we have not been able
to reproduce this subtle effect in calculations on Hy + Cu(111)35’36 and Dy +
Cu(111)3335 in electronically adiabatic dynamics calculations. Here we find that
MDEF calculations on He and Dy + Cu(211) do not reproduce the trend either,
suggesting that in the previous calculations the neglect of electron-hole pair
excitation was not the cause of the discrepancy between theory and experiment.
However, it is possible that calculations modeling electron-hole pair excitation
with orbital-dependent friction (ODF) will succeed in recovering the subtle
trend observed in experiments. For this, it may well be necessary that the ODF
coefficients explicitly model the dependence of the tensor friction coefficients on
the molecule’s orientation angles; earlier MDEF calculations on Hy 4 Cu(111)
using ODF coefficients did not yet do this?6.

According to figure 4.9, the reactivity measured experimentally in the
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associative desorption experiments is, for most (v, J) states, larger than that
predicted theoretically, with the experimental Fy(v, J) being lower. With the
use of the same scaling method to relate theory to experiment, Kaufmann
et al.4% obtained the same result for Hy and Dg reacting on Cu(111), and also
in their case they compared with theory on the SRP48 functional®3. To some
extent these results are odd, as calculations for Hy and Dy + Cu(111) using the
original SRP functional showed that the theory overestimated the experimentally
measured sticking coefficients?¢. However, also in this work theory generally
underestimated the reactivity measured in associative desorption experiments36.

The paradox noted above may be explained on the basis of the BOSS
model used in the calculations. This model neglects the effect of ehp excitation.
Modeling this effect on sticking experiments should lower the theoretical reac-
tivity, with computed sticking curves shifting to higher energies. Modeling the
effect on associative desorption experiments should show the opposite effect, if
the modeling is done correctly, i.e., starting with molecules being formed at
the transition state and then desorbing38!. The effect of ehp excitation in
such calculations should lead to translational energy distributions of desorbed
molecules being shifted to lower translational energies. The reaction probability
curves obtainable from these distributions by assuming detailed balance (which,
strictly speaking, is not applicable if ehp excitation is active) should then lead
to computed reaction probability curves (Ey(v,.J) values) shifted towards lower
energies, in better agreement with experiment (see figure 4.9).

The above also explains why our present MDEF calculations led to decreased
agreement with experiment: In these calculations we modeled the associative
desorption experiment as an initial-state selected dissociative chemisorption
experiment, in which ehp excitation should have the opposite effect. If we
assume the ehp excitation to have an effect that is similar in magnitude, but
opposite in sign with respect to the QCT calculations, the net effect of modeling
ehp excitation is to increase the agreement with experiment to the extent that
chemical accuracy is obtained for both (v = 0) and (v = 1) Hy on Cu(211).
This is illustrated by the MDEF* mean absolute and mean signed deviations
in table 4.3. The MDEF* values have been calculated by subtracting the
difference between the MDEF and QCT values from the QCT values. We
finally note that we have assumed that surface temperature does not much
affect the measured Fy(v,J) through surface atom vibrational motion, which
is in line with experiments®*?%, as discussed in the supporting information of
Diaz et al.36.
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MAD [eV] H» MSD [eV] Ha
total v=0 vr=1 total v=20 v=1
QCT 0.0362 | 0.0384 | 0.0289 | 0.0209 | 0.0384 | -0.0044
QD 0.0362 | 0.0449 | 0.0235 | 0.0241 | 0.0449 -0.006
MDEF 0.0509 | 0.0531 | 0.0272 | 0.0342 | 0.0532 0.0069
MDEF* | 0.0239 | 0.0237 | 0.0306 | 0.0076 | 0.0236 | -0.0157
MAD |[eV] D2 MSD [eV] D2
total v=20 v=1 total v=20 v=1
QCT 0.0485 | 0.0354 | 0.0675 | 0.0485 | 0.0354 | 0.0675

TABLE 4.3: Mean absolute and mean signed deviations for the theoretical Ey(v, J)
parameters are compared to the experimental values shown in figure 4.9.
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FIGURE 4.9: Ey(v, J) parameters as a function of J for Hy and Dy reacting on Cu(211).
Blue dots represent QCT results, red dots QD results, green dots MDEF results, and
black dots experimental results?®.
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4.3.4 Classical molecular beam simulations

One of the goals of this project was to carry out a molecular beam simulation
using the QD method. Since surface atom motion and ehp excitations cannot
be incorporated in QD calculations we have also performed molecular beam
simulations using the BOMD, QCT and MDEF methods for D impinging
on Cu(211) in order to quantify their effects on the reactivity measured in
a molecular beam experiment. As discussed together with the comparison
between our state resolved reaction probabilities and the associative desorption
experiments of Kaufmann et al.%6 there are some effects on the reactivity from
surface atom motion and ehp excitations though the effect falls within chemical
accuracy. The molecular beam experiments we treat here were carried for a
surface temperature of 120K16:35,

In figure 4.10 we compare BOMD calculations performed for a surface
temperature of 120K (red) to QCT (black) and MDEF (green) calculations
carried out on our six-dimensional PES. As an additional validation of the PES
we have also calculated one energy point using the BOMD method with a rigid
surface (blue). Each BOMD point is based on five hundred trajectories, each
QCT and MDEF point on a hundred thousand trajectories. The molecular
beam parameters were taken from refs'%36 and can be found in table 4.2. From
the excellent agreement in figure 4.10 between the black and blue data points
at 80.1 kJ/mol it is clear that our PES was accurately fitted, as was previously
demonstrated in figure S2 of ref*”. There we showed that for the dynamically
relevant region of the PES (Vjy4x < 2eV) the PES has a RMSE < 0.035 eV.
Therefore results obtained from QD calculations performed on our PES should
not be influenced much by any (small) lingering inaccuracies still present in the
PES related to the fitting procedure. It can also be observed from figure 4.10
that the effect of surface motion is small, and well within the limits of chemical
accuracy with respect to incidence energy. Due to the fact that Hy has a lower
mass, we expect the effect of including surface motion during the dynamics
will be even less pronounced for Hy than for Ds. We should also note here that
when low surface temperature experiments are considered, as with the 120K
surface temperature here, it is known from the literature that the BOSS model
works well for activated Hy dissociation on metals?”3435,37,61

It can also be seen from figure 4.10 that including the effect of ehp’s as a
classical friction force shifts the reaction probability curve slightly to higher
energies, and that the effect is rather small and linear with respect to the
average translational energy. From the literature it is also known that including
ehp excitations in the dynamics of Hg reacting on Cu(111) has only a marginal
effect on the reaction probability?6:33:37:82,
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FIGURE 4.10: Reaction probability as function of the average translational energy

for Dy on Cu(211), as computed with the molecular beam parameters of table 4.2.

BOMD results for a surface temperature of 120K are shown in red, MDEF results

are shown in green, and QCT results are shown in black. The blue point is a BOMD
result for Do on rigid Cu(211).

Due to the very small contribution of surface atom motion, and non-adiabatic
effects incorporated in the MDEF calculations to the overall reaction probability,
we pose that Hy impinging on Cu(211) is an excellent system to fully simulate
a molecular beam experiment using quantum dynamics methods since large
discrepancies between theory and experiment can reasonably be attributed
to quantum effects during the dynamics, as the BOSS model should be quite
accurate.

4.3.5 Quantum molecular beam simulations

Figure 4.11 shows results of simulations for four sets of molecular beam experi-
ments, with varying molecular beam conditions. The experiment of Rendulic
and coworkers'® has the broadest translational energy distributions. The molec-
ular beam parameters are taken from (the supporting information of) refs.16:35-36
Here, theoretical results obtained for the Hy + Cu(211) system are compared
to theoretical results for the Hy + Cu(111) system, where for all theoretical
results the SRP48 density functional was used. We only make a comparison to
theoretical work since, to the best of our knowledge, there exists no published
experimental molecular beam dissociative adsorption data for Hy reacting on
Cu(211).

In order to make the best possible comparison between the QCT and
QD results, both results are calculated from initial-state-resolved reaction
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probabilities for the same set of initial states. The molecular beam reaction
probabilities predicted by QCT and QD calculations are in excellent agreement
(figure 4.11). The excellent agreement holds for the very broad molecular beams
of Rendulic and coworkers in figure 4.11a, as well as for the translationally
narrow molecular beams of Auerbach and coworkers'® shown in figures 4.11b-d.
However, QCT predicts slightly higher reaction probabilities, especially for the
lowest translational energies. The consistently higher QCT reaction probability
can be attributed to zero-point energy (ZPE) leakage, which is not possible by
design in the QD calculations wherein the ZPE is preserved.

The excellent agreement between the QCT and QD calculations implies
that on the scale of a molecular beam experiment, in which a large number of
rovibrational states are populated, quantum effects during the dynamics affect
the reaction probability only in a very limited manner for reaction probabilities
> 0.1%. The similarity between the QCT and QD calculations also holds over
a wide range of molecular beam conditions, ranging from high to low incidence
energies and from high to low nozzle temperatures.

From figure 4.11 it is also clear that for most incidence energies (> 22
kJ/mol) Cu(211) is predicted to be less reactive then Cu(111), as was reported
previously for Dy + Cu(211)%7. The lower reactivity of Cu(211) compared to
Cu(111) cannot be explained by the d-band model®*?. In our previous paper
we and others showed that the d-band model does make accurate predictions of
the reactivity of different facets when similar reaction geometries are considered
but that the breakdown of the predictive prowess of the d-band model is caused
by the geometric effect of the lowest barrier to reaction for Hy dissociation on
the low index Cu(111) surface not being on a top site.

Based on the results in figure 4.11 we can now say definitively that, on
the scale of a molecular beam experiment, neglect of quantum effects during
the dynamics cannot be invoked to explain the lower reactivity of Cu(211)
than of Cu(111). This corroborates the theoretical results obtained in previous
work?®47 where QCT calculations were performed for Dy and Hs, and Sy were
measured for Do + Cu(111) for E; > 27 kJ/mol. More generally we can state
that molecular beam sticking of Ha on cold Cu(211) is well described with
quasi-classical dynamics, and this very probably also holds for He reacting on
Cu(111) and Cu(100).
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FIGURE 4.11: Comparison between four sets of molecular beam simulations for Hy +

Cu(111) and Cu(211), using the SRP48 functional, and for normal incidence. Reactivity

is shown as a function of average translational energy. The red dots correspond to QCT

calculations for Hy + Cu(111). The green and blue dots correspond to, respectively,
the QCT and QD calculations for Hy + Cu(211).
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4.4 Conclusions

In this chapter a comprehensive study of the quantum reaction dynamics of Ho
reacting on the Cu(211) surface has been carried out. A large number of TDWP
calculations has been performed for all important individual rovibrational states
reasonably populated in a molecular beam experiment. The main conclusion is
that the reaction of Hy (D2) 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 molecular beam energy
distributions.

It is however found that the extent to which the reaction depends on the
alignment of Hs is somewhat dependent on whether QD or the QCT method
is used, requiring a careful validation of the dynamical model depending on
the type of experiment that is being simulated. 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
BOMD calculations 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. No evidence has
been found in the fully-state-resolved data for the recently reported ’slow
reaction channel, even though we carried out calculations over a translational
energy range were this reported reactivity should be manifest. It is speculated
that the 'slow’ reaction channel is related to surface atom motion and that its
modelling requires the description of this motion, which is why we did not see
it here.

In contrast to the theoretical and experimental results for Do reacting on
Cu(111) and Cu(100), at low translational energy we observe a sharp downturn
of the rotational quadrupole alignment parameters for vibrationally excited
molecules. This downturn can be attributed to a site specific reaction mechanism
of inelastic rotational enhancement.

Y



References 123

References

(1)

(2)

Smeets, E. W. F.; Fiichsel, G.; Kroes, G.-J. Quantum dynamics of
dissociative chemisorption of Hs on the Stepped Cu(211) Surface. J.
Phys. Chem. C 2019, 123, 23049-23063.

Wolcott, C. A.; Medford, A. J.; Studt, F.; Campbell, C. T. Degree of
rate control approach to computational catalyst screening. J. Catal.
2015, 330, 197-207.

Sabbe, M. K.; Reyniers, M.-F.; Reuter, K. First-principles kinetic model-
ing in heterogeneous catalysis: an industrial perspective on best-practice,
gaps and needs. Catal. Sci. Technol. 2012, 2, 2010-2024.

Ertl, G. Reactions at surfaces: from atoms to complexity (Nobel lecture).
Angew. Chem. Int. Ed. 2008, 47, 3524-3535.

Waugh, K. Methanol synthesis. Catal. Today 1992, 15, 51-75.

Grabow, L.; Mavrikakis, M. Mechanism of methanol synthesis on Cu
through COs and CO hydrogenation. Acs Catalysis 2011, 1, 365-384.

Behrens, M.; Studt, F.; Kasatkin, I.; Kiihl, S.; Hivecker, M.; Abild-
Pedersen, F.; Zander, S.; Girgsdies, F.; Kurr, P.; Kniep, B.-L., et al.
The active site of methanol synthesis over Cu/Zn0O/Al;O3 industrial
catalysts. Science 2012, 336, 893—-897.

Zambelli, T.; Wintterlin, J.; Trost, J.; Ertl, G. Identification of the"
active sites" of a surface-catalyzed reaction. Science 1996, 273, 1688—
1690.

Somorjai, G.; Joyner, R.; Lang, B. The reactivity of low index [(111)
and (100)] and stepped platinum single crystal surfaces. Proc. Royal
Soc. Lond. A. 1972, 331, 335-346.

Kroes, G.-J. Toward a database of chemically accurate barrier heights
for reactions of molecules with metal surfaces. J. Phys. Chem lett. 2015,
6, 4106-4114.

Polanyi, J. C. Some concepts in reaction dynamics. Science 1987, 236,
680—690.

Polanyi, J. C. Some concepts in reaction dynamics (Nobel lecture).
Angew. Chem. 1987, 26, 952-971.

éljivanéanin, Z.; Hammer, B. H, dissociation at defected Cu: preference
for reaction at vacancy and kink sites. Phys. Rev. B 2002, 65, 085414.



1

9 4Chapter 4. Quantum dynamics of dissociative chemisorption of Hy on the

stepped Cu(211) surface

(21)

(22)

(23)

(24)

(25)

Anger, G.; Winkler, A.; Rendulic, K. Adsorption and desorption kinetics
in the systems Ho/Cu(111), Ha/Cu(110) and Ha/Cu(100). Surf. Sci.
1989, 220, 1-17.

Berger, H.; Leisch, M.; Winkler, A.; Rendulic, K. A search for vibrational
contributions to the activated adsorption of Hy on copper. Chem. Phys.
Lett. 1990, 175, 425-428.

Michelsen, H.; Rettner, C.; Auerbach, D.; Zare, R. Effect of rotation on
the translational and vibrational energy dependence of the dissociative
adsorption of Dy on Cu(111). J. Chem. Phys. 1993, 98, 8294-8307.

Hou, H.; Gulding, S.; Rettner, C.; Wodtke, A.; Auerbach, D. The
stereodynamics of a gas-surface reaction. Science 1997, 277, 80-82.

Comsa, G.; David, R. The purely “fast” distribution of Hy and Do
molecules desorbing from Cu(100) and Cu(111) surfaces. Surf. Sci.
1982, 117, T7-84.

Rettner, C.; Michelsen, H.; Auerbach, D. Quantum-state-specific dy-
namics of the dissociative adsorption and associative desorption of Ho
at a Cu(111) surface. J. Chem. Phys. 1995, 102, 4625-4641.

Rettner, C.; Michelsen, H.; Auerbach, D. Determination of quantum-
state-specific gas—surface energy transfer and adsorption probabilities
as a function of kinetic energy. Chem. Phys. 1993, 175, 157-169.

Gostein, M.; Parhikhteh, H.; Sitz, G. Survival probability of Hy (v= 1,
J= 1) scattered from Cu(110). Phys. Rev. Lett. 1995, 75, 342.

Hodgson, A.; Samson, P.; Wight, A.; Cottrell, C. Rotational excitation
and vibrational relaxation of Hy (v= 1, J= 0) Scattered from Cu(111).
Phys. Rev. Lett. 1997, 78, 963-966.

Watts, E.; Sitz, G. O. State-to-state scattering in a reactive system: Ho
(v=1, j= 1) from Cu(100). J. Chem. Phys. 2001, 11/, 4171-4179.

Rettner, C.; Auerbach, D.; Michelsen, H. Dynamical studies of the
interaction of Dy with a Cu(111) surface. J. Vac. Sci. Technol. A 1992,
10, 2282-2286.

Michelsen, H.; Rettner, C.; Auerbach, D. On the influence of surface
temperature on adsorption and desorption in the Dy /Cu(111) system.
Surf. Sci. 1992, 272, 65-72.

Spiering, P.; Meyer, J. Testing electronic friction models: vibrational
de-excitation in scattering of Ho and Dy from Cu(111). J. Phys. Chem.
Lett. 2018, 9, 1803-1808.



References 125

(27)

(28)

(29)

Spiering, P.; Wijzenbroek, M.; Somers, M. An improved static corruga-
tion model. J. Chem. Phys. 2018, 149, 234702.

Kroes, G.-J.; Wiesenekker, G.; Baerends, E.; Mowrey, R. Competition
between vibrational excitation and dissociation in collisions of Hy with
Cu(100). Phys. Rev. B 1996, 53, 10397.

Kroes, G.-J.; Juaristi, J.; Alducin, M. Vibrational excitation of Ho
scattering from Cu(111): effects of surface temperature and of allowing
energy exchange with the surface. J. Phys. Chem. C' 2017, 121, 13617—
13633.

Salin, A. Theoretical study of hydrogen dissociative adsorption on the
Cu(110) surface. J. Chem. Phys. 2006, 124, 104704.

Sementa, L.; Wijzenbroek, M.; Van Kolck, B.; Somers, M.; Al-Halabi, A.;
Busnengo, H. F.; Olsen, R.; Kroes, G.-J.; Rutkowski, M.; Thewes, C.,
et al. Reactive scattering of Hy from Cu(100): comparison of dynamics

calculations based on the specific reaction parameter approach to density
functional theory with experiment. J. Chem. Phys. 2013, 138, 044708.

Somers, M.; McCormack, D.; Kroes, G.-J.; Olsen, R.; Baerends, E.;
Mowrey, R. Signatures of site-specific reaction of Hy on Cu(100). J.
Chem. Phys. 2002, 117, 6673-6687.

Nattino, F.; Diaz, C.; Jackson, B.; Kroes, G.-J. Effect of surface motion
on the rotational quadrupole alignment parameter of D9 reacting on
Cu(111). Phys. Rev. Lett. 2012, 108, 236104.

Kroes, G.-J.; Diaz, C. Quantum and classical dynamics of reactive
scattering of Ho from metal surfaces. Chem. Soc. Rev. 2016, 45, 3658—
3700.

Diaz, C.; Olsen, R. A.; Auerbach, D. J.; Kroes, G.-J. Six-dimensional
dynamics study of reactive and non reactive scattering of Ho from
Cu(111) using a chemically accurate potential energy surface. Phys.
Chem. Chem. Phys. 2010, 12, 6499-519.

Diaz, C.; Pijper, E.; Olsen, R.; Busnengo, H.; Auerbach, D.; Kroes, G.
Chemically accurate simulation of a prototypical surface reaction: Ho
dissociation on Cu(111). Science 2009, 326, 832-834.

Wijzenbroek, M.; Somers, M. F. Static surface temperature effects on
the dissociation of He and Do on Cu(111). J. Chem. Phys. 2012, 137,
054703.



1

9 6Chapter 4. Quantum dynamics of dissociative chemisorption of Hy on the

stepped Cu(211) surface

(38)

(39)

(41)

(42)

McCormack, D. A.; Kroes, G.-.-J.; Olsen, R. A.; Groeneveld, J. A.;
van Stralen, J. N.; Baerends, E. J.; Mowrey, R. C. Quantum dynamics
of the dissociation of Hy on Cu(100): dependence of the site-reactivity
on initial rovibrational state. Faraday Discuss. 2000, 117, 109-132.

McCormack, D. A.; Kroes, G.-J.; Olsen, R. A.; Groeneveld, J. A.; van
Stralen, J. N.; Baerends, E. J.; Mowrey, R. C. Molecular knife throwing:
aiming for dissociation at specific surface sites through state-selection.
Chem. Phys. Lett. 2000, 328, 317-324.

Chen, J.; Zhou, X.; Jiang, B. Eley Rideal recombination of hydrogen
atoms on Cu(111): quantitative role of electronic excitation in cross
sections and product distributions. J. Chem. Phys. 2019, 150, 061101.

Darling, G.; Holloway, S. Rotational motion and the dissociation of Ho
on Cu(111). J. Chem. Phys. 1994, 101, 3268-3281.

Nienhaus, H.; Bergh, H.; Gergen, B.; Majumdar, A.; Weinberg, W.;
McFarland, E. Electron-hole pair creation at Ag and Cu surfaces by
adsorption of atomic hydrogen and deuterium. Phys. Rev. Lett. 1999,
82, 446.

Sakong, S.; Grof, A. Dissociative adsorption of hydrogen on strained
Cu surfaces. Surf. Sci. 2003, 525, 107-118.

Kroes, G.-J.; Pijper, E.; Salin, A. Dissociative chemisorption of Hy on
the Cu(110) surface: A quantum and quasiclassical dynamical study. J.
Chem. Phys. 2007, 127, 164722.

Cao, K.; Fiichsel, G.; Kleyn, A. W.; Juurlink, L.. B. Hydrogen adsorption
and desorption from Cu(111) and Cu(211). Phys. Chem. Chem. Phys.
2018, 20, 22477-22488.

Kaufmann, S.; Shuai, Q.; Auerbach, D. J.; Schwarzer, D.; Wodtke, A. M.
Associative desorption of hydrogen isotopologues from copper surfaces:
characterization of two reaction mechanisms. J. Chem. Phys. 2018, 148,
194703.

Fiichsel, G.; Cao, K.; Er, S.; Smeets, E. W. F.; Kleyn, A. W.; Juurlink,
L. B. F.; Kroes, G.-J. Anomalous dependence of the reactivity on the
presence of steps: dissociation of Dy on Cu(211). J. Phys. Chem. Lett.
2018, 9, 170-175.

Ghassemi, E. N.; Smeets, E. W. F.; Somers, M. F.; Kroes, G.-J.; Groot,
I. M.; Juurlink, L. B.; Fiichsel, G. Transferability of the specific reaction
parameter density functional for Ho + Pt(111) to Hy + Pt(211). J.
Phys. Chem. C 2019, 123, 2973-2986.



References 127

(49)

(50)

Olsen, R.; McCormack, D.; Baerends, E. How molecular trapping en-
hances the reactivity of rough surfaces. Surf. Sci. 2004, 571, 1325~
L330.

McCormack, D. A.; Olsen, R. A.; Baerends, E. J. Mechanisms of Hy
dissociative adsorption on the Pt(211) stepped surface. J. Chem. Phys.
2005, 122, 194708.

Luppi, M.; McCormack, D. A.; Olsen, R. A.; Baerends, E. J. Rotational
effects in the dissociative adsorption of He on the Pt(211) stepped
surface. J. Chem. Phys. 2005, 123, 164702.

Olsen, R.; McCormack, D.; Luppi, M.; Baerends, E. Six-dimensional
quantum dynamics of H 2 dissociative adsorption on the Pt (211)
stepped surface. The Journal of chemical physics 2008, 128, 194715.

Huang, X.; Yan, X.; Xiao, Y. Effects of vacancy and step on dissociative
dynamics of Hy on Pd(111) surfaces. Chem. Phys. Lett. 2012, 531,
143-148.

Hammer, B.; Ngrskov, J. Electronic factors determining the reactivity
of metal surfaces. Surf. Sci. 1995, 343, 211-220.

Hammer, B.; Ngrskov, J. Why gold is the noblest of all the metals.
Nature 1995, 376, 238.

Mavrikakis, M.; Hammer, B.; Ngrskov, J. K. Effect of strain on the
reactivity of metal surfaces. Phys. Rev. Lett. 1998, 81, 2819.

Pijper, E.; Kroes, G.-J.; Olsen, R. A.; Baerends, E. J. Reactive and
diffractive scattering of Hy from Pt(111) studied using a six-dimensional
wave packet method. J. Chem. Phys. 2002, 117, 5885-5898.

Kroes, G.-J.; Somers, M. F. Six-dimensional dynamics of dissociative
chemisorption of Hy on metal surface. J. Theor. Comput. Chem. 2005,
4, 493-581.

Wijzenbroek, M.; Klein, D. M.; Smits, B.; Somers, M. F.; Kroes, G.-J.
Performance of a non-local van der Waals density functional on the
dissociation of Hy on metal surfaces. J. Phys. Chem. A 2015, 119,
12146-12158.

Busnengo, H.; Salin, A.; Dong, W. Representation of the 6D potential
energy surface for a diatomic molecule near a solid surface. J. Chem.
Phys. 2000, 112, 7641-7651.

Wei, C. Y.; Lewis, S. P.; Mele, E. J.; Rappe, A. M. Structure and
vibrations of the vicinal copper (211) surface. Phys. Rev. B 1998, 57,
10062-10068.



1

9 8Chapter 4. Quantum dynamics of dissociative chemisorption of Hy on the

stepped Cu(211) surface

(62)

(63)

(64)

Hammer, B. H. L. B.; Hansen, L. B.; Ngrskov, J. K. Improved adsorption
energetics within density-functional theory using revised Perdew-Burke-
Ernzerhof functionals. Phys. Rev. B 1999, 59, 7413-7421.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approxi-
mation made simple. Phys. Rev. Lett. 1996, 77, 3865-3868.

Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the
liquid-metal-amorphous-semiconductor transition in germanium. Phys.
Rev. B 1994, 49, 14251-14269.

Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid metals.
Phys. Rev. B 1993, 47, 558-561.

Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 1996,
5/, 11169-11186.

Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy calcu-
lations for metals and semiconductors using a plane-wave basis set.
Comput. Mater. Sci. 1996, 6, 15-50.

Blanco-Rey, M.; Juaristi, J. I.; Diez Muino, R.; Busnengo, H. F.; Kroes,
G.-J.; Alducin, M. Electronic friction dominates hydrogen hot-atom
relaxation on Pd(100). Phys. Rev. Lett. 2014, 112, 103203.

Novko, D.; Blanco-Rey, M.; Juaristi, J. I.; Alducin, M. Ab initio molecu-
lar dynamics with simultaneous electron and phonon excitations: Appli-
cation to the relaxation of hot atoms and molecules on metal surfaces.
Phys. Rev. B 2015, 92, 201411.

Fiichsel, G.; del Cueto, M.; Diaz, C.; Kroes, G.-J. Enigmatic HCI +
Au(111) reaction: a puzzle for theory and experiment. J. Phys. Chem.
C' 2016, 120, 25760-25779.

Raff, L. M.; Karplus, M. Theoretical investigations of reactive collisions
in molecular beams: K+CH3l and related systems. J. Chem. Phys.
1966, /4, 1212-1229.

Lemons, D. S.; Gythiel, A. On the Theory of Brownian Motion. Am. J.
Phys. 1997, 65, 1079-1081.

Ermak, D. L.; Buckholz, H. Numerical integration of the Langevin
equation: Monte Carlo simulation. J. Comput. Phys. 1980, 35, 169-182.
Fiichsel, G.; Klamroth, T.; Monturet, S.; Saalfrank, P. Dissipative
dynamics within the electronic friction approach: the femtosecond laser
desorption of Hy /Dy from Ru(0001). Phys. Chem. Chem. Phys. 2011,
13, 8659-8670.



References 129

(75)

Juaristi, J.; Alducin, M.; Muifio, R. D.; Busnengo, H. F.; Salin, A.
Role of electron-hole pair excitations in the dissociative adsorption
of diatomic molecules on metal surfaces. Phys. Rev. Lett. 2008, 100,
116102.

Vibok, A.; Balint-Kurti, G. G. Parametrization of complex absorbing
potentials for time-dependent quantum dynamics. J. Phys. Chem. 1992,
96, 8712-8719.

Balint-Kurti, G. G.; Dixon, R. N.; Marston, C. C. Grid methods for
solving the Schrédinger equation and time dependent quantum dynamics
of molecular photofragmentation and reactive scattering processes. Int.
Rev. Phys. Chem. 1992, 11, 317-344.

Michelsen, H. A.; Auerbach, D. J. A critical examination of data on
the dissociative adsorption and associative desorption of hydrogen at
copper surfaces. J. Chem. Phys. 1991, 9/, 7502—7520.

Zare, R. N.; Harter, W. G. Angular momentum: understanding spatial
aspects in chemistry and physics. Phys. Today 1989, 42, 68-72.

Shakouri, K.; Behler, J.; Meyer, J.; Kroes, G.-J. Accurate neural network
description of surface phonons in reactive gas-surface dynamics: No+
Ru(0001). J. Phys. Chem. Lett. 2017, 8, 2131-2136.

Diaz, C.; Perrier, A.; Kroes, G. Associative desorption of Ns from
Ru(0001): a computational study. Chem. Phys. Lett. 2007, 43/, 231—
236.

Muzas, A. S.; Juaristi, J. I.; Alducin, M.; Diez Muino, R.; Kroes, G.-J.;
Diaz, C. Vibrational deexcitation and rotational excitation of Ho and
D5 scattered from Cu(111): adiabatic versus non-adiabatic dynamics. J.
Chem. Phys. 2012, 137, 064707.






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

This Chapter is based on:

Smeets, E. W. F.; Kroes, G.-J. Designing new SRP density functionals including
non-local vdW-DF2 correlation for Hy + Cu(111) and their transferability to
Hy + Ag(111), Au(111) and Pt(111). Phys. Chem. Chem. Phys. 2021, 23,
78757901

Abstract

Specific reaction parameter density functionals (SRP-DFs) that can describe
molecular beam sticking experiments of hydrogen (H3) on cold transition metal
surfaces with chemical accuracy have so far been shown to be only transferable
among different facets of the same metal, but not among different metals. We
design new SRP-DFs that include non-local vdW-DF2 correlation for the Hy +
Cu(111) system, and evaluate their transferability to the highly activated Ho +
Ag(111) and Hy + Au(111) systems and the non-activated Hy + Pt(111) system.
We design our functionals for the Hy 4+ Cu(111) system since it is the best
studied system both theoretically and experimentally. Here we demonstrate
that a SRP-DF fitted to reproduce molecular beam sticking experiments for
Hy + Cu(111) with chemical accuracy can also describe such experiments for
Ho + Pt(111) with chemical accuracy, and vice versa. Chemically accurate
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functionals have been obtained that perform very well with respect to reported
Van der Waals well geometries, and which improve the description of the
metal over current generalized gradient approximation (GGA) based SRP-DFs.
From a systematic comparison of our new SRP-DFs that include non-local
correlation with previously developed SRP-DFs, for both activated and non-
activated systems, we identify non-local correlation as a key ingredient in
the construction of transferable SRP-DFs for Hy interacting with transition
metals. Our results are in excellent agreement with experiment when accurately
measured observables are available. It is however clear from our analysis that,
except for the Hy + Cu(111) system, there is a need for more, more varied, and
more accurately described experiments in order to further improve the design of
SRP-DFs. Additionally, we confirm that, when including non-local correlation,
the sticking of He on Cu(111) is still well described quasi-classically.

5.1 Introduction

Hydrogen (Hg) dissociation on various noble transition metal surfaces is an
example of an intensely studied activated elementary surface reaction within
surface science. Chemically accurate computation of rate-controlling states is
essential in order to accurately describe the complex overall processes that take
place during heterogeneous catalysis under real world conditions® 6. Industrially
Hs dissociation is an important step in the production of methanol from
CO3 over a Cu/ZnO/Al,O3 catalyst” . Additionally Hy dissociation is an
important process in the production of syngas and ammonia®. Increasing the
predictive power of theoretical models of heterogeneous catalysis potentially
has an important financial impact on the chemical industry!©.

An important step to increasing the predictive power of theoretical models
is to create density functionals (DFs) that are chemically accurate for specific
systems®11714 ie. DFs that can describe reaction barrier heights to within
1 kcal/mol®. A next step is to investigate what ingredients of a DF that is
chemically accurate for one system might make it transferable to another system
without loss of accuracy. Presently, specific reaction parameter (SRP) density
functional theory (DFT) is the only method that can describe the interac-
tion of Hy with metal surfaces with demonstrated chemical accuracy, while
simultaneously being computationally cheap enough to make large comparative
studies feasible. Therefore the design of accurate DFs is highly important to
the field. The availability of transferable specific reaction parameter density
functionals (SRP-DFs) has the potential to greatly speed up theoretical het-
erogeneous catalysis research. It does so by avoiding the need to design a new
DF for each system of interest. The availability of transferable SRP-DFs would
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greatly improve the predictive power of theory for systems for which only sparse
experimental results have been published.

The fitting of SRP-DFs is meticulous work and presently!® requires experi-
mental data as reference data®'1~1416 Transferability of a DF among systems
in which one specific molecule interacts with surfaces of different metals has so
far only been reported for the DF designed for CHy dissociation on Ni(111)4,
which could also describe the dissociation of CHy on Pt(111) with chemical
accuracy!”, where Ni and Pt belong to the same group. So far, for SRP-DFs
fitted to reproduce molecular beam adsorption experiments for He interacting
with transition metals transferability was shown among systems in which Ho
interacts with different faces of the same metal'®!? but not among systems
where the interaction is with surfaces of different metals!3:16:20:21,

The transferability of the SRP-DF that was fitted for the CH4 + Ni(111)
system to the CHy + Pt(111) system suggests that non-local correlation is an
important ingredient for a transferable DF, as this SRP-DF contains non-local
correlation. For this reason here we investigate the design of new SRP-DFs that
include non-local correlation for He + transition metal systems. In this work
we present two new SRP-DFs featuring GGA exchange but using non-local
correlation. These DFs were fitted to experiments on the Hy + Cu(111) system,
since theoretically!!132245 and experimentally®6-62 this is the best studied
system. For this system we can have the most confidence that discrepancies
between theory and experiment can be attributed to either shortcomings in DF
design or the limitations of using the Born-Oppenheimer static surface (BOSS)
model. It is well known that the BOSS model works well for activated Hsy
dissociation on cold metals®*28-30:63  Additionally we evaluate the performance
of a SRP-DF that was fitted to the Hy + Pt(111) system!? for the Hy + Cu(111)
system.

In undertaking this study we have two aims. The first is to identify features
of the newly constructed SRP-DFs that increase their transferability to other
systems. Since we use the BOSS model, a direct assessment of the quality of
a given DF is really only possible for molecular beam sticking experiments
on reasonably cold metal surfaces. Apart from the Hy + Cu(111) system
we will consider such experiments for the the Hy + Pt(111) system5+%° and
the Hy + Ag(111) system®. For the latter two systems there exists some
uncertainty about the validity of the molecular beam parameters describing the
experiments?®%6. We however feel that, although there are some uncertainties
in the parameters describing the experiments, nevertheless valuable insights
on transferability can be derived by analysing the predicted reactivity of the
SRP-DFs considered here.

Our second aim is to analyse the limits of our dynamical model to the extent
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that this is possible. We hope that a detailed analysis of the Hy + Cu(111)
system’s large body of experimental work?-62 will indicate how to proceed with
improving the theoretical description of this system. To this end we will analyse
both associative desorption experiments*®°2 and dissociative chemisorption
experiments*®47. Naturally, our primary motive is to achieve chemical accuracy.
We have also carried out a full quantum mechanical molecular beam simulation
by carrying out a large number of fully initial-state resolved quantum dynamical
(QD)57:68 calculations for the Hy + Cu(111) system. This is important because
the inclusion of a Van der Waals well in the PES might lead to discrepancies
between quasi-classical trajectory (QCT)% and QD results compared to the
good agreement that was obtained for these two methods for the Hy + Cu(211)
system®” using the SRP48 DF!1:63 which does not employ non-local correlation.

For the Hy + Cu(111) system it is known that the effect of surface motion
cannot readily be ignored for specific observables at high surface temperature®?
(Ts). Analysing associative desorption and dissociative chemisorption experi-
ments as linked through detailed balance™, might allow us to disentangle the
effects of surface motion and the non-adiabatic contributions of electron-hole
pair (ehp) excitations, a methodology that was suggested by results of Shuai
et al.”* for the Hy + Au(111) system. If detailed balance is applicable then
an analysis of both associative desorption and dissociative chemisorption ex-
periments should yield the same result. A detailed analysis might therefore
allow us to identify which dynamical effects not included in the BOSS model
may have to be included in future work. Here we will make a direct compar-
ison to experimental effective barrier (Ey(v,J)) parameters*®. Even though
a complementary molecular beam sticking experiment is not available with
the associative desorption experiment of Shuai et al.”* on Hy + Au(111), we
extend our analysis also to this system. We note that it is also possible to
simulate associative desorption directly by running trajectories starting around
the transition state using Metropolis sampling of the initial conditions™ 7%, and
that this has also been done for Hy and D2 desorbing from Cu(111). However,
the calculations published so far do have limitations. The early work” "™ used
a PES that is an approximate fit? to unconverged DFT calculations*! using
the PW91 DF7, and the statistical accuracy of the results of the later work™®
was limited by the number of ab initio molecular dynamics (AIMD) trajectories
that could be run. However, an interesting aspect of the later work’® is that
the effects of surface atom motion and electron-hole pair excitation could also
be investigated.

Furthermore we will treat vibrationally and rotationally inelastic scattering
for the Ha 4+ Cu(111) system, since the opinion has been voiced that these
properties might be extra sensitive to the Van der Waals well?®, which is present
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in potential energy surfaces (PESs) computed here with the use of non-local
correlation.

For the Hy + Ag(111) system the only molecular beam dissociative chemisorp-
tion experiments we are aware of are those of Hodgson and coworkers®. We will
also make a comparison to initial-state resolved associative desorption experi-
ments for this system’®7?
dynamics calculations on a permutation invariant polynomial (PIP) neural
network potential®" and in work done in our group'®?2°. Earlier experimental
work on the Ho + Ag(111) system suggested that Hg prefers to physisorb on
silver surfaces®? 84 85

, as was recently done by Jiang et al.®® using quantum

, and that the dissociation of Hy on silver is endothermic®?,
exhibiting a relatively low barrier for associative desorption of Hy8 87, For
this reason some earlier experimental studies have focused on scattering at
low translational energies of Hy from Ag(111)%9! and Ag(110)?2. Recent
theoretical studies that addressed the effects of electron-hole pair excitation
have shown very interesting effects at low translational energies with respect to
inelastic scattering and dynamical steering® . The non-adiabatic energy loss
during the dynamics was however shown to be small?. This is in agreement
with work on Hy + Cu(111), which also showed little effect of electron-hole
pair excitation on sticking®*?®. Therefore we presume the BOSS model to be
accurate enough for our first aim, which is to identify the features of SRP
functionals that contribute to their transferability.

Our DFT calculations using van der Waals correlation functionals also
yield results regarding the geometry and the depth of the van der Waals wells for
the systems investigated, and we will compare these results to the experimental
results for the systems investigated here. In many cases the experimental results
come from an analysis of experiments on selective adsorption59:62:90,91,99-105
In these experiments, an increase or a dip is observed in a peak for a diffractive
(corrugation mediated selective adsorption, CMSAY6:197) or a rotational (rota-
tionally mediated selective adsorption, RMSA?) transition if the translational
energy goes through a value that coincides with the energy between two parallel
translational or hindered rotational metastable states, respectively. In the
transient state, the Hy molecule is trapped in the Van der Waals well close to
the surface!®194 Information about the resonance energies that are present
can be used to reconstruct the shape of the potential, and thus the Van der
Waals well geometries and well depths. The Hy -(111) metal-surface systems
investigated here exhibit little corrugation. For this reason experiments using
RMSA of HD, in which rotational excitation is used to probe the bound levels of
the gas-surface potential, have been particularly important for gathering infor-
mation concerning van der Waals interactions in these systems. The off-center
position of the center of mass of HD results in very pronounced resonances when

97,98
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using the RMSA technique®??-102 " Experimentalists have also been able to
carry out RMSA measurements using Ho or Dy instead of HD?%95:103 Van der
Waals well depths can also be obtained from the temperature dependence of the
Debye-Waller attenuation of peaks for (rotationally) inelastic diffraction!0®109,
from potential inversion using calculations on (rotationally inelastic) diffractive
scattering using the eikonal approximation'®®, and from potential inversion us-
ing measurements on phonon-assisted RMSA (also called rotationally mediated
focused inelastic resonances, RMFIR!?). For all systems investigated here,
studies using experiments to analyze the Van der Waals interaction have been
performed, i.e., for Hy + Cu(111)5%62 H, + Ag(111)%091102 H,y + Au(111)%2
and Hy + Pt(111)%910L111,

5.2 Methodology

5.2.1 Coordinate system

All calculations in this work are carried out using the BOSS model'!. This
means that the atoms of the metal slab are fixed to their ideal positions, and
that we only take into account the six molecular degrees of freedom (DOF)
of the impinging Hs (D2) molecule (see figure 5.1a). Three of the DOFs
taken into account are the centre of mass (COM) coordinates X,Y and Z,
where (X,Y) describes the lateral position of the molecule and Z describes
the molecule-surface distance. The other DOFs are the Hy bond length 7, the
polar orientation angle with respect to the surface normal 6 and the azimuthal
angle ¢. The geometry of the (111) face of an fcc metal together with its high
symmetry sites is shown in relation to the coordinate system used in figure
5.1b.

5.2.2 SRP DFT

We use periodic DFT calculations to construct PESs,; testing DFs at the GGA,
the meta-GGA (mGGA), and GGA + non-local correlation level, where in this
Chapter non-local correlation refers to either vdW-DF1 non-local correlation®”
or vdW-DF2 non-local correlation®® (see the types of DF defined in table 5.1).
In many cases we test a DF that is a SRP-DF for at least one of the four
systems considered. In the present context a SRP-DF is constructed by taking
a weighted average of a DF that overestimates the sticking probability, and one
DF that underestimates the sticking probability for the system of interest!!.
More specifically, the mixing often occurs for the exchange part of the DF, as
was done for many of the previously developed SRP-DFs!2:14:17.27,
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(a) (b)

FIGURE 5.1: The COM coordinate system used for the description of the Hy (D3)
molecule (a). The unit cell of a (111) face of a fcc metal together with the high
symmetry sites as well as the relationship with the coordinate system chosen for Hy
(D3) relative to the (111) surface (b). The origin of the COM coordinate system
(X,Y,Z) =(0,0,0) is at an atom in the top surface layer (a top site). We define the
polar angle and azimuth such that (8 = 90°, ¢ = 0°) corresponds to molecules parallel
to the surface pointing along the X (or equivalent U) direction. The hcp and fec
hollow sites correspond to metal atoms in the second and third layer, respectively.

The SRP-DFs developed in this work are all DFs in which the exchange
part is taken at the GGA level, and the exchange correlation functional takes
the following form:

EYE (p,Vp) = aEX(p, Vp) + (1 — a)EX(p, Vp)

/

mixed exchange

+ Elcqcal(p) + Egonflocal (p)

LDA correlation Van der Waals

(5.1)

Here o is the SRP mixing parameter, p is the three dimensional electron density
and Vp is the gradient of the electron density. E%(p, Vp) and E%(p, Vp) are
the two DFs that are to be mixed into the exchange part of the SRP-DF. The
non-local correlation part here can correspond to the non-local correlation used
in the vdW-DF1 or vdW-DF2 DFs7%8. The DFs used in this work (i.e., the
B86SRP68-DF2 and SRPsol63-DF2 DFs, and the other DFs considered in this
work) are shown in table 5.1. Table 5.1 also shows the type of each DF and the
exchange and correlation components contained in each function (see Eq. 5.1).
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Name type exchange correlation
B86SRP68-DF2  vdW-DF  0.68 B86r!1? + 0.32 RPBE!3 vdW-DF2%8
MS-B86bl!3 mGGA MS-B86bl!3 revIPSSil4
MS-PBEI!3 mGGA MS-PBEI!3 revIPSSil4
optPBE-DF1!15  yvdW-DF  optPBE!!5 vdW-DF197
PBE!16 GGA PBE!16 PBE!16
PBEa57-DF212  vdW-DF PBE« = 0.57117 vdW-DF298
PBEsol118 GGA PBEsol118 PBE!16
RPBE!13 GGA RPBE!13 PBE!16
SRP4863 GGA 0.52 PBE16 + 0.48 RPBE!13 PBE!18
SRPsol63-DF2 vdW-DF  0.63 PBEsol'!® + 0.37 RPBE!13  yvdW-DF298
vdW-DF197 vdW-DF  revPBE!19 vdW-DF197
vdW-DF298 vdW-DF rPWg6120 vdW-DF298

TABLE 5.1: The exchange-correlation DFs used in this work are presented in alpha-

betical order. Also shown is the type of each functional as well as the constituent

exchange and correlation parts. By the type "vdW-DF" we mean that GGA exchange
is combined with vdW-DF1°7 of vdW-DF2%8 correlation.

5.2.3 Construction of the PESs

A continuous representation of the PESs is obtained by the interpolation of
DFT results calculated on a grid using the corrugation reducing procedure
(CRP)*2! (see also section 2.2 of Chapter 2). The method we use is analogous
to that used by Wijzenbroek et al.*?, but we used denser grids to represent
the full six dimensional molecule-surface interaction potential and the three
dimensional atom-surface interaction potential to further increase the accuracy
of the resulting CRP2! PESs with respect to the underlying DFT calculations.
Details are presented in appendix 5.A.

5.2.4 Quasi-classical dynamics

The QCT calculations presented in this work are carried out on six dimensional
PESs and assume quasi-classical initial conditions®?. This means that we take
into account the quantum mechanical energies of the impinging Hs and Do
molecules in their initial rovibrational states. The method used is described
more fully in ref.'?? and section 2.3.1 of Chapter 2. The equations of motion
are integrated using the method of Stoer et al.1?3.

When simulating a molecular beam experiment 200,000 trajectories are
propagated per energy point, and when calculating initial-state resolved reaction
probabilities 50,000 trajectories are propagated per energy point. All trajectories
start in the gas phase, at Zgas = 8 A. For all QCT calculations we use a minimum
time step of dt = 0.001 fs. Trajectories are assumed to result in reaction if r
becomes bigger then some critical value 7. (2.2A) and in scattering if Z becomes
bigger then Zg,s which is also the starting point of all trajectories.
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5.2.5 Quantum dynamics

Six dimensional quantum dynamics (QD) calculations are performed by solving
the time-dependent Schrodinger equation,

L dT(Q;t)

ih=—r = HU(Gs1), (5.2)

using the time-dependent wave packet (TDWP) method!?412% with our in-house
computer packageS”:%8. Here, ¥(Q;t) denotes the nuclear wave function of Hy at
time ¢ with @) being the position vector. Furthermore we employ the following
Hamiltonian in order to take into account the six degrees of freedom of Hs:
h?_, h?9? 1

QL v S U

oM 202 " 22 J2(0,¢) + V(Q). (5.3)

Here, M and p are the mass and reduced mass of Hy, J 2(0, ¢) is the angular
momentum operator and V(Q) is the six dimensional PES. The scattered
wave packet is analysed using the scattering matrix formalism'?6, yielding
fully initial-state resolved S-matrix elements for vibrationally, rotationally,
and diffractionally inelastic scattering. From the S-matrix elements the corre-
sponding state-to-state probabilities PVJmJ%V/J/m/Jnm(E) for scattering at the
incident energy E can be obtained®”%®. Subsequently the sticking probability
can be computed®”%® by subtracting the sum of the scattering probabilities
from one.

Further information on how we construct the initial wave packet can be
found in section 2.3.2 of Chapter 2. Table 5.2 presents parameters describing
all the initial wave packets used, and table 5.3 shows the rovibrational states
taken into account in the molecular beam simulations of sticking with the QCT
and QD methods.

5.2.6 Computation of observables
Simulating molecular beam sticking.

In order to compute molecular beam sticking probabilities the translational
energy and rovibrational state distributions need to be taken into account ac-
cording to the nozzle temperature, T,,. The sticking probability Sy is computed
using

So(< E >) = Z/P(v, v, J, T) Pacg (E, v, J)dE. (5.4)
v,J
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TABLE 5.2: Input parameters for the 6D quantum simulations on the reactive scattering
of Hy on Cu(111). All wave packets were propagated until the remaining norm was
less then one percent.

H,; + Cu(iil)
(v =1, 0.15 eV - 0.55 eV 0.5eV -14eV
J =0, v=20 v=20 v=1 v=20 v=20 v=1
my=0) | Je0,7] | Je[8,11] | Jeo,7 | Je[o,7] | Je[8,11] | J€]0,7]
Zstart (Bohr) -1.0 1.0 1.0 ~1.0 ~1.0 -1.0 1.0
Zspee 280 252 252 252 224 224 224
Ny 240 198 198 198 192 192 192
AZ (Bohr) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Rstart (Bohr) 0.8 0.8 0.8 0.8 0.8 0.8 0.8
R 64 56 56 56 48 48 48
AR (Bohr) 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Nx 20 20 20 20 20 20 20
Ny 20 20 20 20 20 20 20
Jmax 36 26 / 25 32 /31 36 / 35 36 / 35 42 / 41 40 / 39
M Jmax 28 26 / 25 32 /31 28 / 27 28 / 27 40 / 39 32 / 31
Complex absorbing potentials
ZCAP start [ao] 15.2 15.2 15.2 15.2 15.2 15.2 15.2
ZCAP end [ag) 22.90 18.7 18.7 18.7 18.1 18.1 18.1
ZCAP Optimum [eV] 0.03 0.1 0.1 0.1 0.3 0.3 0.3
zT2T start [ag] 19.8 19.8 19.8 19.8 18.8 18.8 18.8
z$AP end [ag) 26.90 24.1 24.1 24.1 21.3 21.3 21.3
AP optimum [ev] 0.05 0.08 0.08 0.08 0.25 0.25 0.25
REAF start [ag] 4.55 4.55 4.55 4.55 4.55 4.55 4.55
REAP end [ag] 10.25 9.05 9.05 9.05 7.85 7.85 7.85
REAP optimum [eV] 0.1 0.1 0.1 0.1 0.25 0.25 0.25
Propagation
At [h/Eq] 2 2 2 2 2 2 2
ty [/ Enl | 45000 | 20000 | 20000 | 20000 | 13000 | 13000 | 13000
Initial wave packet
Emin [6V] 0.055 0.15 0.15 0.15 0.5 0.5 0.5
Emax [€V] 0.45 0.55 0.55 0.55 1.4 1.4 1.4
Zo [ao] 17.50 17.40 17.40 17.40 16.8 16.8 16.8
| (v =0)Jmax | (v =DJmax | (v =2)Jmax | (v =3)Jmax | (¥ =4)Jmax

QCT 30 30 30 30 30
QD 11 7 - - -

TABLE 5.3: Rovibrational states taken into account, according to their Boltzmann
weight, in molecular beam simulations for the QCT and QD methods for all Hy (Do,
only QCT) + metal systems.
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Here, < E > is the average translational energy. The probability for a molecule
present in the beam to be in a rovibrational state described by the vibrational
quantum number v and the angular momentum quantum number J and to
have a velocity between v and v + dv is denoted by:

P(v,v,J,Ty)dv = Py (v Tp)dv X Pipy(v, J, T,). (5.5)

The flux-weighted velocity distribution Py, is a function of T}, and is de-
termined by the width parameter o and the stream velocity vy according
tol5

Pirug(v; Ty)dv = Cv e~ (v=0)*/0 gy, (5.6)

with C' being a normalization constant. Through Eq. 5.4 and 5.5 the reactivity
of each rovibrational state is weighted according to its Boltzmann weight as

follows:
ng(Va Ja Tn)
Zv’,J’EJ(’mOd 2) f(l/v J', Tn) ’

P (v, J,T),) = (5.7)

with
fw, J,T) = (20 + 1) x " (Fro=Eo.0)/kaToin) » o(=(Bvy=Ero)/kpTret) (5 8)

Here, kp is the Boltzmann constant and F, ; is the energy of the quantum
state characterized by v and J. The first and second Boltzmann factor describe
vibrational and rotational state populations, respectively. Here we take into
account the effect of rotational cooling during the supersonic expansion by
taking the rotational temperature to be T, = 0.8 % T,,°2, while the vibrational
temperature, T, is taken to be equal to T;,. The factor gn in Eq. 5.7 reflects
the ortho/para ratio of hydrogen in the beam. For Ha, gy is 1/4 (3/4) for even
(odd) values of J, and for Do, gy = 2/3 (1/3) for even (odd) values of J.

In the QCT calculations presented in this work the probability distribu-
tion P(v,v, J,T},) is randomly sampled as described in ref'?2. All parameters
describing molecular beam experiments used for the calculations presented
here can be found in table 5.4. The reaction probability is then computed by
dividing the number of adsorbed trajectories, N,qs, by the total number of
calculated trajectories, N, i.e. P, = Nggs/N.

We compute initial-state selected but degeneracy averaged reaction proba-
bilities, Pyeg(E, v, J), as:

J
Pacg(E,v, ) = > (2= 0my0)

m =0

PT(E,U, JamJ)

2J +1 ’ (5.9)
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where P,.(E, v, J, my) is the fully initial-state resolved reaction probability, m s is
the magnetic rotational quantum number, and F is the translational energy. For
the QD calculations it is not possible to directly sample P (v, v, J,T,,). Molecular
beam reaction probabilities for the QD method are instead calculated from
initial-state resolved reaction probabilities in the same manner as discussed in
our Chapter 4.

Comparing to experimental Fy(v,J) parameters.

Experimentally, for Ho-metal surface reactions the initial state-selected reac-
tion probabilities are usually obtained®6:48:52.71 from associative desorption
measurements using the principle of detailed balance™. Experiments on Hy
associatively desorbing from metals typically measure the (unnormalized) state-
resolved translational energy distributions of molecules from the surface using
resonance-enhanced multi-photon ionization (REMPI)!?46:52 These distribu-
tions, Pyes(F, v, J), may be related to the degeneracy averaged initial-state
resolved reaction probability, using;:

_E_
Paes(E, v, J) x Ee ®Ts Pyeg(E, v, J). (5.10)

The extracted reaction probabilities are usually fitted to a sigmoid function,
e.g. the function involving the error function:

Pacg(E, v, J) = % [1 terf <%O(J”J))] . (5.11)

Here, the A, ; values are the saturation values of the extracted degeneracy
averaged reaction probabilities, and the effective barrier height (Eo(v,J)) is
the incidence energy at which Pyeg(E, v, J) first becomes equal to %Al,’ 7. Using
Eq. 5.11, Ey(v, J) also is the inflexion point of the reaction probability curve if
the saturation value A, j corresponds to the absolute saturation value. W, ; is
a measure of the width of the reaction probability curve.

If the proportionality factor implicit in Eq. 5.10 would also be measured in
the experiment (for instance, because the exact state-selective flux would have
been measured), it should be possible to directly extract absolute values of the
initial-state selected reaction probabilities from the experiment by assuming
detailed balance. In this case, the directly extracted A, ; value would be the
true saturation value of the reaction probability. These values could then
be directly compared to computed degeneracy averaged initial-state resolved
reaction probabilities (Eq. 5.9).
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TABLE 5.4: Molecular beam parameters taken from experiments performed on the

Hy (D2) + Cu(111) system and the Dy + Pt(111) system. The parameters v, «,

T, represent the stream velocity of the beam, the width of the beam and the nozzle

temperature at an average translational incidence energy (E;). Parameters were taken
from (the supporting information of) Refs!!:29,46:47,64,66,127,128

Tn [K] [ (Ei) [kJ/mol] [ vo [m/s] | Eo [eV] [ o [m/s]
Seeded molecular Hy beams, Auerbach and coworkers?®
1740 19.9 3923 0.160 1105
1740 28.1 4892 0.250 1105
1740 38.0 5906 0.364 945
2000 18.2 3857 0.155 995
2000 25.1 4625 0.223 1032
2000 44.1 6431 0.432 886
Seeded molecular Dy beams, Auerbach and coworkers0
2100 35.4 3925 0.322 816
2100 46.4 4595 0.441 782
2100 62.6 5377 0.829 649
2100 69.2 5658 0.860 717
2100 80.1 6132 0.849 830
Pure molecular Hy beams, Auerbach and coworkers®®
1435 31.7 5417 0.307 826
1465 32.0 5446 0.310 830
1740 38.0 5906 0.364 945
1855 40.5 6139 0.394 899
2000 44.1 6431 0.432 886
2100 47.4 6674 0.465 913
2300 49.7 6590 0.454 1351
Pure molecular Dy beams, Auerbach and coworkers?0
1435 32.8 4014 0.336 299
1790 37.8 4196 0.368 614
1670 38.6 4337 0.393 371
1905 41.4 4374 0.399 685
1975 43.0 4461 0.415 687
Pure molecular Hy beams, Rendulic and coworkers?”
1118.07 25.1 3500 0.12794 1996
1331.89 29.9 3555 0.13200 2342
1438.82 32.3 3380 0.11932 2611
1501.19 35.7 3151 0.10371 2819
1581.35 35.5 3219 0.10816 2903
Seeded molecular Do beams, Juurlink and coworkers®?®
473 10.0 2004.6 0.083 528.7
673 9.7 2127.9 0.095 297.9
673 13.9 2256.8 0.106 741.8
973 17.6 2484.9 0.129 881.7
673 24.6 3204.7 0.214 766.3
873 27.5 3302.7 0.228 906.7
873 30.1 3449.1 0.248 955.3
873 30.6 3521.1 0.259 909.4
1223 41.9 4015.0 0.337 1181.0
1223 42.8 4096.5 0.350 1151.1
1503 52.8 4039.3 0.340 1744.7
Seeded molecular Dy beams, Groot and coworkers 2
300 7.5 1932.3 0.078 193.6
500 12.0 2372.5 0.117 295.1
900 21.1 3090.8 0.199 527.4
1300 30.5 3625.4 0.274 765.6
1700 35.0 3818.9 0.304 908.9
1700 43.9 4051.2 0.342 1261.8

1700 45.0 4268.9 0.380 1097.1
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In practice, even if the prefactor in Eq. 5.10 is not measured in associative
desorption, it is still possible to extract normalized values from a wholly
experimental procedure, if measured sticking probabilities are also available.
This has been done for Hy + Cu(111)*52 and Dy + Cu(111)%6:4863  n
this method, which we call method A1, essentially the sticking probability is
described in terms of the initial-state selected probabilities extracted from the
associative desorption experiments, thereby obtaining the saturation values
describing the latter. Method A1 is described more fully in appendix 5.B.

If no sticking experiments are available, as for the Hy + Au(111) system also
studied here, the experimentalists may chose not to normalize the extracted
reaction probabilities in an absolute sense. However, the extracted reaction
probabilities may still be normalized relative to one another. This was done in
recent experiments on Hy and Dy + Au(111), in which A, ; was set to one for
(v=0,J =6) Hy and for (v =0,J = 0) Dy, and the A, ; values for different
(v, J) states of Ho and Dy, respectively, reflected the values of the reaction
probabilities relative to these reference states’'. We will call this method A2,
where the A in A2 emphasizes that this method is also wholly experimental.

If no measured sticking probabilities are available for the system of inter-
est, one may still choose to normalize reaction probabilities extracted from
associative desorption experiments, but now with reference to theory®7. We
label such methods with “B” to emphasize that the normalization is done with
reference to theory. In the methods we are aware of, the experimentalists define
a translational energy Fax(v,J), which is the maximum translational energy
for which the not yet normalized value can still be accurately extracted using
Eq. 5.10%71 At higher E this becomes difficult because the desorption flux
becomes small due to the exponential factor in Eq. 5.10, leading to too much
noise in the determined Pyeq(E, v, J). Parameters can then be described in two
ways (methods B1 and B2). Briefly, in method B1 the saturation parameters
are determined by setting them equal to the theoretical reaction probability
computed for E = Epax(v, J). The Ej/o(v, J) parameters is then determined
as the energy at which the computed reaction probability equals half this
computed reaction probability. Method B2 aims to improve upon this. Method
B1 was previously followed in experimental papers to enable comparison with
theory for Hg, Do and HD desorbing from Cu surfaces®®, and for Hy and Dy
desorbing from Au(111)7!. Further details of methods B1 and B2 are presented
in appendix 5.B.
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Rotational quadrupole alignment parameters.
The rotational quadrupole alignment parameter, A[()z) (E,v,J), is computed
from initial-state resolved reaction probabilities as follows:1?9

3m2
S —0(2 = Omy 0) Pr(E v, Jymy) <J(J—+Jl) — 1)

Aéz)(E, v,J) = 5
Z:mJ:O(2 - 5mJ,0)PT(E7 v, ‘]7 mJ)

(5.12)

The rotational quadrupole alignment parameter is a measure of the dependence
of the reaction on the alignment of Hy relative to the surface.

Rovibrational state populations of Hy and Dy desorbing from Au(111).

State distributions of desorbing molecules are calculated in the following

manner:71

Emax(u,J) (_ E )
N(v,J) = / Pont(v, J, Ts)VE €' *575’ Pyog(E,v, J)dE.  (5.13)
0

Here Ty is the surface temperature, and Epax(v, J) is the maximum kinetic
energy sensitivity of the experiment’', which is plotted as a function of J in
figure 5.B.2. To make a comparison between theory and experiment possible,
the experimental Pyeg(F, v, J) are replaced by the error function expressions
of ref.”. In order to make this comparison valid, we only integrate Eq. 5.13
up to Epax(v, J). The error function fits derived in ref.”! are only valid below
Emax(v, J) and can yield sticking probabilities substantially bigger than one for
higher energies. Integration of Eq. 5.13 is done by taking a right Riemann sum
with a dE of 0.2 meV. The N(v,J) populations are normalized to the total
v = 0 population according to:.
N(v,J)
N(v,J) = S N(v=0,J) (5.14)

The ratio v = 1 : v = 0 can then calculated as:

0= Y Nwy=1J)
ZJN(V:()vJ)

The upper limits to J used in Egs 5.14 and 5.15 are discussed below.

v=1:v=

(5.15)
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5.2.7 Computational details

All the electronic structure calculations were carried out by performing plane
wave periodic DF'T calculations using a user modified version of the Vienna
Ab Initio Simulation Package!3®133 (VASP). The modification of the computer
package concerns an interface to VASP with the LibXC density functional
library'®*. The standard VASP projector augmented wave (PAW) potentials'3
and vdW-DF correlation®”%® as implemented in VASP36:137 were used for all
calculations at the GGA level except for the SRP48 calculations on Pt(111), for
which the standard VASP ultrasoft pseudopotentials'® and PBE correlation!'6
were used. Calculations done using a mGGA use mGGA correlation (see table
5.1).

All calculations at the GGA level presented in this work have been carried
out using a plane wave cutoff energy of 450 eV together with smearing of 0.2
eV using the Methfessel-Paxton method of order 1. The input parameters
for calculations with a mGGA DF can be found in ref.!'3 Lattice constants
have been calculated using a four atom bulk unit cell and a 28 x 28 x 28
Monckhorst-Pack k-point grid. All metal slabs consist of six layers of which
the bottom two layers were fixed at the ideal bulk interlayer distance. Slab
relaxation has been carried out using a 1 x 1 supercell, a 32 x 32 x 1 I'-centered
k-point grid and a vacuum distance of 16 A. PES calculations have been carried
out using a 3 x 3 supercell, a 11 x 11 x 1 I'-centered k-point grid and a vacuum
distance of 16 A.

5.3 Results

5.3.1 Electronic structure
Description of the metal.

Table 5.5 shows calculated lattice constants for different DFs, comparing with
zero-point energy corrected experimental results'3®. Table 5.6 shows the percent-
age change of the distance between the top two layers of the metal slab relative
to the calculated bulk interlayer distance, also comparing to experimental

results?7-59,140-144
H> + metal surface PESs

Barrier heights and geometries for Hy + Cu(111) for high symmetry geometries
are shown in table 5.7. The energetic corrugation £, which is the difference
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Cu Ag Au Ni Pd Pt
exp. -1.0%,°7°9 20.7%°%  -2.5%,M0 -0.5%1*T  1.5%%2  -0.07%°7 1.3%%FB  1.1%
SRP48!1 -1.3%11 -0.6%320 0.6%145  -1.0%2! 0.0% 1.0%
vdW-DF197 -0.2% 0.1% 1.6% -1.1% 0.7% 1.3%
vdW-DF298 0.0% 0.5% 2.1% -1.1% 0.8% 1.5%
B86SRP68-DF2 -0.4% -0.1% 1.3% -1.1%21 0.7% 1.2%
SRPs0l63-DF2 -0.4% -0.2% 1.4% -1.1% 0.6% 1.0%
PBEa57-DF212 -0.4% 0.0% 1.5% -0.8%21 0.6% 0.8%
optPBE-DF1115 -0.8%%2 -0.2% 1.0% 0.2% 0.8%
MS-B86b113 -1.0% -0.5% 1.0% 0.3% 1.0%
TW@HH& |O.wﬁuH&® |O.wﬁpﬁm H.Oﬁw#@ |D.mﬁowﬁm D.@Qow#@
PBEsol!18 -0.4%146 -0.1%146 0.8%146 0.6%46  0.8%'46

TABLE 5.6: Relaxations of the interlayer distance between the top two layers relative

to the bulk interlayer distance in %.
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FIGURE 5.2: Elbow plots, i.e. V(Z,r) resulting from the Hy + Cu(111) PES computed

using the BS6SRP68-DF2 DF and interpolated using the CRP method for four high

symmetry geometries in which the molecular axis is parallel to the surface (8 = 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 positions are
indicated with white circles.

between the highest and the lowest barrier height, is shown as well. Elbow plots
for four geometries are shown in figure 5.2 for the BS6SRP68-DF2 SRP-DF.

Barrier heights and positions for Ho + Ag(111), Au(111) and Pt(111) are
shown in tables 5.8, 5.9 and 5.10 respectively. With respect to the Hy + Pt(111)
system the most striking result is that only the PBEa57-DF2!? and MS-PBEI!?
DFs exhibit a double barrier structure for the top-to-bridge (t2b) geometry
whereas the other DFs tested do not. The PBEa57-DF22 SRP-DF is the only
DF that predicts a negative early barrier to reaction for this reaction.

We have checked the fit accuracy of our CRP'2! PES for the BS6SRP68-DF2
DF for Hy + Cu(111) using ~4900 randomly sampled geometries. Based on all
the randomly sampled points taken together our CRP'2! fit has a root mean
square (rms) error of 31 meV. When only looking at the 3538 geometries that
have an interaction energy of Hy with the surface lower then 4 eV the rms error
is reduced to 8 meV (~ 0.2 kcal/mol). Our CRP'2! PES is thus highly accurate
with respect to the underlying electronic structure calculations. Since the other
PESs calculated for this paper have been constructed in the same manner, we
presume their accuracy with respect to the electronic structure calculations to
be similar, and high enough for our purposes.
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_ bridge t2b hep 13
muv Ty Nv mw Iy Nm m@ Iy Ne
SRP4811:12 0.636 1.030 1.172 0.887 1.396 1.394 1.047 1.539 1.269 0.411
B86SRP68-DF2 0.725 1.045 1.169 0.936 1.380 1.392 1.056 1.379 1.273 0.331
SRPsol63-DF2  0.712 1.045 1.167 0.925 1.379 1.392 1.038 1.373 1.270 0.326
PBEa57-DF2 0.720 1.063 1.142 0.934 1.385 1.390 1.035 1.373 1.268 0.315
optPBE-DF1%?  0.712 1.053 1.165 0.915 1.382 1.396 1.070 1.427 1.271 0.358
MS-B86b1'? 0.683 0.997 1.205 0.895 1.351 1.391 1.079 1.369 1.266 0.396

TABLE 5.7: Barrier heights for Hs reacting on Cu(111) for high symmetry geometries.
For the bridge site ¢ = 90° and 6 = 90°, for the t2b and hcp geometries ¢ = 0° and
0 = 90°. The high symmetry locations are shown in figure 5.1b, the t2b geometry
refers to the COM of the molecule being placed on a top site, with the H-atoms
pointing to the nearest bridge sites. Barrier heights are in €V, and the barrier positions

in A. Additionally the energetic corrugation, &, is also shown in €V.
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bridge t2b t2h ¢ = 30° &
mv Ty Na mv Iy N@ mvm Iy Nw
PBE 1.245 | 1.187 | 1.096 | 1.237 | 1.504 | 1.468 | 1.637 | 1.685 | 1.549 | 0.392
SRP4814% 1.407 | 1.180 | 1.089 | 1.382 | 1.493 | 1.470 | 1.783 | 1.689 | 1.552 | 0.376

PBEa57-DF2 1.496 | 1.232 | 1.071 | 1.340 | 1.492 | 1.469 | 1.707 | 1.664 | 1.558 | 0.211
B86SRP68-DF2 | 1.470 | 1.218 | 1.091 | 1.333 | 1.480 | 1.470 | 1.704 | 1.659 | 1.556 | 0.234
MS-PBEI'® 1.432 | 1.144 | 1.127 | 1.301 | 1.433 | 1.466 | 1.701 | 1.578 | 1.538 | 0.269
MS-B86b1*3 1.481 | 1.142 | 1.130 | 1.355 | 1.438 | 1.467 | 1.753 | 1.583 | 1.539 | 0.272

TABLE 5.9: Barrier heights for Hy reacting on Au(111). For the bridge site ¢ = 90°
and 6 = 90°, for the t2b site ¢ = 0° and # = 90°, and for the t2h site ¢ = 0° and
0 = 30°. The high symmetry locations are shown in figure 1b, the t2b geometry refers
to the COM of the molecule being placed on a top site, with the molecular bond
pointing to a bridge site. Barrier heights are in €V, and the barrier positions in A.
Additionally the energetic corrugation, £, is shown in eV as well.
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FIGURE 5.3: The computed interaction energy of Hy parallel to the Cu(111) surface

above a top site (¢ = 0°,0 = 90°) is compared with experimental results®® (black).

Panel (a) shows the calculated Van der Waals well for the BS6SRP68-DF2 (red),

PBE«a57-DF2 (green), SRPsol63-DF2 (blue) and optPBE-DF1%? (purple) DFs, and

panel (b) for the SRP48! (red), MS-B86bI? (green), vdW-DF1°7 (blue) and vdW-
DF2% (purple) DFs.

Van der Waals wells

Figures 5.3a and b show Van der Waals potential curves for Hy in a parallel
orientation (¢ = 0°,0 = 90°) above a top atom of Cu(111) for different DFs,
comparing with experimental results®?. Panel a shows calculated Van der
Waals wells obtained with the non-standard DFs with non-local Van der Waals
correlation investigated in this work. Panel b shows Van der Waals potential
curves for SRP-DFs developed previously in our group'!"!3, as well as for the
two standard vdW-DF17 and vdW-DF2% DFs. Agreement with experiment is
best for the BS6SRP68-DF2 DF.

All Van der Waals well depths and geometries for the systems and DFs
investigated in this work are tabulated in table 5.11. With respect to the Van
der Waals well depths for Hy + Ag(111), Ho + Au(111), and Hy + Pt(111) we
find depths that are in good agreement with experimental work6291,100,111 oy
the B86SRP68-DF2 DF.
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Cu(111) Z [A] Eyqw [meV]
exp. 3.5160 27162 | 29560 22 262
SRP481! 4.38 3.73
vdW-DF1 3.77 52.4
vdW-DF2 3.58 39.0
B86SRP68-DF2 3.74 34.3
PBEa57-DF2 3.34 56.7
SRPso0l63-DF2 3.71 41.8
optPBE-DF242 3.52 46.9
Ag(111)

exp.9T 1.98 32.5
SRP4820 4.42 2.3
B86SRP68-DF2 3.75 33.3
PBEa57-DF2 3.39 56.1
Au(111)

exp.%? 2.2 40.0
SRP48145 4.26 3.0
B86SRP68-DF2 3.62 41.4
PBEa57-DF2 3.30 68.7
Pt(111)

exp. 551007 76111
SRP48 4.14 5.5
B86SRP68-DF2 3.48 48.0
PBEa57-DF2 3.24 72.4

TABLE 5.11: Van der Waals well depths and positions for Cu(111), Ag(111), Au(111)
and Pt(111).

5.3.2 Molecular beam sticking probabilities

Molecular beam sticking probabilities computed with five DFs for Hy and Do
reacting on Cu(111) are shown in figure 5.4, comparing to experimental results
of Auerbach and coworkers*6:°2 and Rendulic and coworkers?”. Figure 5.5 shows
the comparison with an additional experiment for the five DFs discussed here,
namely for the pure Dy molecular beams of Auerbach and coworkers?®. The
difference between theory and experiment is assessed by determining how far
the theoretical result needs to be shifted along the incidence energy axis to be
superimposed on a spline interpolated curve going through the experimental
results. Values of the mean absolute deviation (MAD) are calculated as the
mean of the absolute number of these shifts for a particular set of molecular
beam experiments From the MAD values it can be seen that all five DFs
considered describe the experiments on Hy + Cu(111) shown in figure 5.4 with
chemical accuracy. Figure 5.6 shows comparisons to two additional sets of
molecular beam experiments of Auerbach and coworkers?6:52 for Hy reacting on
Cu(111) for a more limited set of DFs.

For the B86SRP68-DF2 DF QD results are also shown for the experiments
concerning Hs in figures 5.4e.f and in figure 5.6. Note that in these figures the
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QCT results are based on more rovibrational states than those included in the
QD calculations (see table 5.3). In figure 5.7 we also explicitly compare QCT
and QD results obtained while averaging over the same rovibrational states,
and compare those to the QCT results shown in figures 5.4e,f and in figure 5.6.
Table 5.12 displays the computed MADs for all experiments considered.

Figure 5.8 shows molecular beam sticking experiments for Do reacting on
Ag(111). Experimental results of Hodgson and coworkers'47 are also shown. The
calculated results are obtained using the pure Do molecular beam parameters
of Auerbach and coworkers®® obtained from experiments on Cu(111). The
DFs treated in this work, as well as the MS-PBEl mGGA'3, reproduce the
experiment to almost within chemical accuracy. The SRP48 DF?%:63 yields the
worst and the MS-PBEI'? the best performance.

In figure 5.9 molecular beam sticking probabilities for Dg reacting on Pt(111)
for three DFs are shown, comparing to the molecular beam experiments of
Luntz et al.%. A comparison to the experimental results of Cao et al.f! is
shown in figure 5.10. For the comparison to the experiment of Luntz et al.®
the molecular beam parameters of Groot et al.'?® are used, while Cao et al.!
have actually reported their molecular beam parameters. Figure 5.9a shows
that the BS6SRP68-DF2 DF describes the experiment® with overall chemical
accuracy, albeit that the energy shifts are larger than 4.2 kJ/mol at the lowest
energies. However, figure 5.10a shows that the experiments of Cao et al.! are
not described to within chemical accuracy using the BS6SRP68-DF2 DF. The
SRP48 and MS-PBEI DFss are not able to describe either experiment to within
chemical accuracy.

The parameters describing the beams used in the experiment can be found
in table 5.4.

5.3.3 Initial-state resolved reaction probabilities

Initial-state resolved reaction probabilities will be presented for Hy reacting
on both Cu(111) and Ag(111). Figure 5.11 shows fully initial-state resolved
reaction probabilities for Hy reacting on Cu(111), as obtained with the QD and
QCT methods. At the level of degeneracy averaged reaction probabilities the
agreement is very good (figures 5.11a,c), but the QD method predicts a slightly
larger orientational dependence of the reaction probability (figure 5.11b). Figure
5.12 shows a comparison of degeneracy averaged reaction probabilities obtained
using the QD and QCT method for the 20 rovibrational states included in the
QD calculations. The agreement between the QD and QCT method is very
good for all states, though there are some differences for the J < 3 rovibrational
states.
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FIGURE 5.4: Molecular beam sticking probabilities for Hy and D5 reacting on Cu(111)
for three sets of molecular beam experiments, as computed with five SRP-DFs. Ex-
perimental results are shown in red*6:47:52, QCT results are shown in blue, and QD
results are shown in green in two panels (panels e and f). The values next to each
data point denote the shift along the translational energy axis from the computed
reaction probability to the interpolated experimental reaction probability curve in
kJ/mol. The MAD values are the mean value of the absolute energy differences for
each experiment.
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FIGURE 5.5: Molecular beam sticking probabilities for Dy reacting on Cu(111).

Experimental values are shown in red*6. QCT results are shown in blue. The values

next to each data point denote the shift along the translational energy axis from the

computed reaction probability to the interpolated experimental reaction probability
curve in kJ/mol.
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FIGURE 5.6: Molecular beam sticking probabilities for Hs reacting on Cu(111).

Experimental values are shown in black®?, computed reaction probabilities are shown

for the B86SRP68-DF2 (red), PBEa57-DF2 (blue), and the SRP48 (green) DFs. The
solid lines correspond to QCT calculations, the dashed lines to QD calculations.
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FIGURE 5.7: Molecular beam sticking probabilities for Hs reacting on Cu(111).
Experimental values are shown in black®?, BS6SRP68-DF2 QCT results are shown in
green, BS6SRP68-DF2 QCT results based on the same rovibrational states as taken
into account in the QD calculations in blue, and BS6SRP68-DF2 QD results in red.
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FIGURE 5.8: Molecular beam sticking probability as a function of the average incidence

energy for Do reacting on Ag(111). Experiment is shown in black!47. QCT results are

shown for the following DFs: SRP48 (purple)??, MS-PBEI (red)!?, BS6SRP68-DF2

(blue), and PBEa57-DF2 (green). The dotted line represents the experimental curve
shifted by 4.2 kJ/mol, denoting the limit to chemical accuracy.
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FIGURE 5.9: Molecular beam sticking probabilities for Do reacting on Pt(111) for (a)
the PBEa57-DF2, (b) B86SRP68-DF2, (c) SRP48 and (d) MS-PBEL DFs. Experi-
mental results are shown in red®®, QCT results in blue. The values next to each data
point denote the shift along the translational energy axis from the computed reaction
probability to the interpolated experimental reaction probability curve.
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FIGURE 5.10: Molecular beam sticking probabilities for Do reacting on Pt(111) for

the B86SRP68-DF2, SRP48 and MS-PBEI functionals. Experimental values are shown

in red®'. QCT results are shown in blue. The values next to each data point denote

the shift along the translational energy axis from the computed reaction probability
to the interpolated experimental reaction probability curve.
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Figure 5.13 shows degeneracy averaged initial-state resolved reaction proba-
bilities for Hy and Dg reacting on Ag(111). A comparison is made to reaction
probabilities extracted from associative desorption experiments assuming de-
tailed balance™ ™. The agreement with experiment seems best for Dy and when
using the MS-PBEl mGGA'3. Note, however, that the Pyeg(E, v, J) extracted
from experiments were not normalized, but simply assumed to saturate at unity,
making it hard to perform an accurate comparison with experiment.

5.3.4 E;;(v,J) parameters

Ei/5(v, J) parameters calculated for Hy (D2) + Cu(111) using method Al and
method B1 are shown in figure 5.14 and figure 5.15, respectively, also comparing
with experiment#®. Using method B1, the DFs that include non-local correlation
qualitatively reproduce the rotational hindering observed experimentally for
(v =0), i.e. the increase of E/5(v, J) parameters with increasing J for low J
before decreasing with increasing J. A third degree polynomial has been fitted
to the calculated Eq /2(V, J) parameters, which describes the dependence of the
Eq/2(v, J) parameters on J. The polynomials are shown, without the energy
axis offset resulting from the fit to a third degree polynomial, in figure 5.16.

Ei/5(v, J) parameters calculated for Hy (D2) + Au(111) using method B2
are shown in figure 5.17, also comparing to experiment?!.

Accompanying MAD and mean signed deviations (MSD) values of the
computed E; /2(1/, J) parameters from the experimental values are presented in
table 5.13 for both Hy (D2) + Cu(111) and Hy (Dg) + Au(111).

5.3.5 Rotational quadrupole alignment parameters Cu(111)

In figure 5.18 we compare calculated rotational quadrupole alignment param-
eters using the QCT method to experimental ones for Dy desorbing from
Cu(111)%°. Note that a positive AéQ)(I/, J) indicates a preference for parallel
reaction, a negative value a preference for perpendicular reaction, and zero
means the reaction proceeds independent of Dy orientation. We observe only a
monotonous increase of the rotational quadrupole alignment parameters with
decreasing translational energy, indicating that at translational energies close
to the reaction threshold molecules prefer to react in a parallel orientation.

5.3.6 Inelastic scattering of H, from Cu(111)

Vibrationally inelastic scattering probabilities, P(v = 0,J — v =1,J = 3) for
Hs scattering from Cu(111) are shown in figure 5.19 for scattering from the
initial J = 1,3 and 5 states. Results were obtained using the QD method. The
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FIGURE 5.11: Reaction probabilities computed for Hy + Cu(111) with QD calculations
(solid lines) and QCT calculations (dashed lines) for normal incidence using the
B86SRP68-DF2 DF. Degeneracy averaged reaction probabilities computed for J =1
for both the ground state and the first vibrationally excited state (a). Fully initial-state
resolved reaction probabilities are shown for the mj; = 0 and 1 states belonging to
J =1 for both the ground vibrational and the first excited vibrationally state (b).
Reaction probabilities computed for the J = 0 state for both the ground vibrational
and the first excited vibrational state (c).
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FIGURE 5.12: Degeneracy averaged reaction probabilities for Hy reacting on Cu(111),
obtained using the B86SRP68-DF2 functional. Solid lined correspond to QD results,
dot-dashed lines correspond to QCT results.
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FIGURE 5.13: Initial-state selected reaction probabilities Pyeq(E, v, J) computed for
Hy (D2) + Ag(111) using the MS-PBEI (purple), SRP48% (red), B86SRP68-DF2
(green) and the PBEa57-DF2 (blue) DFs are shown as a function of translational energy,
comparing with values extracted from associative desorption experiments™ ™. Results
are shown for Dy (v =0,J =2) (a), D2 (v=1,J =2) (b), and Hy (v =0,J = 3) (c).
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Ag(111), Au(111) and Pt(111)

Cu(111) Method A1 MAD (eV) Hg MSD (eV) Hp MAD (eV) Do MSD (eV) Da

total v=20 v = total v=20 v=1 total v=20 v=1 total v=20 v=1
SRP48™! 0.0434 | 0.0522 | 0.0301 0.0373 0.0522 0.0151 0.0254 | 0.0243 | 0.0272 | -0.0066 | -0.0008 | -0.0152
MS-B86b113 0.0274 | 0.0165 | 0.0438 | -0.0149 0.0044 | -0.0438 | 0.0551 | 0.0440 | 0.0717 | -0.0551 | -0.0440 | -0.0717
B86SRP68-DF2 0.0209 | 0.0142 | 0.0308 | -0.0176 | -0.0089 | -0.0308 | 0.0663 | 0.0640 | 0.0698 | -0.0663 | -0.0640 | -0.0698
B86SRP68-DF2 QD | 0.0231 | 0.0183 | 0.0303 | -0.0222 | -0.0169 | -0.0303
Dai et al.38 QD 0.0091 0.0017
PBE«a57-DF2 0.0140 | 0.0117 | 0.0174 0.0040 0.0054 0.0018 0.0573 | 0.0615 | 0.0509 | -0.0573 | -0.0616 | -0.0509
SRPsol63-DF2 0.0153 | 0.0136 | 0.0177 | -0.0025 0.0064 | -0.0158 | 0.0510 | 0.0487 | 0.0545 | -0.0511 | -0.0487 | -0.0545
optPBE-DF1%42 0.0146 | 0.0147 | 0.0143 0.0054 0.0111 -0.0032 | 0.0480 | 0.0481 | 0.0478 | -0.0480 | -0.0615 | -0.0478
Cu(111) Method B1 MAD (eV) Hg MSD (eV) Hg MAD (eV) Dy MSD (eV) Dy

total v=20 v = total v=20 v=1 total v=20 v = total v=20 v =
SRP48™T 0.0409 | 0.0317 | 0.0549 | -0.0409 | -0.0317 | -0.0549 | 0.0336 | 0.0252 | 0.0336 | -0.0332 | -0.0246 | -0.0460
MS-B86b1'3 0.0826 | 0.0664 | 0.1067 | -0.0826 | -0.0664 | -0.1068 | 0.0712 | 0.0567 | 0.0929 | -0.0712 | -0.0567 | -0.0929
B86SRP68-DF2 0.0843 | 0.0756 | 0.0974 | -0.0843 | -0.0756 | -0.0974 | 0.0785 | 0.0709 | 0.0898 | -0.0785 | -0.0709 | -0.0897
B86SRP68-DF2 QD | 0.0846 | 0.0812 | 0.0897 | -0.0845 | -0.0813 | -0.0897
Dai et al.3% QD 0.0703 -0.0703
PBE«a57-DF2 0.0676 | 0.0647 | 0.0718 | -0.0676 | -0.0648 | -0.0718 | 0.0674 | 0.0642 | 0.0723 | -0.0674 | -0.0642 | -0.0723
SRPsol63-DF2 0.0738 | 0.0660 | 0.0855 | -0.0738 | -0.0660 | -0.0855 | 0.0682 | 0.0613 | 0.0785 | -0.0682 | -0.0613 | -0.0785
optPBE-DF1%2 0.0688 | 0.0635 | 0.0768 | -0.0688 | -0.0635 | -0.0767 | 0.0642 | 0.0583 | 0.0729 | -0.0642 | -0.0583 | -0.0729
Au(111) Method B1 MAD (eV) Hg MSD (eV) Hg MAD (eV) Do MSD (eV) Do

total v=20 v=1 total v=20 v=1 total v=20 v=1 total v=0 v=1
PBE 0.1025 | 0.1333 | 0.0718 0.1025 0.1333 0.0718 0.0955 | 0.1178 | 0.0734 | 0.0955 0.1176 0.0733
SRP48145 0.0309 | 0.0468 | 0.0151 0.0158 0.0468 | -0.0151 | 0.0229 | 0.0325 | 0.0133 0.0094 0.0321 -0.0131
PBE«a57-DF2 0.0189 | 0.0241 | 0.0136 0.0026 0.0177 | -0.0125 | 0.0187 | 0.0246 | 0.0127 | 0.0125 0.0246 0.0005
B86SRP68-DF2 0.0270 | 0.0457 | 0.0083 0.0217 0.0457 | -0.0022 | 0.0190 | 0.0275 | 0.0105 0.0113 0.0275 | -0.0050
optPBE-DF114% 0.0260 | 0.0225 | 0.0259 | -0.0044 0.0206 | -0.0296 | 0.0212 | 0.0116 | 0.0309 | -0.0143 0.0023 | -0.0307
MS-PBEI!3 0.0329 | 0.0393 | 0.0264 0.0028 0.0320 | -0.0264 | 0.0270 | 0.0116 | 0.0105 0.0212 0.0435 | -0.0009
Au(111) Method B2 MAD (eV) Hg MSD (eV) Hp MAD (eV) Do MSD (eV) Da

total v=20 v=1 total v=20 v=1 total v=20 v=1 total v=20 v=1
PBE 0.0464 | 0.0471 | 0.0457 | -0.0463 | -0.0470 | -0.0457 | 0.0579 | 0.0551 | 0.0607 | -0.0579 | -0.0551 | -0.0607
SRP48145 0.0891 | 0.0774 | 0.1008 | -0.0891 | -0.0774 | -0.1008 | 0.0948 | 0.0856 | 0.1041 | -0.0948 | -0.0856 | -0.1041
PBE«a57-DF2 0.1050 | 0.1143 | 0.0958 | -0.1050 | -0.1143 | -0.0958 | 0.0957 | 0.0905 | 0.1009 | -0.0957 | -0.0905 | -0.1009
B86SRP68-DF2 0.0854 | 0.0797 | 0.0911 | -0.0854 | -0.0797 | -0.0911 | 0.0955 | 0.0888 | 0.1015 | -0.0951 | -0.0888 | -0.1015
optPBE-DF114% 0.0959 | 0.0860 | 0.1058 | -0.0959 | -0.0860 | -0.1058 | 0.1037 | 0.0952 | 0.1123 | -0.1037 | -0.0952 | -0.1123
MS-PBEI!3 0.1057 | 0.1043 | 0.1072 | -0.1057 | -0.1043 | -0.1072 | 0.0918 | 0.0836 | 0.1000 | -0.0835 | -0.0551 | -0.1120

TABLE 5.13: Mean absolute and mean signed deviations of the theoretical E /5(v, J)
parameters from the experimental Ey(v, J) values for Hy (D) + Cu(111)*® and H,

(Ds) + Au(111)™.
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FIGURE 5.14: E,/3(v,J) parameters as a function of J obtained using method A1l
for Hy and Dy reacting on Cu(111). Red circles represent the SRP48 values®®, green
circles the MS-B86bl values'?, blue circles represent the BS6SRP68-DF2 values with
the solid blue circles corresponding to QD calculations, magenta circles represent the

PBEa57-DF2 values, and solid black circles represent experimental results*8.
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FIGURE 5.15: Ej/3(v,J) parameters as a function of J obtained using method B1 for

Hs and D3 reacting on Cu(111). Red circles represent the SRP48 values®, green circles

the MS-B86bl values'3, blue circles the BS6SRP68-DF2 values with the solid blue

circles corresponding to QD calculations, magenta circles represent the PBEa57-DF2
values, and solid black circles represent experimental results*®.
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FIGURE 5.16: The trend in the J-dependence of the E; /5(v, J) parameters calculated

using procedure B1 as a function of J for the Hy (D2) + Cu(111) system. Here the trend

is represented by third degree polynomial fits of the calculated and experimental®®
results, plotted here without the y-axis offset for easy comparison.
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FIGURE 5.17: Ej/3(v,J) parameters as a function of J obtained using method B2 for

Hy and Dy reacting on Au(111), experimental values are shown in black™. Red circles

represent the SRP48 values'#®, green circles the BS6SRP68-DF2 values, blue circles

the PBEa57-DF2!2 values, purple circles the MS-PBEI'3 values and red triangles the
PBE values!'#®.
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FIGURE 5.18: Panel (a) shows rotational quadrupole alignment parameter, A(g)(u =
0,J = 11), and panel (b) shows the rotational quadrupole alignment parameter

A(OZ) (v = 1,J = 6) for Dy reacting with Cu(111). Experimental results are shown
in black®®. Theoretical results obtained using the QCT method are shown for the
B86SRP68-DF2 (red), SRP48'! (green), PBEa57-DF2!2 (blue), and the MS-B86bl!3

(magenta) DFs.
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Ho Do
exp.’t 0.552 0.424
SRP48 0.250 0.473

B86SRP68-DF2  0.249 0.522

TABLE 5.14: The ratio of ¥ = 1 : ¥ = 0 molecules desorbing from Au(111) as measured
in experiments”! and computed with the SRP48 and B86SRP68-DF2 DFs.

onset of the vibrational inelastic scattering probabilities is correlated with the
onset of reactivity for each particular state. The DFs yield similar results for
the initial (v = 0,J = 5) rovibrational state, except that the SRP48 DF yields
smaller vibrational excitation probabilities for E > 0.8eV (panel c¢). For the
(v=0,J =1) and (v =0, J = 3) initial rovibrational states the differences are
larger (panels a and b).

Figure 5.20 shows the ratio of rotationally elastic and inelastic scattering
probabilities P(v =1,/ =0—-v=1,J=2)/Pv=1,J=0—-v=1,J =0)
computed with two DFs and comparing with experiment®. Note that both
curves need to be shifted by 40 meV in order to overlap with the onset of the
experimental curves measured for a surface temperature of 300 K.

5.3.7 Rovibrational state populations of H, and D, desorbing
from Au(111)

Figure 5.21 shows rovibrational state populations of Hy and Dy desorbing from
Au(111). Here we plot In[N/gn(2J 4 1)] versus the rotational energy, with N
being the total population for each (v, J) state (see Eq. 5.13) and gn(2J + 1)
being the statistical weight for rotational level J7'. For Dy, gn = 2 for even J
and 1 for odd J; for He, gy = 1 for even J and 3 for odd J. In such a plot a
Boltzmann distribution will appear as a straight line”!. Here we integrate Eq.
5.13 up to Emax(v, J).

Figure 5.22 shows the rovibrational state populations of Hy desorbing from
Au(111) as reported in by Shuai et al.”! together with the values we calculate
using Eq. 5.13 with an upper integration limit of 5 €V to be in line with the
procedure used by Shuai et al.”! as outlined in a private communication®.

Table 5.14 shows the ratio of the fluxes of molecules desorbing in the first
excited and in the vibrational ground state for both Hy and Dy desorbing from
Au(111). The ratios are calculated using Eq. 5.15 and are solely based on the
rovibrational states for which results are shown in figure 5.21. Again, here we
integrate Eq. 5.13 up to Enax(v, J).
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FIGURE 5.19: Vibrationally inelastic scattering probabilities for P(v = 0,J — v =

1, J = 3). Shown are results for J =1 (a), J = 3 (b), and J =5 (c). QD results for the

following DFs are shown: B86SRP68-DF2 (black), SRPsol63-DF2 (red), PBEa57-DF2
(green), optPBE-DF1 (blue), MS-B86bl (magenta), and SRP48% (orange).
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FIGURE 5.20: A comparison of the ratios of theoretical and experimental rotationally
inelastic scattering probabilities P(v = 1,J =0 - v =1,J = 2)/P(v = 1,J =
0 —v=1,J =0) for Hy impinging on Cu(111). Experimental results are shown in
black®® with the error bars representing maximum deviations in repeated measurements
constituting estimated standard deviations. QD results for the SRP48 DF are shown
in red'! and QD results for the BS6SRP68-DF2 DF are shown in blue. Dashed lines
constitute the calculated ratio’s of rotationally inelastic scattering shifted by 40 meV.
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FIGURE 5.21: Rovibrational state populations of Hy and Dy desorbing from Au(111)
are shown versus the rotational energy. Experimental results are shown in black”, theo-
retical results are shown in red for the SRP48 DF!45 and in blue for the BS6SRP68-DF2
DF. The straight lines represent Boltzmann distributions for the surface temperature

of the experiment.
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FIGURE 5.22: Rovibrational state populations of Hs desorbing from Au(111) are
plotted against the data for Hy shown in figure 2 of ref.”!. Here the calculated
normalized experimental results based on the error function fits have been obtained by
performing the integration in Eq. 18 until 5 eV to be consistent with the procedure
used in ref.”!. Additionally, the calculated curves have been shifted such that the
calculated value for (v = 0, J = 0) matches with the (v = 0,J = 0) result reported in
ref.”t, and the calculated results for (v = 1) have been shifted by the same amount
(+3.0).

5.4 Discussion

Our aim has been to develop new SRP-DFs that include non-local correlation
for the Hy + Cu(111) system, and afterwards assess the transferability of these
DFs to other systems. The reason for taking this approach, instead of fitting
the DF to best reproduce experiments on all systems shown in the results
section, is that numerous experimental results are available for the reaction
of Hy and Dy on Cu(111)#656, For the non-copper systems discussed in this
work experimental results are sparse!®7'. and there is discussion about the
validity of the available parameters describing the molecular beams used in the
experiments on Hy (Dg) + Ag(111) and Pt(111)20:61,65,66,

The good agreement between different molecular beam dissociative chemisorp-
tion experiments?®4752 on the reaction of Hy (Dg) + Cu(111), and their re-
sultant constraints for a to be developed SRP-DF, provides an opportunity to
design the best performing SRP-DF for this system yet reported. The DF that
best describes sticking probabilities obtained from dissociative chemisorption
molecular beam experiments for Hy (D2) + Cu(111), will be considered the best
performing DF. We choose this definition since our calculations are carried out
using the BOSS model. From the literature it is known that the BOSS model
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works rather well for activated Hy dissociation on cold metalg24-28-30,63,149

Comparisons to experimental results obtained from associative desorption
experiments will not be included in the assessment of the quality of the newly
constructed SRP-DFs for two reasons. The first reason is that associative
desorption experiments are carried out at high surface temperatures. Since
we have carried out calculations using the BOSS model we neglect surface
temperature effects. The second reason is that in obtaining state-specific
information from associative desorption experiments requires the assumption
of detailed balance, which is strictly speaking not applicable if an electronically
non-adiabatic process is involved and energy exchange with the surface is allowed.
Since neither process can be ruled out we feel it safer to base our judgement on
the sticking experiments. We still discuss the valuable experimental results on
associative desorption since they do provide insight into the reaction dynamics.
However, as we will discuss, it is fraught with difficulty to make a direct
quantitative comparison between calculations on dissociative chemisorption and
associative desorption experiments without improving our dynamical model by
incorporating phonons and ehp excitations, which is challenging to do'?0152,
Recently, this has been done for Hy + Cu(111)" using ab initio molecular
dynamics with electronic friction (AIMDEF) calculations employing the PBE!!6
DF. It is hard to draw firm conclusions from this work on the effect of electron-
hole pair excitation as the statistical accuracy of the AIMDEF calculations
is limited through the small number of AIMDEF trajectories. Other recent
work employed the orbital dependent friction model (ODF)?. 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.

5.4.1 Metal properties

Using a GGA DF for a theoretical description of gas surface dynamics is in
most cases a compromise between a good description of the metal slab and a
good description of the interaction of a molecule with the metal slab'®3. Table
5.5 shows the calculated lattice constants for all DFs investigated in this work.
Highly accurate results are only achieved using PBEsol''® and our previously
developed mGGA MS-B86b1'3. All our candidate SRP-DFs yield improved
results over the vdW-DF197, vdW-DF2%, and SRP48'! DFs. We generally see
a large improvement in the calculated lattice constant if a DF has at least one
component with a u value closer to the second gradient expansion y = %, as
used in the PBEsol''®, MS-B86bl'3, SRPs0l63-DF2 and the BS6SRP68-DF2

DFs.
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When looking at the relaxations of the interlayer distance of the two top
most layers relative to the bulk interlayer distance (table 5.6) no clear trend
can be discerned. The best performing DF is again MS-B86bl'3. We do note
that the SRP48 DF appears to produce top interlayer distances that on the
whole are closer to the experimental values than DFs obtained combining GGA
exchange DFs with vdW-DF2 non-local correlation. The reason for this is
unclear.

5.4.2 Static PES properties

The experimental Van der Waals well depth that has been measured for Ho +
Cu(111)% can provide us with a constraint when fitting a new SRP-DF. The
new SRP-DFs we present here are BS6SRP68-DF2 and SRPsol63-DF2 (table
5.1). The two original Van der Waals DFs, namely vdW-DF1°7 and vdW-DF2%,
yield wells that are too deep, especially for vdW-DF197, as also found in earlier
work!?* (figure 5.3b, see also table 5.11). The two previous SRP-DFs for this
system produce a very tiny (SRP48) or no (MS-B86bl!3) Van der Waals well
at all (figure 5.3b). Of the four DFs considered in figure 5.3b, the vdW-DF2%
DF produces the best results. Other exploratory calculations carried out by
us showed that using vdW-DF1°7 correlation yields Van der Waals wells that
are much to deep and too close to the surface, although they are not shown
here. The better performance of vdW-DF2 correlation is most likely due to the
large-N asymptote correction used in this DF%.

Figure 5.3a shows the same Van der Waals well depth for the SRP-DFs
that include vdW-DF2 correlation, and one SRP-DF that includes vdW-DF1
correlation. These four DFs are all chemically accurate with respect to the
reactivity of Hy on Cu(111), as can be seen from the MAD values in figure 5.4.
The PBE«a57-DF2 DF has originally been fitted to reproduce experiments for
Hs (D2) + Pt(111)*2, and the optPBE-DF1!!5 DF has previously been shown
to be chemically accurate Hy (Dg) + Cu(111)*2. The exchange part of the
optPBE-DF1 DF was optimized to reduce intermediate range effects to avoid
double counting when combining it with non-local vdW-DF1 correlation'®. It
is clear that the choice of exchange functional greatly impacts the depth and
position of the Van der Waals well. The difference between the depths of the
deepest and the shallowest Van der Waals well obtained with the non-standard
DFs using vdW-DF2 non-local correlation®® (figure 5.3a, 23.4 meV) is greater
than the difference between the depths of the vdW-DF1 and vdW-DF2 wells
(figure 5.3b, 13.4 meV, see also table 5.11). It can also be seen that going from
PBEa57-DF2 to SRPsol63-DF2 the calculated Van der Waals well more closely
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resembles experiment®. The closest agreement with experiment is achieved
using the B86SRP68-DF2 DF.

All Van der Waals wells computed by us are tabulated in table 5.11, also
comparing with experimental Van der Waals wells that have been reported for
Hy + Cu(111)5%62 Hy + Ag(111)%1, Hy + Au(111)%% and Hy + Pt(111)100:11L,
With respect to the Cu(111) well depth the experimental results are in reasonable
agreement with each other. However, the position reported by Harten et al.6?
is somewhat closer to the surface. This difference in the Z dependence of the
Van der Waals well can be attributed to ambiguities in the bound state level
assignments from the Feshbach resonances in the earlier experiment!'?, and it
has been remarked that the results obtained later® are in fact also consistent
with the earlier measurements'%®. Additionally we suspect that the reported
Van der Waals wells for Hy + Ag(111)°! and Hy + Au(111)52 might possibly
be too close to the surface!?® for the same reason. This drawback of using the
RMSA technique®® might be alleviated by redoing the potential inversion on the
basis of the original data on Feshbach resonances with more advanced theoretical
155 "o g, using an analysis in which the molecule-surface potential is
not laterally averaged. In yet a different approach, instead of using the RMSA
approach? Poelsema et al.!'! presented a combined thermal energy atom
scattering/thermal desorption spectroscopy (TEAS/TDS) study of the Hy +
Pt(111) system, obtaining Van der Waals well geometries that were subsequently
accurately reproduced by theory'?. For the Hy + metal(111) systems studied
here it would certainly be advantageous if additional experimental data were
to become available addressing the Van der Waals interaction, using either
a sophisticated analysis of results for RMSA studies or through combined
TEAS/TDS studies. New experiments would allow for a better comparison
between theory and experiment with respect to the predictions obtained by the
inclusion of non-local correlation in DFT calculations on the systems addressed
here.

models

5.4.3 Molecular beam sticking
Molecular beam sticking of Hy (D3) + Cu(111): QCT results

The fitting of the candidate SRP-DFs was done by reproducing six different sets
of molecular beam experiments®4752 for which the molecular beam parameters
were taken from (the supporting information of ) Refs'!:2. Figure 5.4 compares
results of three sets of molecular beam sticking probabilities, Sy, with results
computed with the SRP48' B86SRP68-DF2, SRPsol63-DF2, PBEa57-DF2!2
and optPBE-DF142118 DFs using the QCT method. We focus on these three
sets of molecular beam experiments because for these enough experimental
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data points are available to perform a cubic spline interpolation. The quality
of the DFs is assessed by computing MAD values, i.e. the mean distance along
the incidence energy axis from the computed Sy data point to the interpolated
experimental data point with the same Sy value.

It is clear from the total MAD values that all DFs evaluated in figure 5.4 are
chemically accurate with respect to the three sets of molecular beam experiments
for Hy (D2) + Cu(111) shown in figure 5.4, and that the agreement between
theory and experiment is good for all molecular beam conditions. The theoretical
results shown here were obtained using the BOSS model. The experiments of
Michelsen et al.*6 and Rettner et al.>* considered here employed a low surface
temperature of 120K, the experiment of Berger et al.*” was reportedly done on
a 'cold’ surface, and from the literature it is known that the BOSS model works
well for activated Hy dissociation on cold metals?$27 39 Another advantage
of fitting a SRP-DF to these sets of molecular beam experiments is that they
cover both Hy and D» for very different experimental conditions with respect
to the nozzle temperature, the average collision energy, and the width of the

velocity distributions!!.

The B86SRP68-DF2 DF exhibits a MAD of 1.4 kJ/mol for the experiments
shown in figure 5.4, which is the lowest value obtained with the five DFs
discussed. Of the DFs that include non-local correlation the BS6SRP68-DF2
DF also performs best with respect to the calculated lattice constants, as can
be seen in table 5.5. In addition it performs best with respect to the shape
and depth of the Van der Waals well. We therefore select the BS6SRP68-DF2
DF as the new, and most accurate, SRP-DF for the Hy + Cu(111) system.
From this point onward we will mainly focus on the results obtained with the
newly selected BS6SRP68-DF2 DF and the PBEa57-DF2!2 DF, and on how
the performance of these two DFs compares to that of the original SRP48!!
DF and of our previously developed mGGA DFs'3.

One additional comparison to experiment is made in figure 5.5, concern-
ing pure Dy molecular beams?®. This comparison highlights a limitation of
assessing the quality of a candidate SRP-DF by computing the mean distance
along the incidence energy axis from the computed Sy value to interpolated
experimental values. In this experiment the average translational energy does
not monotonically increase with increasing nozzle temperature. Due to the high
sensitivity of the sticking probability to the width of the velocity distribution
of the molecular beam, the sticking probability also does not monotonically
increase with the average translational energy. In figure 5.5 the application of
our quality assessment strategy leads, in some cases, to large deviations with
respect to the interpolated experimental results (note, however, that only for
one data point and for one DF chemical accuracy was not achieved, see figure
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5.5¢). Our quality assessment strategy works best if the reactivity increases
monotonically with increasing average translational energy.

Molecular beam sticking in Hy + Cu(111): QD results

Due to the computational expense of calculating molecular beam sticking
probabilities using the QD method we only carried out QD molecular beam
simulations for Hy + Cu(111) for the BS6SRP68-DF2 DF (figures 5.4e,f and
5.6). We have used the same methodology to carry out QD molecular beam
simulations as in Chapter 4. Overall, for the four experiments considered
with both methods, the MAD value obtained with the the BS6SRP68-DF2 DF
increases from a QCT value of 1.3 kJ/mol to 1.6 kJ/mol for QD. In the QCT
calculations more rovibrational states are taken into account compared to the
QD calculations (see table 5.3). In figure 5.7 we explicitly compare QD and
QCT results calculated from the same set of rovibrational states, and compare
those results to the QCT results shown in figures 5.4e,f and 5.6. Overall the
agreement between QD and QCT sticking probabilities is very good when
both are calculated from the same set of initial rovibrational states. There are
however small differences when looking at narrow low average translational
energy molecular beams (see e.g. figure 5.7a).

Figures 5.7a,b show that for narrow low average translational energy molec-
ular beams®? the QD method predicts slightly larger sticking probabilities than
the QCT sticking probabilities calculated from the same set of rovibrational
states. This small gap between QD and QCT sticking probabilities based on
the same set of initial rovibrational states is slightly bigger then what was
obtained for Hy + Cu(211) when using the SRP48 DF?37. This suggests that
quantum effects might play a role in the dynamics. It is possible that the
slightly higher sticking probability predicted by QD is due to the underlying
reaction probability curves for specific included rovibrational states showing
more structure than for Hy + Cu(211)3". Since the molecular beam sticking
probabilities are very small in figures 5.7a,b, they could also be very sensitive
to noise in the underlying reaction probability curves. We shall further dis-
cuss the differences between fully initial-state resolved QD and QCT reaction
probabilities in section 5.4.6.

Figures 5.7c,d show very good agreement between QD and QCT results,
also for the QCT results that were based on more initial rovibrational states.
Only for the highest nozzle temperature points in figure 5.7c¢ (see table 5.4)
taking into account more initial rovibrational states in the QD than those
listed in table 5.3 might be advisable. This is also the reason that QD now
predicts a somewhat lower sticking probability than QCT in figure 5.4e. The
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QD and QCT results based on the same set of initial rovibrational states in
figure 5.7c¢,d are however in good agreement at these high nozzle temperature
points, indicating that for all but the lowest average translational energies Ho
+ Cu(111) is well described quasi-classically.

Note that for a nozzle temperature of 2000 K we take into account all
rovibrational states that have a Boltzmann weight > 0.001. Highly excited
rovibrational states, either with high v, high J, or both, yield high reaction
probabilities at low translational energies, therefor the effect of not taking into
account these rovibrational states might be larger than expected from their
Boltzmann weight. It is however computationally very expensive to take into
account all initial rovibrational states that have a Boltzmann weight > 0.001
at a nozzle temperature of 2300K in the QD calculations, i.e. the nozzle
temperature for the point in figures 5.7c where the QCT results and the QCT
results based on the same, smaller, set of initial rovibrational states as the QD
calculations diverge most. Doing this would nearly double the amount of wave
packet calculations, and these additional calculations would also require larger
basis sets.

Molecular beam sticking in Dy + Pt(111)

Figure 5.9 shows a comparison of calculations on Dy + Pt(111) to the molecular
beam experiments of Luntz et al.®>. The PBEa57-DF2 DF was originally
fitted'? in order to reproduce these experiments. In figure 5.9b we see that the
B86SRP68-DF2 DF can also describe these experiments with overall chemical
accuracy (MAD = 3.1 kJ/mol), although the agreement with experiment at
low incidence energies is just shy of being chemically accurate, which would
adversely affect the extraction of the minimum barrier height for this system.
The SRP48 DF also describes the experiments with overall chemical accuracy,
but at low E the agreement with experiment is really poor (figure 5.9¢c). The
MS-PBEIl DF does not agree with experiments to within overall chemical
accuracy (figure 5.9d).

The discrepancy between theory and experiment at low incidence energies
for the SRP48 and B86SRP68-DF2 DFs most likely arises because these DFs
exhibit a too high early barrier to reaction at the top site minimum barrier
geometry (see table 5.10). These two DFs also do not possess the double barrier
structure for the t2b site that the PBEa57-DF2 DF predicts. The MS-PBEI
functional does predict a double barrier structure for the t2b site. The early
t2b barrier predicted by the MS-PBEI DF is however very high when compared
to results obtained with the other DFs, which is most likely the root cause of
its poor performance for this system.
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The molecular beam experiments of Cao et al.®! are not as well described
by the B86SRP68-DF2 DF, as can be seen in figure 5.10. However we note
that the increase of the MAD value in going from figure 5.9a to figure 5.10a
is similar in size to what was reported for the PBEa57-DF2 DF%6 (see table
5.12). Earlier work from our group has shown that the experimental results
of Luntz et al.% and Cao et al.%% are in good agreement with each other for
the lower incidence energies but somewhat diverge for the higher incidence
energies%6. The possible origins of the discrepancy between these two sets
of experimental data are discussed in ref.%6. There it was surmised that at
high average incidence energies the reaction probabilities of Cao et al.%* are
most likely somewhat underestimated compared to the results of Luntz et al.®?
because the average incidence energies themselves are somewhat underestimated
in the experiment of Cao et al.f!.

Molecular beam sticking in Dy + Ag(111)

We now make a comparison to molecular beam experiments on Dy + Ag(111)147.

Even though silver is only one row below copper in the periodic table, the
SRP48 DF that was fitted to reproduce experiments on Cu(111) was not able
to describe experiments on Ag(111) with chemical accuracy?’. Figure 5.8 shows
the computed Sg for Dy + Ag(111). Hodgson and coworkers'4” have reported
translational energy distributions that were symmetric in the energy domain.
In our view, and as discussed in previous work from our group?’, the symmetric
translational energy distributions are somewhat unphysical. Therefore we opted
to use the molecular beam parameters of pure Dy reacting on Cu(111) reported
by Auerbach and coworkers*®, which likewise describe beams that are narrow in
translational energy. Here we see that the PBEa57-DF2 and BS86SRP68-DF2
DF are similar in accuracy to our previously developed MS-PBEl mGGA DF!3,
and that these three DFs predict a reactivity just shy of chemical accuracy
when compared to the molecular beam experiment of Hodgson and coworkers
(see table 5.12). Note that the PBEa57-DF2 DF seems to perform worse than
the other three DFs at the lowest translational energy. All three SRP-DFs yield
an overall performance that is better than that of SRP48.

Although we are not yet able to describe the molecular beam experiment
with chemical accuracy, the improvement of the DFs that include non-local
correlation over the SRP48 DF again suggests that non-local correlation is an
important ingredient for constructing SRP-DFs describing Hy + metal systems
that incorporate GGA exchange. The MS-PBEI mGGA'3 does not include
non-local correlation but performs similarly well as the GGA based SRP-DFs
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that do include non-local correlation. As will be shown in Chapter 6, further
improvement is possible by adding non-local correlation to the MS-PBEI DF.

5.4.4 Associative desorption
Comparing to experimental Ey(v, J) parameters

When comparing to experimental Ey(v,.J) parameters by calculating Fy s2(v, J)
parameters from calculated degeneracy averaged reaction probabilities we
effectively try to model an associative desorption experiment as an initial-
state resolved dissociative chemisorption experiment. Additionally our QCT
results are obtained using the BOSS model, while the associative desorption
experiments necessitate high surface temperatures. The J dependence of the
calculated E/5(v, J) parameters is a measure of how accurate the reactivity
of the individual rovibrational states is described relative to each other. The
trend is here to be understood as the dependence of the Ey(v, J) parameters on
J, which we can visualize using a third degree polynomial fit to the calculated
results (see e.g. figure 5.16).

In this work we have not included MDEF calculations in which the effect
of ehp excitations is modeled as a classical friction force. In our previous
work®” the MDEF method shifted the E; /2(v, J) parameters to slightly higher
values since, again, we model an associative desorption experiment using a
dissociative chemisorption calculations. Including the effect of ehp excitations
in the dynamics here then has a similar effect in both cases, and shifts the
By j5(v, J) parameters to slightly higher energies. However, as mentioned in our
previous work?37 if ehp excitations are important then assuming detailed balance
to extract degeneracy averaged reaction probability curves is, strictly speaking,
not correct. More specifically, we would expect that if we applied electronic
friction to the simulation of an associative desorption experiment in the manner
discussed here, the predicted translational energy distributions would shift to
higher energies as opposed to lower energies as expected in a direct simulation
of associative desorption. In other words: extracting Ej/y(v,J) parameters
from dissociative chemisorption calculations applying electronic friction would
shift our Fy /2(1/, J) parameters to higher energies instead of the expected lower
energies, because the effective barrier for dissociative chemisorption would go
up. However, we note that the MDEF calculations in our previous work3” only
shifted the trend in Fy j5(v, J) parameters to slightly higher values on the energy
axis and did not influence the observed trend in their J-dependence. This is
in accordance with very recent direct simulations of associative desorption of
Hs from Cu(111)7 using AIMD and AIMDEF calculations and the PBE DF,
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which find little effect of ehp excitations modeled at the local density friction
approximation (LDFA)!56 level.

In section 5.4.9 we will further discuss how a combined analysis of dissociative
chemisorption and associative desorption experiments might be used in the
future to determine a possible fingerprint of non-adiabatic effects.

E;/2(v, J) parameters Cu(111) The comparison of the measured Eo(v, J)
parameter values with the E j5(v, J) parameters computed using method B1 is
shown in figure 5.15. The Epax(v, J) parameters needed in this method (see
Eq. 5.16) were taken from Tables S4 and S6 of Ref.#8. The comparison of
the experimental Eo(v, J) parameters with theoretical E} j5(v,J) parameters
extracted using method Al is presented in figure 5.14. In this method we used
A = 0.325 for Hy and A = 0.513 for D», as obtained in Ref*.

Table 5.13 presents MAD and MSD values obtained with both methods. The
following conclusions can be drawn: for almost all DFs method Al (based fully
on experiments) yields the lowest MAD and MSD values. The only exception
occurs for Hy + Cu(111) when using the SRP48 DF, for which method Bl
gives a lower MAD value (41 meV), although the difference with method Al
(43 meV) is quite small. From this point of view, method A1l works better.

The use of method Al for Hy would seem to yield conclusions that are
more consistent with the conclusions from the comparisons of the sticking
probabilities. Specifically, the mGGA DF and the DFs containing non-local van
der Waals correlation all perform better than SRP48 DF for Hs. Nonetheless,
SRP48 performs best for Do, regardless of whether method A1l or Bl is used.
We also note that the better behavior of the other DFs in procedure Al is to
some extent suspect due to the rather low A value employed for Hy (0.325).
This A value is much lower than the A value extracted for Do in method
A1 (0.513). This may well be a simple artifact resulting from the method
followed: the A value determined for Do is likely to be more accurate because
the sticking experiments were done for a kinetic energy up to 0.83 eV4®, whereas
the sticking experiments for Hy only went up to about 0.5 eV°2. This suggest
that the A-value for Da (figure 5.B.1c) is much more accurate than for Hy
(figure 5.B.1a), and it is not clear why the A value for Hy should differ much
from it. Furthermore, the A value established for Hy in method A1l is much
lower than the A-values established for Ha in method B1 (see also figure 5.B.1a
and 5.B.1c), while for Dy the A values extracted with the two methods resemble
each other, and the A values extracted with method B1 for Hy, much more (see
figure 5.B.1b, 5.B.1c and 5.B.1d).

Finally, we note at this stage that the F; /Q(V, J) parameters computed using
method Al do, in general, not reproduce the subtle trend found experimentally
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that the Ey(v,J) parameters first increase somewhat with J (see figure 5.14)
(attributed to rotational hindering?6:48:52),

The Ey/5(v, J) parameters calculated using method B1 (especially the ones
calculated with DFs incorporating non-local Van der Waals correlation) better
reproduce this subtle rotational hindering effect (figure 5.15). The reasonable
performance of method Bl is also clear from figure 5.16, which presents a
third degree polynomial fit to the E/5(v,J) parameters as a function of .J
obtained using the B1 method. The polynomial fits are shown without the
energy axis offset. DFs that include non-local correlation reproduce the subtle
rotational hindering effect, DFs that do not include non-local correlation do
not or hardly show rotational hindering. Additionally, for Ho, the agreement
with the experimental dependence of the Ey(v, J) parameters on J improves
when using the QD method for vibrationally exited molecules.

That DFs including non-local correlation better reproduce the subtle ro-
tational hindering effect with the use of method B1 is wholly due to the
rovibrational state dependence of the Fyax(v, J) parameters. The extracted
degeneracy averaged reaction probabilities in fact monotonically increase with
increasing J (figure 5.12), and this is true for all DFs used in this work. Re-
producing rotational hindering based on these degeracy averaged reaction
probability curves is therefore not possible when selecting the same A value for
all rovibrational states, as done with method Al.

The El/g(l/, J) parameters calculated using both method Al and B1 do
reproduce the clear trend (figures 5.14 and 5.15) that at high J the Ey(v, J)
parameters decrease with J (attributed to energy transfer from rotation to the
reaction coordinate as the rotational constant decreases when the molecule
stretches to reach the dissociation barrier?6:37:129),

We are aware of one single PES that does reproduce the rotational hindering
effect as observed in the experiment, namely the LEPS PES“? used by Dai
et al.?® for six-dimensional QD calculations. As discussed in appendix 5.C, we
have investigated whether the rotational hindering observed by Dai et al.3
could be due to their QD calculations being unconverged. We find that this
is not the case, but that the observed difference with our calculations using
the best SRP-DF (B86SRP68-DF2) only arises for J < 3, suggesting that the
rotational hindering effect is very subtle (see figure 5.C.1). Further research is
needed to check whether the difference between the calculations could be due to
the LEPS fit*? being inaccurate, the underlying electronic structure calculations
being unconverged®4! or both. See appendix 5.C for further details.

Reported density functional molecular dynamics (DFMD) calculations that
include surface motion have shown that at low translational energies sur-
face temperature effects somewhat increase the reactivity of Dy reacting on
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Cu(111)2493, Increased reactivity at low translational energies might lower cal-
culated Eq/5(v, J) parameters for both methods A1 and B1. We have extracted
E; (v, J) parameters using both methods Al and B1 from Nattino et al.53.
The results are shown in figure 5.23. The reported data was obtained using the
SRP48 DF%. There were only three rovibrational states for which a data point
was available at a translational energy higher than the maximum kinetic energy
sensitivity of the experiment®®. To validate the obtained F; /2(1/, J) parameters
we have also extracted E/y(v,J) parameters using the same methodology
for the reported logistics function fits to BOSS direct dynamics data%. The
good agreement for both methods A1l and B1 between our SRP48 E /5(v, J)
parameters and those obtained from logistics function fits to BOSS direct
dynamics data validates this comparison. For both the A1 and B1 method the
single point for (v = 0,J = 11) suggests that a small decrease can be expected
from allowing the surface to move, for the (v = 1,J = 6) point this is not so
clear. There is however a dramatic decrease of the £, /5(v, J) parameter for
(v =1,J =4). This is a clear indication that, at least for low J, taking into
account surface motion leads to lower E j5(v, J) parameters, and this might
thus be partly responsible for the observed rotational hindering. The decrease
of the Ey/5(v =1, J = 4) value with the introduction of surface motion is less
pronounced when using the A1 method.

Note however that the Ey(v,.J) parameters are extremely sensitive to the
quality of the logistics function fits. The agreement between our SRP48
E\2(v, J) parameters and those obtained from logistics function fits to BOSS
direct dynamics for which no data point existed at a translational energy higher
then the maximum kinetic energy sensitivity to which the experiment was
sensitive was not so good.

The above observations warrant the following tentative conclusions: within
the BOSS approximation, the mGGA DF and the DFs containing non-local
correlation perform best for sticking. However, assuming method B1 to be best,
the SRP48 performs best for associative desorption. For associative desorption
and again within the BOSS approximation, the two different methods (A1 and
B1) for extracting the F j5(v, J) parameters describing the reaction probabilities
extracted from associative desorption experiments yield rather different results.
It follows that, at this stage, the associative desorption experiments are not as
useful as the sticking experiments for assessing the accuracy of theory. Hopefully
this can be changed in future by taking into account surface atom motion and
ehp excitation in the theory, and by computing associative desorption fluxes
directly from theory, as was recently done using the PBE DF by Galparsoro
et al.”®.
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FIGURE 5.23: Ej/3(v,J) parameters as a function of J for Dy reacting on Cu(111).
Closed symbols pertain to F; /Q(V, J) parameters calculated using the A1 method,
open symbols refer to the Bl method. Experimental results are shown in black?*?,
SRP48 results calculated in this work are shown in red. DFMD (green) and BOSS
(blue) results obtained using the SRP48 DF have been extracted from ref.53
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E;/2(v, J) parameters Au(111) The comparison of the measured Eo(v, J)
values with the F /5(v, J) parameters computed using method B2 is shown in
figure 5.17. The Enax(v, J) parameters needed in this method (see Eq. 5.16)
have been obtained from a private communication'*®, and have been plotted in
figure 5.B.2 against the Eq(v, J) parameters extracted from the measurements™!.
We note that the Epax(v, J) parameters typically equal Ey(v, J) + %W for the
v = 0 states and Ey(v, J) + %W for the v = 1 states, where W = 0.31 eV for
v =0 and 0.29 eV for v = 17! (see figure 5.B.2). This means that method
B1 will yield unreliable values for the E5(v, J) parameters. It also means
that method B2 relies heavily on extrapolation in the method to determine
the A values by anchoring the measured reaction probabilities to the reaction
probabilities computed at Epax(v, J). One should therefore exercise extreme
caution when comparing the theory to experiment.

Table 5.13 shows the MAD end MSD values obtained with method B2
for Ho + Au(111). The following tentative conclusions can be drawn: the
Ey5(v, J) parameters computed with the mGGA DF tested here and with
all DFs employing Van der Waals correlation substantially overestimate the
measured Ey(v, J) parameters, with MAD values of approximately 0.1 eV for
Hy. The PBE DF would appear to perform best, with a MAD value of 46
meV for Hy. This conclusions agrees with the observation that PBE reaction
probabilities'®® allowed better fits of the measured time-of-flight spectra of Hy
and Dy desorbing from Au(111)"" than the SRP48 reaction probabilities.

A caveat here is that the experiment was performed with a surface temper-
ature of 1063K, while all calculations were performed using the BOSS model.
Allowing surface motion during the dynamics would lead to broadening of the
sticking probability curves?430:157:158 = A higher sticking probability at lower
translational energies could potentially lower the theoretical Ey /5(v, J) parame-
ters. Additionally, we have performed our calculations on an unreconstructed
Au(111) surface because the surface unit cell of reconstructed Au(111) is at
present too big to map out a full PES using DFT calculations. Earlier work in
our group indicated that the barriers to Hy dissociation are somewhat higher on
the reconstructed Au(111) surface and that using an unreconstructed surface
might lead to the underestimation of dynamical barrier heights by about 50 meV
(~1 keal/mol)'*®, which would lead to slightly higher E}/5(v,.J) parameters
and therefore to increased disagreement with the measured values.

We are not able to resolve the contradiction posed by Shuai et al.”! that the
vibrational efficacies computed with the SRP48 DF are in good agreement with
experiment (as may be derived from figure 5.17) but that the ratio of desorbed
molecules in the vibrational ground state versus the vibrationally excited state
is not (see table 5.14). The good reproduction of the J dependence of the
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Ey(v, J) parameters by theory (figure 5.17) suggests that the reactivity of the
individual rovibrational states relative to each other is accurately described
by theory as long as states are considered with the same vibrational level.
Previously reported experiments implied that the recombination of Ho on
Au(111) is coupled to the electronic degrees of freedom of the metal'®9 162, In
line with Shuai et al.”! we think that non-adiabatic effects together with surface
motion effects and surface reconstruction represent the most likely causes for the
lower translational energy distributions of the desorbing Hy (v = 0) molecules
compared to theory. If molecular beam dissociative chemisorption experiments
on a reasonably cold surface would become available for this system (like for
Hy + Ag(111)) this would allow for a more direct comparison to experiment
of QCT and MDEF calculations. Molecular beam adsorption experiments
would also allow us to check if the absolute reactivity predicted by the DFs
shown here is in agreement with experiment. Therefore, at present, we cannot
corroborate or refute the conclusion reached by Shuai et al.”', namely that the
experimentally observed lower translational energy distributions compared to
theoretical predictions (see figure 1 of Shuai et al.”!) is most likely due to ehp
excitations in the desorption dynamics.

Rovibrational state populations of Hy and Ds desorbing from Au(111).

Figure 5.21 shows the rovibrational state populations of Hy and Do desorb-
ing from Au(111). Note that we have consistently applied the normalization
procedure outlined by Eq. 5.14 to the objects shown in figure 5.21. In the
case of (v = 0) the populations deviate from the slope set by the Boltzmann
distributions at the surface temperature of 1063 K indicating that rotationally
excited molecules are more likely to adsorb”. The populations of vibrationally
excited molecules also lie on gentler slope than implied by the Boltzmann distri-
bution and are consistenly higher than would be obtained with the Boltzmann
distribution indicating that vibrationally excited molecules are more likely to
adsorb. Both these observations are in line with the Polanyi rules for a late
barrier system like Hy + Au(111)163:164,

Figure 5.22 shows the state distributions of molecules desorbing from Au(111)
as reported by Shuai et al.”! in their figure 2 together with experimental results
calculated by us using Eq. 5.13, an upper integration limit of 5 €V, and our
normalization procedure, which were the boundary conditions and integration
parameters suggested to us by Shuai et al.”1148 As can be seen from figure 5.22
our "experimental results" calculated using Eq. 5.13 and the error function
fits reported in Ref.”! are in good agreement with the experimental results
reported by Shuai et al.”!, i.e. the calculated curves have the correct shape and
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can be mostly superimposed on one another, provided that they are shifted by
a constant value as explained in the caption of figure 5.22. However, we are not
able to reproduce the results of Shuai et al.”' with the normalization strategy
they employed™. Also when we shift the SRP48 (v = 0) and (v = 1) curves by
the same value we cannot exactly superimpose our results on their computed
SRP48 results for both vibrational states simultaneously. It is not clear to us
how this discrepancy arises.

The relative populations for the (v = 0) and (v = 1) rovibrational states is
not affected by this discrepancy. The difference between our work and Shuai
et al.”! with respect to the v = 1 : v = 0 ratios arises because we use Epax (v, J)
as the upper integration limit in Eq. 5.13. Shuai et al.”' have used 5 eV as
the upper integration limit'4®. The only reason we choose Ep.x(v,.J) as the
upper integration boundary is because the reported error function fits are only
reliable below Enax (v, J), for some rovibrational states the error function fits
can yield sticking probabilities much larger than unity for high kinetic energies.
The ratios we calculate are shown in table 5.14. We note that when we use the
upper integration limit of 5 eV, we reproduce the v = 1 : v = 0 ratios reported
by Shuai et al.”'. In our view only integrating up to Enyax(v, J) is a more fair
way of calculating the N (v, J) populations, though on the scale of figure 5.21
the difference between integrating to Epax(v, J) or 5 €V would not be visible.
Note that the overwhelming majority of the area under the Gaussian fits to
the time-of-flight curves, as reported in tables S1-4 of Ref.”!, lies well below
Emax(v, J). Note also that we calculate the v =1 : v = 0 ratios only using the
rovibrational states shown in figure 5.21, which is the same set of rovibrational
states used by Shuai et al.”!.

In figure 5.21 the difference between the desorbing populations computed
with the SRP48 and B86SRP68-DF2 DFs is minimal. The agreement between
theory and experiment is best for Ds, although the qualitative agreement
between theory and experiment is reasonable for both Hs and Ds. It can be
seen in table 5.14 that there is only a reasonable agreement for Dy with respect
to the v =1 : v = 0 population ratios. The theoretical v =1 : v = 0 population
ratio for He is however too low, a result similar to what was reported by Shuai et
al.l. The difference between theory and experiment can perhaps be explained
by the experimental time-of-flight distributions being much broader than the
theoretical ones, see figure 1 of Ref.”! Taking into account surface motion in
the theoretical calculations might well improve the agreement with experiment
with respect to both the rovibrational state distributions of desorbing molecules
as well as the v = 1 : v = 0 population ratio.
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Initial-state resolved reaction probabilities for D, + Ag(111).

In the case of molecular beam sticking results for Dy + Ag(111) the MS-PBEIl
functional performed similarly well as the GGA-exchange based SRP-DFs that
include non-local correlation even though the barriers obtained with the DFs
including vdW-DF2 correlation are higher (see table 5.8). This is most likely
due to the slightly earlier barriers to reaction predicted by the MS-PBEI DF,
leading to less promotion of reaction by vibrationally excited Ho'® as obtained
with the DFs including vdW-DF2 correlation, as expected from the Polanyi
163,164 " From this argument it follows that although the molecular beam
sticking probabilities are similar the reactivity of individual rovibrational states
should be different.

In figure 5.13 we see that, especially for Dy, the MS-PBEl mGGA DF
has the best agreement with the initial-state selected reaction probabilities
extracted from the associative desorption experiments. The good performance
of the MS-PBEI DF for v = 0 and v = 1 can be explained by the slightly lower
and earlier barriers, as discussed in our previous work!?. The DFs that include
non-local correlation do not show such a large improvement over the SRP48
DF, while they do for sticking.

Without new experimental work for this system, especially molecular beam
experiments covering a wide range of translational energies and nozzle temper-
atures, it will be difficult to further improve the theoretical description of this
system. Additional experiments (e.g. a molecular beam sticking experiment on
D5 seeded in Hy and going up to a translational energy of 0.8 eV as done for
Hy + Cu(111)%6) would also allow us to assess more accurately if the dynamics
predicted by the MS-PBEI mGGA or the dynamics predicted by the GGA
based SRP-DFs that do and do not include non-local correlation are more in
line with experimental observations.

rules

Rotational quadrupole alignment parameters: Hy, + Cu(111).

In figure 5.18 we compare calculated rotational quadrupole alignment parame-
ters for Dy to experimental ones measured for Dy desorbing from Cu(111)%C.
We observe only a monotonic increase of the rotational quadrupole alignment
parameters with decreasing translational energy, indicating that at translational
energies close to the reaction threshold molecules prefer to react in a parallel
orientation. This is in line with what has been reported in the literature for
Hy and Dy associatively desorbing from Cu(111)%75 and Cu(100)!%26 and
can be explained by invoking a static effect of orientational hindering in which
rotating molecules scatter when their initial orientation does not conform to
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the lowest barrier geometry?®. With increasing translational energy the rota-
tional quadrupole alignment parameter approaches zero since all molecules,
irrespective of their orientation, will have enough energy to react®. The exper-
imental trend is reproduced by all DFs shown in figure 5.18a and b, though
the calculated values are higher than the experimental values. The theoretical
results presented here have been obtained within the BOSS approximation.
Nattino et al.?” have shown that incorporating surface motion in the dynamics
using the DFMD technique leads to better agreement with experiment, for Do
+ Cu(111).

Note that the B86SRP68-DF2, PBEa57-DF2'2 and MS-B86bl'3 DFs are in
good agreement with each other for both the (v = 0, J = 11) state (figure 5.18a)
and the (v =1, J = 6) state (figure 5.18b), but that these three DFs predict
slightly higher rotational quadrupole alignment parameters than the SRP48
DF?7. Given that the SRP48 rotational quadrupole alignment parameters
were decreased, but still somewhat too large when surface atom motion was
introduced?”, the present results suggest that the SRP48 DF yields the best
description of this observable.

5.4.5 Inelastic scattering of H, from Cu(111)

In this section we will discuss inelastic scattering results for Ho, obtained with
QD. We start with the vibrationally inelastic scattering results for Hy shown
in figure 5.19. We specifically show QD results since the previously voiced
expectation that vibrationally inelastic scattering should be well described
using the QCT method for translational energies above the lowest barrier
to reaction!®® has been shown not to hold?>. Here we discuss the inelastic
scattering probability P(v =0,J — v = 1,J = 3) for three different initial J
states. Panels a and b suggest that for (J = 1) and (J = 3) and for the DFs
that use non-local correlation the vibrationally inelastic scattering probability is
correlated with the depth of the Van der Waals well (see table 5.11). A deeper
Van der Waals well is correlated with higher vibrationally inelastic scattering
probabilities. Figure 5.19¢ shows that for (J = 5) all DFs yield vibrational
excitation probabilities in reasonable agreement with each other. Bringing TOF
spectra for vibrational excitation from (v = 0,.J) to (v = 1,J = 3) in better
agreement with experimental results would require a substantial increase of
the vibrational excitation probabilities computed with the SRP48 DF (by a
factor of 2-3)25:165 which is obtained with non of the DFs tested. We conclude
that better agreement with experiment probably requires a different dynamical
model, as suggested also by earlier work?>165.
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From the computed ratio of rotationally inelastic scattering probabilities
Pv=1,J=0—-v=1,J=2)/Pv=1,J =0— v =1,J =0) shown
in figure 5.20 it is clear that the BS6SRP68-DF2 DF performs not as well
as the SRP48 DF!'!. The shifted SRP48 curve follows the experiment more
closely. Both curves need to be shifted by 40 meV in order to better overlap
with the experiment performed using a surface temperature of 300 K. The
overlap with experiment of the shifted curves only holds until 0.14 eV, but
the experimentalists noted that at higher energies the measurements became
more difficult®. It is rather surprising that both computed ratios need to be
shifted by roughly the same amount in order to overlap with experiment, since
the SRP48 DF overestimates the initial sticking probability in molecular beam
experiment while the BS6SRP68-DF2 DF does not. From the literature it is
also known that including surface motion during the dynamics might lead to
broadening, and an earlier onset, of inelastic scattering probabilities?#3°. We
speculate that allowing surface motion and ehp excitation during the dynamics
might obviate the need for the shift in order to superimpose the calculated
curves with experiment.

5.4.6 QD vs. QCT for Hy, + Cu(111)

In figure 5.11 initial state-resolved reaction probabilities are shown calculated
using the BS6SRP68-DF2 DF. Here the (J = 0) and (J = 1) state for both
the vibrational ground state and the first vibrationally excited state are shown
because the differences between the QD and QCT method are most prevalent
for the low lying rotational states. The QD reaction probability curves show
more structure than was shown for Hy + Cu(211)3" in Chapter 4, but the
agreement between the QD and QCT method for degeneracy averaged reaction
probabilities (figure 5.11a and c) is still very good. From the comparison
between QD and QCT degeneracy averaged reaction probabilities shown in
figure 5.12 it can be seen that the differences between the QD and QCT method
get smaller with increasing J for J > 3, though small differences remain even
for high J states.

The biggest difference between the QD and QCT method are observed in
figure 5.11b. Here we show fully initial-state resolved reaction probabilities,
thereby distinguishing between ’cartwheeling’ molecules rotating in a plane
parallel to the surface normal (mj; = 0) and "helicoptering’ molecules rotating
in a plane perpendicular to the surface normal. In line with our previous work
presented in Chapter 4, we observe that QD predicts a slightly larger preference
for molecules reacting parallel to the surface. The rovibrational states shown
in figure 5.11 are the same rovibrational states shown in figure 4.2 of Chapter
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4, in which the agreement for degeneracy averaged reaction probabilities was
nearly perfect.

In recent experimental work Kaufmann et al.*® have reported a previously
unobserved "slow reaction channel" for Hy associatively desorbing from Cu(111)
and Cu(211). In this channel, the reaction could be facilitated by trapping
on the surface and distortion of the surface due to thermal motion forming
a reactive site?®. Even though our PES now contains a Van der Waals well
that might facilitate trapping during the reaction dynamics, we do not yet see
evidence of the recently reported slow reaction channel for Hy + Cu(111)%.
The translational energy range used in our calculations overlaps with the
translational energies at which the slow channel reactivity was observed*®. We
can therefore rule out quantum effects (like tunneling, see Chapter 4) during
the dynamics as the origin of this slow reaction channel for Hy + Cu(111),
as we did before for Hy + Cu(211)37. We therefore propose, as done earlier
for Hy + Cu(211)%7, that the slow reaction channel reported by Kaufmann
et al.*® originates from the very high surface temperature of 923K used in the
associative desorption experiments. Presently it is not possible to take surface
motion explicitly into account in QD calculations, and it is challenging to do
so in QCT calculations'®9 152, Galparsoro et al.”® likewise did not yet find
evidence for the slow reaction channel in their AIMD calculations.

5.4.7 Overall description of systems

When looking at the Hy + Ag(111) and Hy + Au(111) systems considered in this
work together, one stark realization is that further development of chemically
accurate DFs 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 to extracting chemically accurate information
on barriers to reaction. Relying on non-empirical constraints on DF design is
not yet feasible, as illustrated by the poor performance of the SCAN'6 DF for
Hy + Cu(111)"3 (see figure 3.11 of Chapter 3). Additionally, taking another
step upwards on Jacob’s ladder from a GGA or mGGA towards hybrid DFs is
computationally very expensive, if not prohibitively so'%”. Furthermore, recent
quantum Monte-Carlo (QMC) calculations on Hy + Cu(111)! underestimate
the barrier height for this system by more than 1 kcal /mol while dynamics results
on O + Al(111) based on a PES obtained with density functional embedded
correlated wave function theory showed promising chemically accurate results
with respect to the obtained sticking probability!%®. Furthermore, it would be
expensive to extend this electronic structure method to sticking of molecules
on transition metal surfaces.
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For both the activated and non-activated reactions of Hy on transitions met-
als there is now only a single well studied system, namely Ho + Cu(111) (and
maybe Hy + Pt(111)%). What we mean by well studied is that there should
be different kinds of well described experiments. For example, a combination
of an associative desorption experiment and a dissociative chemisorption exper-
iment should be available, or sticking probabilities for normal and off-normal
incidence. It is also critical that the experimental conditions are described
accurately, 16:20,21,65,66,145

Without new and detailed experiments on, at least, the related Hy + Pd(111)
and Ho + Ag(111) or Hy + Au(111) systems it is not possible to grasp the
overarching trends in reactivity imposed by the position of these metals in the
periodic table. In many aspects we are dancing in the dark with respect to
DF design. The consequence of this is that, presently, theory can only provide
models with limited predictive power.

H2 (Dz) + Cu(111)

The Hy + Cu(111) system is the best described system of the ones treated
here. Low surface temperature molecular beam sticking experiments are very
accurately described using the BOSS model. The associative desorption exper-
iments are however less well described by the new SRP-DFs that have been
designed to reproduce low surface temperature molecular beam experiments
with calculations using the BOSS model. E; (v, J) parameters obtained from
reported DFMD data%? suggest that, at least for this system, better agreement
with experiment can be attained by including the surface degrees of freedom
in the dynamics. It also appears that the agreement with Fy(v, J) parame-
ters measured in an associative desorption experiment is also increased for
vibrationally excited molecules when using the QD method.

The large amount of published experimental studies?6-62:16%:170 3q theo-
retical work!1:13:19:22-45, 157171172 have allowed us to get the best description
of this system so far. We can however not yet point to one DF that is clearly
the best DF for this system. Currently two DFs compete for being the best
DF for this system, namely B86SRP68-DF2 and MS-B86bl'3. The latter has a
beter description of the metal and might therefor be better when looking at
diffraction probabilities. The MS-B86bl DF however misses any description of
Van der Waals forces. In all our simulations for the Hy + Cu(111) system the
B86SRP68-DF2 and MS-B86bl DFs perform similarly well. With the informa-
tion available now one might argue that the MS-B86bl DF is the best DF for this
system since its description of the metal is much better than provided by the
B86SRP68-DF2 DF, and because the effect of including non-local correlation
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is only apparent when calculating F 5(v, J) parameters for this system. The
MS-B86bl DF is however not transferable to weakly activated systems like Ho
+ Pt(111). In our view, the DFs that are more generally applicable, i.e. the
B86SRP68-DF2 and PBEa57-DF2 DFs, are currently the best DFs. A good
next step could be to use non-local correlation together with the MS-B86bl DF,
as discussed in Chapter 6.

Dy + Ag(111)

For the Dy + Ag(111) system it is more difficult to assess the quality of
our theoretical description due to the lack of well defined molecular beam
parameters?’. DFs that use GGA-exchange and non-local correlation, and the
MS-PBEI DF predict roughly similar molecular beam sticking probabilities. The
comparison to the initial-state resolved reaction probabilities suggests that the
MS-PBEI DF performs best due to its slightly lower and earlier barriers'3. Since
the MS-PBEI DF has a better description of the metal, a better description
of the initial-state resolved reaction probabilities, and performs similar to the
other candidate SRP-DFs concerning molecular beam sticking, one might argue
that the MS-PBEI DF is currently the best DF for this system. As said before,
the best DF should also exhibit transferability. Therefore we suggest, with
some hesitation, that the BS6SRP68-DF2 DF is the best DF at the moment
for the Ho + Ag(111) system. However, as will become clear in Chapter 6, the
sticking in Dy + Ag(111) can be described with chemical accuracy using the
MS-PBEI-rVV10 DF. More and better defined experiments will allow us to
refine our description of this system.

Hg (DQ) —|— Au(lll)

With respect to the Hy + Au(111) system we cannot with certainty assess
the quality of any of the DFs tested here. Based on the good reproduction of
the experimental trend in Ey/5(v, J) parameters and the reasonable agreement
between theory and experiment with respect to the state distributions of
desorbing molecules, we can infer that the reactivity of the rovibrational states
relative to each other is described reasonably well. We cannot say anything about
the accuracy of the barriers without additional experiments or improvements
in our dynamical model that will allow us to disentangle the effects of surface
temperature, surface reconstruction and ehp excitations (see section 5.4.9).
Shuai et al.”! suggested that the PBE DF is better then the SRP48 DF
because calculated time-of-flight distributions correlated slightly less worse with
experimental observations for the PBE DF. This assertion implicitly assumes
the validity of detailed balance for this system. The main conclusion of the
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experimentalists was however that the bad agreement between theory and
experiment points toward strong non-adiabatic effects, which, if true, would

invalidate the assumption of detailed balance .

D, + Pt(111)

Ghassemi et al.'? have previously designed a SRP-DF for the Dy + Pt(111)
system. Although the BS6SRP68-DF2 DF could describe the experiments of
Luntz et al.% to within chemical accuracy, the description of the experiments
of Cao et al.%! was not as good. As was the case for the Hy + Ag(111) system
there is some discussion about molecular beam parameters describing different
experiments, but the experiments are in reasonably good agreement with each
other. Overall this system is best described by the PBEa57-DF2 DF that

was specifically designed for this system!?.

5.4.8 Transferability

So far SRP-DFs fitted to reproduce molecular beam sticking experiments on
Hy and Do dissociating on noble metal surfaces where shown to be transferable
among systems in which Hs interacts with different crystal faces of the same
metal'®1? but not among systems in which Hy interacts with surfaces of
different metals?®?!. Here we show examples in which a SRP-DF that was
fitted to reproduce molecular beam sticking experiments on the activated late
barrier system of Ha reacting on Cu(111) can also describe the non-activated
early barrier system of Dg reacting on Pt(111) with chemical accuracy, and vice
versa. Transferability to a different substrate of a SRP-DF fitted to reproduce
gas-surface experiments has so far only been reported for CHy dissociation on
Ni(111)!* to CHy dissociation on Pt(111)17.

The SRP48 DF for Hy + Cu(111) is not transferable to the Hy + Ag(111)
system?” or to the Hy + Pt(111) system. We have previously shown that
a SRP-DF based on the mGGA that does not include non-local correlation
(MS-PBEI'?) greatly improves the transferability from Hy + Cu(111) to Hy +
Ag(111)'3, but figure 5.9 shows that this DF is not transferable to the weakly
activated Hp + Pt(111) system.

The only group of DFs that might be considered transferable between both
highly activated and weakly activated systems are DFs that include non-local
correlation. We demonstrated that a SRP-DF fitted to Ho + Pt(111), PBEa57-
DF2!2, can describe Hy + Cu(111) with overall chemical accuracy and that a
new SRP-DF fitted to Hy + Cu(111), BS6SRP68-DF2, can describe the Dy +
Pt(111) experiments of Luntz et al.®> with chemical accuracy. We speculate
that the transferability between the Cu(111) and Pt(111) systems might be
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improved by taking into account relativistic corrections in our DFT calculations
beyond those already included in the PAW potentials'®®, which at this accuracy
level might be important!73174,

Both the B86SRP68-DF2 and PBEa57-DF2 DFs more or less predict the
same reactivity for the Hy + Ag(111) system. It is not possible however to call
the DFs transferable to this system, yet. The lack of well described dissociative
chemisorption experiments for this system does not yet allow us to make a
broad statement about the accuracy of the theoretical description of this system.
At present our description appears to be just shy of chemical accuracy.

5.4.9 Adiabatic description of Sy and E;/,(v, J), a possible fin-
gerprint for ehp excitations

The assumption of detailed balance entails that associative desorption is the
inverse of dissociative chemisorption. In an adiabatic picture there is just one
reason for a possible divergence of the obtained reaction probabilities. This is
based on surface temperature, which is usually much higher in the associative
desorption experiments than in the sticking experiments. This might lead to a
breakdown of the detailed balance assumption that is usually involved when
modeling associative desorption experiments with calculations on dissociative
chemisorption. We note that it might be possible to model the associative
desorption experiment directly”®17-177 thereby negating the need to invoke
the principle of detailed balance and investigate if associative desorption is
indeed the inverse of dissociative chemisorption.

Including ehp excitations in dissociative chemisorption calculations would
lower the reactivity thereby increasing the effective barrier?. Including ehp
excitations in hypothetical associative desorption calculations, where molecules
would start at the transition state and then desorb, would probably shift
the translational energy distributions of desorbing molecules to lower energies
and lead to lower effective barriers. When accounting for the effect of surface
temperature, the difference in predicted reactivity as embodied by the E /5(v, J)
parameters obtained by including ehp excitations in associative desorption and
dissociative chemisorption calculations, and their differences with results from
adiabatic calculations, might then be taken to be a fingerprints for the effect of
ehp excitation.

For the Hy + Cu(111) system we know from DFMD calculations®® and
other approaches?43%:157:158 that the effect of surface motion on the reactivity in
dissociative chemisorption is small, even for high surface temperatures. Figure
5.23 shows some evidence that the broadening of reaction probability curves
might affect the calculated E;/5(v, J) parameters for low J. However, in an
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adiabatic picture, assuming detailed balance there should be no difference
between calculations on dissociative adsorption and associative desorption.

We believe that this suggests a reason for only the SRP48 DF being chem-
ically accurate for Ho + Cu(111) for both dissociative chemisorption and
associative desorption, since it overestimates the former and underestimates
the latter predicted reactivity. The new SRP-DFs that are very accurate
for dissociative chemisorption on cold surfaces, for which the BOSS model is
valid?4:28-30,63,149 "1yt underestimate the reactivity obtained from associative
desorption by at least the extent to which surface temperature would increase
the reactivity in dissociative chemisorption. Any remaining discrepancy can be
safely attributed to the effect of ehp excitations.

The analysis of the Hy + Au(111) system is more complicated due to the
lack of dissociative chemisorption experiments and the current inability to take
into account surface reconstruction (and thereby surface motion). Without
at least either a dissociative chemisorption experiment or calculations using a
reconstructed surface using the BOSS model, it is not yet possible to disentangle
the contributions of the surface temperature, surface reconstruction and ehp
excitations to the reactivity. Additionally, more detailed associative desorption
and dissociative chemisorption experiments for the Hy + Ag(111) system would
allow for a systematic investigation into the effect of ehp excitations on reactivity
for highly activated late barrier reactions.

5.5 Conclusions

We have constructed new SRP-DFs that include non-local correlation for the
Hy (Dg) + Cu(111) system and assessed the transferability of these DFs to the
Hy (D2) + Ag(111), Ha (D2) + Au(111) and Hy (D2) + Pt(111) systems. All
newly tested and developed DFs are based on GGA-exchange and use non-local
correlation to describe dissociative chemisorption of Hy (D2) on Cu(111) within
chemical accuracy, and, to the extent that it can be assessed, improve the
transferability to the other systems discussed in this work over the previously
reported SRP48 and MS-B86bl SRP-DFs.

The new SRP-DFs improve the description of the metal over the previously
available SRP-DFs based on mixing GGA exchange while using semi-local
correlation, especially concerning calculated lattice constants. In general, the
new SRP-DFs with non-local correlation exhibit higher and later barriers to
reaction in combination with a slightly lower energetic corrugation. We also find
that vdW-DF2 non-local correlation performs better than vdW-DF1 correlation
for all tested combinations with different exchange functionals, except when the
exchange part of a functional was specifically optimized for use with vdW-DF1
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correlation. The BS6SRP68-DF2 functional best reproduces the measured Van
der Waals well depths for Hy + Cu(111), Hyo + Ag(111) and Hy + Au(111).

SRP-DFs that include non-local correlation, namely B86SRP68-DF2 and
PBEaS57-DF2; are transferable from the highly activated late barrier Ho +
Cu(111) system to the weakly activated earlier barrier Hy + Pt(111) system
and vice versa. This feat could not be demonstrated with GGA and mGGA
SRP-DFs that do not include non-local correlation. Assessing the transferability
of the tested and developed SRP-DFs to Hy + Ag(111) and Hy + Au(111) is
difficult due to the lack of well characterized molecular beam experiments. The
SRP-DFs for Hy + Cu(111) that include non-local correlation predict similar
results for molecular beam sticking of Dy + Ag(111), which are just shy of
chemical accuracy. However it should be noted that there is some discussion
about the validity of the beam parameters describing this particular molecular
beam experiment.

A detailed analysis of associative desorption experiments on Cu(111) suggest
that accurate calculation of E; /2(1/, 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 the
neglect of ehp 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.

We have carried out a full molecular beam simulation for the Hy + Cu(111)
system using the QD method and the BS6SRP68-DF2 DF for sticking in this
system, which is the best performing DF for this system, and which includes
non-local correlation. Overall Hy + Cu(111) is very well described quasi-
classically when looking at molecular beam sticking probabilities or degeneracy
averaged initial state-selected reaction probabilities. At the level of molecular
beam sticking, and degeneracy averaged reaction probabilities, the differences
between the QD and QCT method are very small. The QD method predicts
slightly higher reaction probabilities for molecular beam sticking for very narrow
low average translational energy molecular beams when comparing to QCT
results based on the same set of initial rovibrational states. When looking at
initial-state resolved reaction probabilities the QD method predicts a somewhat
larger orientational dependence of the reaction, in favor of molecules reacting in
a parallel orientation. With respect to vibrationally and rotationally inelastic
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scattering of Hy from Cu(111) the BS6SRP68-DF2 DF performs almost as well
as the previous best SRP-DF for this system, namely the SRP48 DF.

5.A Appendix: CRP interpolation of PESs

In principle we use the following grids: r € {0.4,0.5,0.6,0.65,0.7,0.75, 0.8, 0.85,
1.0, 1.25, 1.5,1.75,2.0,2.3} Aand Z € {0.25,0.5,0.75,1.0,1.25,1.5,1.75.2.0,
2.25, 2.5, 2.75, 3.0, 3.25, 3.5, 3.75,4.0, 4.25,4.5, 4.75,5.0,5.5,6.0, 7.0} A for the
29 two dimensional cuts of the six dimensional molecular PES are used. For
the atomic PES a grid denoted by Z € [~1.2 : 9] A with dZ = 0.075 A for
Z <2 A and dZ = 0.15 A for Z > 2 A for all but the reference site was used.
For the atomic reference site a dZ of 0.025 A was used for Z < 2 A. Note that
in the case of the atomic PES hard to converge geometries can be discarded
and additional points can be added at random Z to improve the quality of the
resulting CRP PES.

5.B Appendix: Methods for determining parameters
describing initial-state selected reaction proba-
bilities from associative desorption experiments

5.B.1 Method Al

In method Al, it is assumed that the effective barrier heights (Ey(v, J)) can be
kept the same in the description of the sticking and the associative desorption
experiments, even though these are done at quite different temperatures?6:52.
The surface temperature dependence of Pyeg(E,v,J) is taken into account
by choosing the W, ; parameters larger in the description of the associative
desorption experiments (done at high T, typically > 900 K) than in the
sticking experiments (done at low T}, usually lower than room temperature),
on the basis of experiments®%. Next, the A, j parameters are determined
assuming that they do not depend on T, by requiring that the measured
sticking probabilities can be computed according to Eqs. 5.4-5.9. In this
procedure, the A parameters are typically taken either independent of the
initial rovibrational state, or dependent only on v to obtain a fitting procedure
with a properly constrained number of degrees of freedom. In the latter case,
one might use information regarding the relative values of the A, ; parameters
extracted from the experiments. Procedure Al was followed to extract initial-
state resolved reaction probabilities in experiments on Hs and Dy desorbing
from Cu(111)46:48,52,
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A comparison between theory and experiment can then be made in terms
of Eys(v,J) parameter values extracted from theory, which represent the
incidence energy at which the computed reaction probability becomes equal to
half the experimental saturation value A4,, 'L and the experimental values of
Ey(v,J). Procedure Al is illustrated in figure 5.B.1a for Hy + Cu(111) and
in figure 5.B.1c for Dy + Cu(111). To be specific, here E;/5(v, J) would be
taken as the incidence energy E for which the computed reaction probability
Paeg(E, v, J) would first become equal to % for Hy. A disadvantage of
procedure Al is that assuming that F; /2(1/, J) parameters can be compared
with Fy(v,J) parameters presumes, in a way, that the saturation value of the
computed sticking probability curve is the same as that of the measured one,
which needs not be the case. This is one of the reasons that, in comparisons
between theory and experiment, the procedure followed usually does not involve
simply fitting computed reaction probabilities to Eq. 5.11 and then comparing
the computed parameters of Eq. 5.11 directly to the experimental values. Using
Eq. 5.11 to fit experimental reaction probabilities is at best a procedure to
represent these probabilities over the range of energies from which they can
be extracted with reasonable accuracy using Eq. 5.10. The error function fit
form is not the most accurate expression to fit reaction probability curves for
Dy + Cu(111)%, and comparison to theory suggests that using this expression
does not yield an accurate extrapolation procedure to energies that exceed the
energy range that can be used for the experimental extraction procedure (Eq.
5.10). We also note that the characteristic energies E /5(v, J) will not usually
be inflexion points of the theoretical reaction probability curves.

5.B.2 Method B1

In method B1, the experimental sticking probability curve is normalized by

equating the reaction probability at Eyax(v,J) to the computed value:*&7
A]VB”II = ngg(EmaX(Va J)) = Pdtgg(EmaX(Va J)) (5.16)

In procedure B1, the thus extracted reaction probability is simply set equal to
A, 7. Theory is then compared with experiment by extracting the theoretical
characteristic energy Ey/o(v, J) using:

1
Pégg(El/z(Va J)) = 5145}] (5.17)

Method B1 is illustrated in figure 5.B.1b for Hy + Cu(111), and in figure
5.B.1d for Dy + Cu(111). Even though Ey.x(v,J) will usually not be big
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FIGURE 5.B.1: Reaction probability curves as a function of kinetic energy for Ho
+ Cu(111) (a,b) and Dy + Cu(111) (c,d). Experimental results*® and QCT results
obtained using the B86SRP68-DF2 SRP-DF are shown. Results for the (v =0,J = 1)
rovibrational state are shown with experimental results in black and theoretical results
in red, and for the (v = 1,J = 1) rovibrational state are shown with experimental
results in blue and theoretical results in green. Vertical dashed lines in the same color
as the experimental results show Ep,.x(v, J) for the corresponding state. Panels a and
c illustrate method Al to obtain E/5(v,.J) parameters and panels b and d method
B1 (see text of appendix 5.B) . The solid experimental lines use the measured W (v, J)
parameters?® while the dashed experimental lines use the scaled W (v, .J) parameters
as detailed in the supporting information of Ref.4®

enough for Pyeg(Emax(v, J), v, J) to essentially equal the absolute A value at
high translational energy, the approximate Ej (v, J) extracted in this way
will be rather accurate as long as Pjeg(FEmax(v;J),v,J) > 0.9A, in which
case Fy/5(v,J) will be underestimated by no more than 0.09 W, ;, with W, ;
typically being 0.2 eV for Hy + Cu(111)*® and 0.3 eV for Hy + Au(111)7!. This
condition is met if Enax(v,J) > Eo(v, J) + 0.9 W, ;. Figure 5.B.2 shows that
this is not the case for Hy (Dg) + Au(111).

5.B.3 Method B2

As already mentioned for Ho + Au(111), we found that Eax(v, J) was typically
not large enough to extract Fy/o(v, J) parameters accurately using method B1.
For Hy + Au(111) we therefore use what we call method B2, which, to our
knowledge, has not been used before. In this case we determine Psgé’(EmaX(u, J))
from theory, but we then also use the measured Ey(v,J) and W, ; value to
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determine the A, ; value at which the experimental reaction probability curve
extracted in this way should saturate according to the fit (Eq. 11). Then
the characteristic theoretical Ey/o(v, J ) value is obtained by requiring that
Paeg(Er2(v, J), v, J) = 0.5A11j33,. This effectively means that we take the A, 5

resulting from method Bl (AE}]) and scale it accordingly:

ABl
AP = < (5.18)

2 _
0.5 + 0.5er f <Emax<v,vc§>;JEo<u,J>)

Saturation values extracted using method Bl and B2 are compared to the
experimental saturation values™' for Hy + Au(111) in figure 5.B.3a and for Dy
+ Au(111) in figure 5.B.3b. Here, we should remember that the experimental
saturation values are not on an absolute scale (they were determined using
method A2). As shown in figure 5.B.3, the A(v,J) parameters determined
using method B1 and B2 do not vary much with v and J, as expected from
theory. In this, the A(v, J) parameters obtained with methods B1 and B2 show
a far less eratic dependence on J than the experimental values as obtained with
method A2 (see figure 5.B.3). Also, as expected, they tend not to exceed unity.

5.C Appendix: The rotational hindering effect as ob-
tained with the Dai-Zhang LEPS PES

We are aware of one single PES that does reproduce the rotational hindering
effect as observed in the experiment, namely the LEPS PES*? used by Dai
et al.38 for six-dimensional QD calculations. Dai et al.?® reported a rotational
hindering effect that is much stronger than we observe in all our data sets.
We suspected that strong rotational hindering might be due to (i) the use
of an unconverged basis set or a too large time step used in the original QD
calculations®®, or to (ii) an inaccurate LEPS PES fit, or a combination of the
two. We have recalculated the results reported by Dai et al.?® which they
present in their figure 1a3® using the same LEPS potential®® but with the QD
input parameters of table 5.2 that are known to yield converged results. Our
results are shown in figure 5.C.1b. Our converged TDWP calculations yield
reaction probabilities that are somewhat lower than those reported by Dai
et al.38, but our results for the ground state do however agree very well with
those published by Somers et al.!”™® who used the same potential.

E;/2(v, J) parameters calculated using method Al and Bl and using the
QD method for the B86SRP68-DF2 functional and the LEPS PES used by

Dai et al.?® are shown in comparison to experimental results for (v = 0) in
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FIGURE 5.B.2: Measured” FEy(v, J) parameters (black) and Ep. (v, J) parameters
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(blue) and Ey(v, J) parameters + 2 W for (v = 1) (green) are shown as well.
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figure 5.C.1c. The calculated E;/y(v,J) parameters for the BS6SRP68-DF2
functional and the LEPS PES are in remarkably good agreement for J > 3
for both method A1l and B1. It is clear that the BES6SRP68-DF2 functional
somewhat underestimates the subtle rotational hindering effect when using
procedure B1. Our converged QD calculations reproduce the original finding®®
that using the LEPS PES yields the rotational hindering trend. However, the
results obtained for the LEPS PES used by Dai et al.?® somewhat overestimate
the observed rotational hindering effect when using either procedure Al or Bl.
This leaves the accuracy of the PES as a possible culprit of the discrepancies
observed between the results of our PESs and the results for the LEPS PES.
We are unable to check the fit accuracy of the LEPS PES compared to the
underlying electronic structure calculations*!, which however are known to be
unconverged?®4!. We have however checked the fit accuracy of our CRP!?!
PES for the B86SRP68-DF2 functional and found that our CRP?! PES is
highly accurate with respect to the underlying electronic structure calculations.

Since we do not observe the strong rotational hindering reported by Dai
et al.?® in any of the calculations we attempted for the reaction of Hy with
Cu(111) with our DFs, we believe that the large rotational hindering effect
yielded by this particular LEPS PES must originate from inaccuracies still
present in the LEPS fit or the underlying electronic structure calculations being
unconverged. The good agreement between the results obtained using the
LEPS PES*? and our best SRP-DF for this system for J > 3 suggests that the
observed rotational hindering is a very subtle effect.



5.C. Appendix: The rotational hindering effect as obtained with the
Dai-Zhang LEPS PES

211

reaction probability

o
N

o
w

o
o

o
—y

o

Dai & Light this work
— (v=0, J=0)
— (v=0, J=1)
g (v=0, J=2)
-+ — (v=0, J=3) =4 2
4+ — (v=0,J=4) E Eo
(CY () 7]
1 I 1 I 1 I 1 I
0.6 0.7 0.8 0.6 0.7 0.8
translational energy [eV]

0.8

0.7

0.6

0.5

0.4

0.3

‘o
) o -
‘q

Q

ke ool

® exp.

| o At Dai & Light QD
o B1 Dai & Light QD

= o A1 B86SRP68-DF2 QD
o B1 B86SRP68-DF2 QD

©
I

5
J

10

FIGURE 5.C.1: Panel a and b show degeneracy averaged reaction probabilities for
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parameters calculated using the QD method are shown in panel ¢, with experimental
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parameters for the LEPS PES used by Dai et al.3® (purple, green) have been obtained
from our QD calculations using the same LEPS PES40.
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6 Performance of made-simple
meta-GGA functionals with
rVV10 non-local correlation for
Hy + Cu(111), Dy + Ag(111),
Hs + Au(111) and Dy + Pt(111)

This Chapter is based on:

Smeets, E. W. F.; Kroes, G.-J. Performance of made-simple meta-GGA func-
tionals with rVV10 non-local correlation for Hy + Cu(111), Do + Ag(111), Ho
+ Au(111) and Dy + Pt(111). J. Phys. Chem. C 2021, DOI: 10.1021/acs.jpcc
0c11034

Abstract

Accurately modeling heterogeneous catalysis requires accurate descriptions
of rate controlling elementary reactions of molecules on metal surfaces, but
standard density functionals (DFs) are not accurate enough for this. The
problem can be solved with the specific reaction parameter approach to density
functional theory (SRP-DFT), but the transferability of SRP-DFs among
chemically related systems is limited. We combine the MS-PBEI, MS-B86bl
and MS-RPBEI semi-local made simple (MS) meta-GGA (mGGA) DFs with
rVV10 non-local correlation, and we evaluate their performance for the hydrogen
(Hg) + Cu(111), deuterium (Dg) + Ag(111), Ha + Au(111) and Dy + Pt(111)
gas-surface systems. The three MS mGGA DFs that have been combined with
rVV10 non-local correlation were not fitted to reproduce particular experiments,
nor has the b parameter present in rVV10 been re-optimized. Of the three
DFs obtained the MS-PBEI-rVV10 DF yields an excellent description of van
der Waals well geometries. The three original MS mGGA DFs gave a highly
accurate description of the metals, which was comparable in quality to that
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obtained with the PBEsol DF. Here we find that combining the three original
MS mGGA DFs with rVV10 non-local correlation comes at the cost of a
slightly less accurate description of the metal. However the description of
the metal obtained in this way is still better than the descriptions obtained
with SRP-DFs specifically optimized for individual systems. Using the Born-
Oppenheimer static surface (BOSS) model simulations of molecular beam
dissociative chemisorption experiments yields chemical accuracy for the Do
+ Ag(111) and Dy + Pt(111) systems. A comparison between calculated
and measured Ej /5(v, J) parameters describing associative desorption suggest
chemical accuracy for the associative desorption of Hg from Au(111) as well.
Our results suggest that ascending Jacob’s ladder to the mGGA rung yields
increasingly more accurate results for gas-surface reactions of Hy (D2) interacting
with late transition metals.

6.1 Introduction

In heterogeneous catalysis the rate-limiting step is often the dissociative
chemisorption of a molecule on a surface®3. The dissociation of the sim-
ple hydrogen (Hg) and nitrogen (N2) molecules are important steps in the
production of ammonia and syngas*%. The dissociation of Hs is also relevant to
the industrial synthesis of methanol from COz over a Cu/Zn0O/AlsO3 catalyst,
for which the dissociation of Hy is considered to be a rate-limiting step’ .
Calculating chemically accurate barrier heights'® for rate-controlling reactions
to obtain accurate rates of the overall reaction network!! potentially has a large
financial impact on the chemical industry since it allows theoretical screening
for more efficient catalysts'2.

Currently density functional theory (DFT) is the only method that is
computationally cheap enough to map out full potential energy surfaces (PESs)
for gas-surface reactions. Development of density functionals (DFs) that can
accurately describe dissociative chemisorption reactions on surfaces is important
to increasing the predictive power of DFT. DFs constructed using the generalized
gradient approximation (GGA) that provide chemically accurate results for
specific gas-surface reactions and that in some cases show transferability to
chemically related systems are based on the semi-empirical specific reaction
parameter (SRP) approach to DFT (SRP-DFT)1316. However, DFs at the GGA
level are always a compromise between a good description of the molecule and
of the metall”, despite efforts to construct GGA based DFs!® or non-separable
gradient approximation DFs' that perform equally well for both solids and
molecules. A good description of the metal is crucial to calculating accurate
barrier heights since the barrier height might depend on the interlayer distance
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of the two top most metal layers and the amplitude of thermal motion of
the metal atoms in the top layer

In Chapter 3 we developed the semi-local MS-PBEI, MS-B86bl and MS-
RPBEl meta-GGA (mGGA) DFs?® based on the made simple (MS) formalism?%:27,
which yield a description of the metal that is similar in accuracy to that obtained
with the PBEsol?® DF. Additionally the DFs provide a chemically accurate
description of molecular beam experiments on dissociative chemisorption of Ho
(D2) on Cu(111)?523! and a near chemically accurate description of similar
experiments on Do + Ag(111)2°32, The reason behind this improved overal
performance of mGGA based DFs over GGA based DFs is that mGGA DFs
also depend on the kinetic energy density 7, which allows a DF to distinguish
between regions of the electron density describing single (covalent), metallic,
and weak bonds®? via the dimensionless inhomogeneity parameter 262733,
This parameter has also been used in the construction of several other much
used mGGA DFs, such as TPSS?*, revIPSS3®, RTPSS36, SCAN3"38 and
mBEEF?. Several groups have now reported good simultaneous descriptions
of lattice constants and adsorption energies?* 4!, or, more generally, energetics
and structure?$274243 when using mGGA DFs. The MS-RPBEI DF has also
shown some success in describing the Oy + Al(111) system®S.

In Chapter 5 we also identified non-local correlation as a key ingredient for
a DF that can describe dissociative chemisorption of Hy (D2) with chemical
accuracy on multiple metals'® and not just on different crystal faces of the same
metal**45 which had previously only been demonstrated for reactions of CHy
with metal surfaces, i.e. Ni(111)%6 and Pt(111)*7. Here we combine the three
previously developed MS mGGA DFs with rVV10% non-local correlation in
order to obtain the MS-PBEIl-rVV10, MS-B86bl-rVV10 and MS-RPBEI-rVV10
DFs, and we will evaluate their performance for the Hy + Cu(111), Ag(111),
Au(111) and Pt(111) systems. The three original MS mGGA DFs?® which we
combine with rVV10%® non-local correlation show no van der Waals interactions
for Hy interacting with transition metals'®, which is the best case scenario to
complement a semi-local exchange-correlation functional with (r)VV10 non-local
correlation according to Vydrov et al.?.

The PESs we computed with the three new DFs are subsequently used in
quasi-classical trajectory (QCT) calculations. In the dynamics calculations
we use the Born-Oppenheimer static surface (BOSS) model, which is known
to work well for activated Hy dissociation on cold metals®® %, Calculations
that incorporate surface motion show that the impact of surface atom motion
(phonons) can be neglected due to the effect on the reaction probability being
small for the low surface temperature experiments considered here?0:22:52:55 Tt ig
also justified to neglect the effect of electron-hole pair excitation on the reaction
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probability, as its effect on sticking has previously been shown to be small in
calculations on Hy + Cu(111)%758 Ag(111)%%61 and Ru(0001)%2. Previous
research has also shown that for highly activated dissociation of Hs on cold
metals the difference between quantum dynamics (QD) and QCT calculations
is marginal!®03:64 (see also Chapter 4), and there is also some evidence that
the same observation holds for the non-activated reaction of Dy + Pt(111) for
all but the lowest translational energies'®%. Since our dynamical model is
best suited to molecular beam dissociative chemisorption experiments, we will
mainly compare to this kind of experiment??32:66:67 t5 assess the quality of the
obtained DFs. These experiments have been performed for Hy + Cu(111)293!,
Ag(111)3% and Pt(111)%6°68,

Additionally we will also compare to the associative desorption experiments
that are available for the Hy (D2) + Au(111)% and Ag(111)77! systems as
in Chapter 5, by comparing the measured Ey(v, J) parameters characterizing
the measurements with calculated F; /2(1/, J) parameters'® assuming detailed
balance. Given that the DFs developed here are too reactive with respect to
the Ha (D2) + Cu(111) system (as will be shown below) we will omit such an
analysis for the recent associative desorption experiments® for this system here.
For the Hy + Cu(111) system it is known that the effect of surface motion
cannot readily be ignored for specific observables at high surface temperature®
(Ts), and this may hold for the Hy + Au(111) and Ag(111) systems as well.
Therefore it is difficult to assess the quality of the developed DFs when using
the BOSS model in comparing to high surface temperature experiments6%72,
as will be done below. We note that it is also possible to simulate associative
desorption directly by running trajectories starting around the transition state
using Metropolis sampling of the initial conditions™ 77, and that this has also
been done for Hy and Dy desorbing from Cu(111). There are some limitations
regarding these calculations: in earlier work»™ a PES that is an approximate
fit"® to unconverged DFT calculations”™ was used. The statistical accuracy
of the later work”” is limited by the number of ab initio molecular dynamics
(AIMD) trajectories that have been calculated.

The van der Waals well geometries obtained from our DFT calculations will
be compared to experimental results, which are mostly obtained from analysis of
selective adsorption experiments®?9. In these experiments, an increase or a dip
is observed in a peak associated with a rotational (rotationally mediated selective
adsorption, RMSA8) transition or in a peak for a diffractive (corrugation
mediated selective adsorption, CMSA%1:92) transition if the translational energy
passes through a value that overlaps with the energy difference between two
hindered rotational or parallel translational metastable states, respectively. The
Hs molecule is then trapped in the final state in the van der Waals well close
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to the surface®®37. The resonance energies can then be used to reconstruct
the shape of the potential and thus to determine the van der Waals well
depths and geometries. Concerning the systems investigated here, studies using

experiments to analyze the van der Waals interaction have been performed for
Hy + Cu(111)%990, Ag(111)838486 Au(111)%, and Pt(111)80-8293,

6.2 Methodology

6.2.1 Coordinate system

In the dynamics calculations we use the BOSS model', meaning that we make

the Born-Oppenheimer approximation and keep the surface atoms fixed at their
ideal lattice positions. We only take into account the six degrees of freedom
(DOF) of the Ha molecule (see figure 6.1a). We use molecular coordinates in
which the center of mass (COM) coordinates X,Y describe the lateral position
of the molecule, and Z describes the molecule surface distance. The remaining
DOFs are the Hy bond length r, the polar angle # and the azimuth ¢ defining
the orientation of the molecule relative to the surface (see figure 6.1a). The
geometry of the (111) face of an fcc metal together with its high symmetry
sites is shown in relation to the coordinate system used in figure 6.1b.

6.2.2 Combining Made Simple meta-GGA exhcange-correlation
with rVV10 non-local correlation

The form of the rVV10* non-local correlation functional is similar to that of
the Rutgers-Chalmers vdW-DFs38:

pnon-local /drn(r)(%/dr’@(r,r’)n(r') —|—B>. (6.1)

Here n(r) is the electron density and ®(r,r’) is the kernel describing the
density-density interactions®®. The parameter § is not present in the vdW-
DF1%4 and vdW-DF2% non-local correlation functionals and is here taken to be
8= %(%)% so as to ensure that En°™1o¢l s zero for the homogeneous electron
gas?®. In using the full exchange-correlation functional named rVV10, most
researchers we are aware of>%%97 now append the non-local correlation (NLC)
rVV10 functional to the following semi-local functional (SLF')

EQ‘:/CVlofSL — E;PW86 + Ef’BE (62)
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(a) (b)
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FIGURE 6.1: The COM coordinate system used for the description of the Hy (D3)
molecule (a). The unit cell of a (111) face of a fcc metal together with the high
symmetry sites as well as the relationship with the coordinate system chosen for Hy
(D2) relative to the (111) surface (b). The origin of the COM coordinate system
(X,Y,Z) =(0,0,0) is the center of a top atom. We define the polar angle and azimuth
such that (0 = 90°, ¢ = 0°) corresponds to molecules parallel to the surface pointing
along the X (or equivalent U) direction. The hcp and fec hollow sites correspond to
metal atoms in the second and third layer. Note that the colored triangle marks the
irreducible wedge of the (111) unit cell.
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Here, E;P W86 is the exchange part of a refitted version of the PW86 functional?®,
and EPBE is the PBE correlation functional”. In implementing the full rVV10
functional, DFT codes like Quantum Espresso!?%191 and Q-Chem!°? also append
the NLC functional defined by Eq. 6.1 to the SLF defined by Eq. 6.2. Eq.
6.2 also defines the semi-local exchange correlation functional to which Vydrov
et al.4? appended their NLC VV10 functional to in order to obtain the full
exchange correlation functional now referred to as the VV10 functional. Sabatini
et al.*8 obtained the NLC rVV10 functional of (Eq. 6.1) by making a minor
change to the NLC VV10 functional® in a clever way to make it amenable
to efficient evaluation by the algorithm due to Réman-Pérez and Soler'®? that
can also be used to speed up the evaluation of the vdW-DF1 and vdW-DF2
density functionals of the Lundqvist-Langreth group?*?>. To reproduce the
original VV10 results as closely as possible, Sabatini et al.*® changed one of
the empirical parameters in the NLC rVV10 functional, i.e., the b-parameter,
from the original VV10 value of 5.96 to the rVV10 value of 6.37. Here, the
b parameter can be used to control the damping of the kernel at short range,
while the other empirical parameter in VV10 and rVV10, C, can be used to
obtain good values for the Cg dispersion coefficients describing the long-range
van der Waals interaction. The C' parameter is taken the same®® in the NLC
rVV10 as in the NLC VV10 functional®®.

We note that there is some ambiguity associated with the SLF Sabatini
et al.*® originally appended their NLC rVV10 functional to. In a sentence
saying that they were "following the original VV10 functional definition", they
provided an equation for the full rVV10 functional in which the SLF to which
the NLC rVV10 functional was appended would be given by

E;;éleDF2 — E;PW86 + E(%DA. (63)

The equation they presented suggested that in their SLF PBE correlation
was replaced with correlation from the local density approximation (where
Sabatini et al.*® state they used the functional as parameterized by Perdew and
Wang'?4). This SLF happens to be the same as the one used with the non-local
vdW-DF2 functional to obtain the full vdW-DF2 functional®®. Regarding
the SLF originally used, we think the equation provided by Sabatini et al.*®
contained a misprint, and that they in fact used the expression of Eq. 6.2
instead. Our reason for stating this is that the energies they present for the
S22 database!®® in Table 1 of their Supporting material to Ref.*®, which they
computed with their rVV10 functional but using the b parameter from the
original VV10 functional, were in excellent agreement with the original VV10
results computed by Vydrov et al.*. We believe that this would not have been
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the case had Sabatini et al.*® used Eq. 6.3 as Vydrov et al.* certainly used Eq.
6.2; the difference between the PBE and LDA semi-local contributions should
have been too large to allow for the small differences obtained between the
rVV10 with b = 5.9 and VV10 results that were obtained in practice[48]. Even
more importantly, the rVV10 results obtained by Peng et al.3®, who used Eq.
2 for the SLF, for the S22 database!?® as provided in table 4 of their paper®®
closely reproduce the rVV10 results of Sabatini et al.#® as provided in table
1 of their supporting material[48]. Once, again, this would not have been the
case had these teams used different SLFs appended to the NLF rVV10 DF.

More importantly to the purpose of the present work than the exact ex-
pression of the full rVV10 functional, the flexibility built in to the NLC rVV10
functional through the adjustable b parameter allows it to be used in combi-
nation with a number of exchange-correlation functionals, including mGGA
functionals like the SCAN functional®” and the B97M functional incorporated
into the BO7M-rV functional®”. It is in this context that we use the NLC rVV10
functional, hoping that in this way we can obtain a good description of the
long-range interaction, while hopefully keeping the medium-range interaction,
which we think is reasonably described with the mGGA functionals?® we will
be testing as SLFs, intact, in the spirit of Peng et al.3®. In this Chapter, the
full exchange-correlation functional then takes the following form:

ExS—mGGA—rVVIO _ Eg/[S—mGGA + EZeVTPSS + EéVVIO, (64)

where EX*VTPSS is the revTPSS?® correlation functional that is used in the
original semi-local MS mGGA DFs we developed?®. Eg/IS-mGGA can be either of
the three MS mGGA exchange functionals we developed previously?® based on
the MS formalism?%. In this formalism one interpolates between two GGAs for
two extreme scenarios, namely a single orbital system which describes covalent
bonds (F(p;c)) and one in which the bonding is metallic (F!(p))2>. The

exchange enhancement factor of a MS mGGA DF then becomes?:

FyB(p,a) = Fy(p) + f(@)(E(p;¢) — F; (p)), (6.5)

where p = s? with s being the reduced gradient of the electron density?®, and
F}(p) and F?(p;c) are gradient enhancement factors that depend solely on
p. The numerical parameter c is optimized to exactly reproduce the exchange
energy of the hydrogen atom by cancelling the spurious self-interaction present
in the Hartree energy in this atom?. For both F}(p) and F?(p;c) three
expressions?® have been used which are PBE-like”, RPBE-like!%® and B86b-
like!%7, in the sense that we use the gradient enhancement expression of the
PBE?, RPBE!* and B86b'" GGA DFs but with p = 12 as was done in
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PBEsol?®. The difference between F!(p) and FY(p;c) is that in the case of
F9(p; c) we replace up by up + ¢ everywhere?®, as done earlier in ref?6. The
interpolation between the two extreme cases then happens through a function

of the inhomogeneity parameter f(«), with the inhomogeneity parameter being
defined as:26:27

w
T—T
Here, 7V is the Von Weiziicker kinetic energy, which is equal to the kinetic

energy density associated with a single orbital electron density*!, and 7 is
the kinetic energy of the homogeneous electron gas. Note that a will approach

wif and 7V < 7 for slowly varying electron densities, while
w4l

unity as 7 = 7
« approaches zero for densities found in covalent bonding for which 7 ~ 7
The expression for f(a) can be found in Refs.25:26,

Above, we have already noted that the possibility to adapt the b parameter
allows for flexibility in the combination of the NLC rVV10 functional with
SLFs. In the past several strategies have been used to arrive at a good choice of
b. In perhaps the most rigorous approach, in the original papers presenting the
full VV10* and rVV10%® functionals the b parameter was chosen to minimize
the errors in the binding energies of weakly bonded dimers as present in the
S22 database!®. In a simplified procedure requiring fewer calculations, the b
parameter has also been determined by demanding that calculations with the
NLC rVV10 functional reproduce the Ar dimer energy curve determined with
CCSD(T) calculations?” as closely as possible3®48:96:97 In the development of
functionals for specific purposes, the b parameter has also been fitted to more
specific properties corresponding to these purposes. For instance, functionals
have been developed that give good descriptions of layered materials by fitting
the b parameter to obtain a good description of properties of these materials,
after which the performance of the obtained functional is usually also tested
on properties of other systems”®?9. In the spirit of our SRP-DFT method, as
described below we take an even more extreme approach to determining the b
parameter.

The goal of the present paper is to investigate whether adding non-local
rVV10 correlation to the MS mGGA functionals previously developed by us
leads to functionals giving a better description of dissociative chemisorption of
Hj on the noble metal surfaces Cu(111), Ag(111), Au(111) and Pt(111). With
this goal in mind, we investigated how closely we could reproduce the van der
Waals interaction for the system for which the most accurate experimental
results are available for this interaction (Ha + Cu(111), van der Waals well
depths and geometries are available from RMSA8? or CMSA®192 experiments on
this system). An additional reason for our choice of strategy is that most general
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purpose DFs (at the GGA or mGGA level) cannot describe the interaction of
Hy with transition metal surfaces to within chemical accuracy (see for example
figure 3.11 of Chapter 3 or figure 1a of Ref.!?). Therefore closely reproducing
reference data for gas phase dimers offers no guarantee that the obtained b value
would be the best possible for Hy + transition metal systems (although we will
see below that this strategy would have worked for our case). However, we do
check that the b parameter we adopt by considering the long range attractive
van der Waals interaction also yields a reasonably good description of the metal
lattice constant for copper, which is a short-to-medium range interaction, to
make sure that "the tail does not wag the dog"32.

Our tests on Hy + Cu(111) were first done with the MS-PBEl-rVV10 DF
(see figure 6.2). Adopting the b parameter of the original full r'VV10 functional®
(b = 6.3) yields a good description of the van der Waals well depth and minimum
geometry, while a still reasonable lattice constant is obtained for copper (see
figure 6.2 and below). However, optimizing the b parameter for the MS-B86bl-
rVV10 and MS-RPBEI-rVV10 functionals in this manner poses a dilemma.
Using the small values of b suggested by a requirement of closely reproducing
the Hy + Cu(111) van der Waals interaction leads to an underestimation of
the copper lattice constant that we deem unacceptable (see figures 6.3-6.4).
This dilemma is illustrated in figures 6.3-6.4, in which the lattice constant, the
van der Waals well depth and the position of the van der Waals minimum are
shown as a function of b for the MS-B86bl-rVV10 and the MS-RPBEI-rVV10
DFs. In these figures and figure 6.2 the lattice constant has been recalculated
for each value of b, after which the 6 layer metal slabs are relaxed accordingly,
and the van der Waals curve is calculated for a geometry in which Hy is parallel
to the surface and above the top site. From figures S1-3 it is clear that reducing
b yields smaller lattice constants and deeper van der Waals wells that are closer
to the surface. Keeping these observations in mind, and noting that fitting
the b parameters for the MS-PBEI-rVV10 DF to either the van der Waals well
depth or the position of the minimum would have resulted in a value that is
very similar to the original value of Sabatini et al.*® (b = 6.3), we simply chose
to adopt this value for all three functionals.

Finally, we note that the original MS mGGA exchange-correlation function-
als appear to meet the same criterion as the semi-local exchange-correlation
functional used by Vydrov et al.*? and Sabatini et al.%8, i.e. that this functional
does not yield an attractive long range interaction (see figure 5.3b of Chapter 5).
As Vydrov et al.* point out: ’it is preferable to combine VV10 with a functional
that gives no significant binding in van der Waals complexes’. As our SLFs
meet this criterion, we are not surprised that these SLFs combined with the
NLC rVV10 functional yield either a good (with MS-PBEI) or still reasonable
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(with MS-B86bl or MS-RPBEI) description of the van der Waals interaction in
Hy + Cu(111) with the choice of the original value of the b parameter.

6.2.3 Construction of the PESs

We use the corrugation reducing procedure (CRP)!% to interpolate DFT results
calculated on a grid in order to obtain a continuous representation of the PESs
used in this work. Apart from using denser grids to improve the accuracy of
the interpolated PESs our method is analogous to the one used by Wijzenbroek
et al.''% In principle we use the grids reported in appendix 5.A of Chapter 5.

In Chapter 5 we have assessed the quality of the Hy + Cu(111) PES obtained
using the BR6SRP68-DF2 DF by using ~4900 randomly sampled geometries
of Hy above the metal slab. Based on all the randomly sampled points taken
together our CRP1% fit had a root mean square (rms) error of 31 meV compared
to the underlying electronic structure calculations. When only looking at the
3538 geometries that have an interaction energy of Hy with the surface lower
then 4 eV the rms error reduces to 8 meV (~ 0.2 kcal/mol). Since we use
the same interpolation grids as in Chapter 5, we presume the accuracy of the
obtained CRP PESs in this Chapter to be similar.

6.2.4 Quasi-classical dynamics

We compute observables using the quasi-classical trajectory (QCT) method!!!.

This means that we take into account the quantum mechanical energies of
the impinging Hy and Dy molecules in their initial rovibrational states. The
method used is described more fully in section 2.3.1 of Chapter 2. We integrate
the equations of motion using the algorithm of Stoer et al.'12.

In order to obtain reliable statistics we propagate 200,000 trajectories
per energy point when simulating a molecular beam experiment, and 50,000
trajectories per energy point when calculating initial-state resolved reaction
probabilities. Trajectories always start in the gas phase (Zgas = 8A). When r
becomes bigger than some critical value (r. = 2.21&) the trajectory is counted as
reacted. If during the propagation Z becomes bigger than Zg,s the trajectory is
counted as scattered. In all QCT calculations we use a time step of dt = 0.001
fs. The reaction probability P, is then calculated by dividing the number of
reacted trajectories IV, by the total number of trajectories Niotal

N,

P, = .
N, total

(6.7)
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FIGURE 6.2: The lattice constant of copper in A (a), and, for Hy + Cu(111), the van

der Waals well depth in meV (b) and the position of the van der Waals minimum in

(c) are presented as calculated with the MS-PBElL-rVV10 DF. Calculated results are

shown in red, experimental results are shown in black®?1%®, The green line in panel
(a) shows the lattice constant obtained with the MS-PBEI DF2®.
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FIGURE 6.3: The lattice constant of copper in A (a), and, for Hy + Cu(111), the van

der Waals well depth in meV (b) and the position of the van der Waals minimum in A

(c) are presented as calculated with the MS-B86bl-rVV10 DF. Calculated results are

shown in red, experimental results are shown in black®?1%8. The green line in panel
(a) shows the lattice constant obtained with the MS-B86bl DF2°.
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FIGURE 6.4: The lattice constant of copper in A (a), and, for Hy + Cu(111), the van

der Waals well depth in meV (b) and the position of the van der Waals minimum in

(c) are presented as calculated with the MS-RPBEL-rVV10 DF. Calculated results are

shown in red, experimental results are shown in black®?1%®, The green line in panel
(a) shows the lattice constant obtained with the MS-RPBEI DF?5.
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6.2.5 Computation of observables
Molecular beam sticking

In the molecular beams we simulate, the probability to find Ho with a velocity
v in an interval v + dv and in a particular rovibrational state at a given nozzle
temperature T can be described by:

P(vy, a,v, J, Tp,)dv = Cv e~ (v—w)?/e? gy, X Pint (v, J, T}, )dv (6.8)

~~

Pfluz (”aa)

where C' is a normalization constant, vg is the stream velocity and « is the
width of the velocity distribution. With equation 6.8 the reactivity of each
state can be weighted according to its Boltzmann weight as:

_ ng(V7 JaTn)

Pou(v, J,T,) = BN (6.9)

with
fv, J,T,) = (2J +1) x e(—(Ev0=E0,0)/kBTvib) v o(=(Ev,y—Ev,0)/kpTrot) (6.10)

Here, the factor gy in equation 6.9 reflects the ortho/para ratio of hydrogen
in the beam. For Dy gy = 2/3(1/3) for even (odd) values of J, while for Hy
gy = 1/4(3/4) for even (odd) values of J. Z(T},) is the partition function, kp
is the Boltzmann constant, and E, ; is the energy of the rovibrational state
characterized by the vibrational (v) and rotational (J) quantum numbers. In
equation 6.10 we take into account the rotational cooling of the Hy molecules
due to the supersonic expansion by taking T,,; = 0.8 * T},3!. Degeneracy
averaged reaction probabilities are computed from fully initial-state resolved
reaction probabilities as:

J
Pacg(E, v, J) = > (2= bm,0)

mJ=0

P.(E,v,J,my)
_ - a1
2J +1 ’ (6 )

where P.(F,v,J,my) is the fully initial-state resolved reaction probability, with
my being the magnetic rotational quantum number and F = %mv2 being
the translational energy. Molecular beam sticking probabilities can then be

computed as:

So(vo, a, Ty) = Z/P(Uo,a, v, J,Ty) Paeg(E, v, J)dv. (6.12)
v,J
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All parameters describing the molecular beams simulated in this work are listed
in table 5.4 of Chapter 5. A more exhaustive description of how molecular
beam sticking probabilities can be computed can be found in Ref.!13 The set of
initial rovibrational states taken into account in the QCT calculations is listed
in table 5.3 of Chapter 5.

Rovibrational state populations of Hy and D5 desorbing from Au(111)

The following expression is used to calculate state distributions of desorbing
molecules:%”

Emax(u,J) (_ E )
N(V,J):/ Pint(v, J, Ts)VE €' *8T5’ Pyog(E,v, J)dE.  (6.13)
0

Here Enax(v, J) is the maximum kinetic energy to which the experiment was
sensitive®” in the sense that Pyeg(E, v, J) could still be extracted reliably, and
these parameters have been obtained in a private communication'!*. T is the
surface temperature. The Epax (v, J) parameters for Hy (Dg) + Au(111) are
plotted in figure 5.B.2 of Chapter 5. While Shuai et al.®? integrated equation
6.13 up to 5 €V, we opt to integrate only until E.x(v,J) since the error
function expressions derived in Ref.® are only reliable up to Epax (v, J) and can
yield sticking probabilities substantially bigger than one for high translational
energies. We integrate equation 6.13 by taking a right Riemann sum with a
AF of 0.2 meV. The N(v,J) populations are normalized to the total v = 0
population, as was done in Chapter 5. The ratios of populations we calculate
are solely based on the rovibrational states shown in figure 6.12, i.e., we only
go up to J = 7 for Hy and J = 9 for Dy as was done by Shuai et al.%.

Ey)5(v,J) parameters

In Chapter 5 we listed four possible methods to obtain £y /2(1/, J) parameters
which can be used to compare to experimental Eg(v,.J) parameters!®. In this
Chapter we only use method B2 to compare calculated F; /2(1/, J) parameters
to measured Ey(v,J) parameters for the Hy (D2) + Au(111) system. All four
methods are discussed in Chapter 5, and we will only briefly discuss method
B2 here.

When no measured sticking probabilities are available for the system of
interest one may choose to normalize the extracted reaction probabilities with
reference to theory® ™. In method B1 theory is compared to experiment by
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extracting E 5(v, J) parameters using:

1 1
Paeg(Eyjo(v, J),v,J) = 5A3}, = 5 Pacg(Bmax (v, J), v, 7). (6.14)

In other words, the ) 5(v, J) parameter is the energy at which the degeneracy
averaged reaction probability is equal to half the saturation value, which is
taken equal to the reaction probability at the maximum kinetic energy to which
the experiment was sensitive.

However, for Ha (D2) + Au(111) the Enax(v, J) parameters are not large
enough to reliably extract £ /5(v, J) parameters'®. In method B2 the measured
Eo(v,J) and W, ; values are therefore used to determine the A}jf, value at
which the experimental reaction probability saturates according to the error
function fit of the (v, J) rovibrational state!>%9. Effectively, in method B2, we
take the A]jf] value and scale it accordingly!®:

B1
AV,J

Lt lerf (Emax<v%z;Eo<u,J>)

A = (6.15)

6.2.6 Computational details

A user modified version 5.4.4 of the Vienna Ab Initio Simulation Package!!> 118

(VASP) has been used for all plane wave periodic DFT electronic structure
calculations. The modification of the computer package concerns the imple-
mentation of the mGGA DFs developed in Chapter 3 and this Chapter. In all
calculations the standard projector augmented wave (PAW) potentials''® are
used. We use the rVV10%® non-local correlation functional as implemented in
VASP3®, which is based on the vdW-DF19412%:121 imjplementation by Klimes
et al.1?2

All calculations are carried out using a plane wave cutoff energy of 600 eV
together with smearing of 0.2 eV using the Methfessel-Paxton method of order
one. All slabs consist of six layers, of which the bottom two layers are fixed at
their ideal bulk interlayer distance. A 2x2 supercell is used for calculations of
the PESs with a vacuum distance of 16 A and a (11 x 11 x 1)I-centered k-point
grid. Lattice constants have been calculated using four atom bulk unit cells
and a (28 x 28 x 28) Monckhorst-Pack k-point grid, while slab relaxations were
carried out using a (32 x 32 x 32)I'-centered k-point grid together with a 1x1
supercell. For the molecule-metal surface calculations a convergence parameter
of 1076 eV was used, and for the bulk lattice calculations, the slab relaxations
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and the metal-atom calculations a convergence parameter of 10~7 eV was used
for the energy.

6.3 Results and Discussion

6.3.1 Metal properties

Table 6.1 shows the calculated lattice constants compared to zero-point energy
corrected experimental results'®® for the three MS mGGA-rVV10 DFs tested
in this work as well as the original three MS mGGA DFs. For the four metals
investigated here we calculate lattice constants that are smaller than the zero-
point energy corrected experimental results, although the agreement with
experiment!'®® is still reasonable. The underestimation of the experimental
lattice constants for the three DFs developed here is, on average, comparable
to the somewhat overestimation of the lattice constants for SRP DFs designed
for the reaction of Hy (D2) on transition metals at the GGA level that include
non-local correlation'® (see table 5.5 of Chapter 5).

Table 6.2 shows the interlayer contractions for the top two layers (in %)
for Cu(111), Ag(111), Au(111) and Pt(111). When combining our three MS
mGGA DFs? with rVV10% non-local correlation we find that the relaxed six
layer slabs tend to expand somewhat, in contrast to the results obtained when
not using non-local correlation®2%. The description of the relaxed slabs is
not as good as obtained with previously developed SRP DFs'®, and with our
mGGA DFs not using non-local correlation? (see table 6.2).

The three original MS mGGA DFs of Chapter 3 were developed to avoid
having to compromise between a good description of the metal and a good
description of the molecule-surface interaction!”. It is therefore a somewhat
disappointing result that when our three mGGA DFs are combined with non-
local TVV10 correlation®® this comes at the cost of a somewhat less good
description of the metal. Tuning the b parameter in the implementation of
rVV10 non-local correlation®®, which modulates the repulsive part of the van
der Waals description®®, in order to obtain lattice constants closer to experiment
unfortunately has the effect of removing the van der Waals wells in the PESs
we calculate.

Including non-local correlation in a DF has a tendency to yield smaller
lattice constants compared to DFs that do not include non-local correlation®®108.
Our original MS mGGA DFs yield calculated lattice constants that are highly
accurate?®. Therefore combining them with non-local correlation, which tends
to shrink the lattice constants, leads to too small calculated lattice constants.
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Cu Ag Au Pt

A % A % A % A %
exp.108 3.596 4.062 4.062 3.913
MS-PBEI?® 3.580 -0.4 | 4.090 0.7 | 4.084 0.5 | 3.906 -0.2
MS-PBEL-rVV10 3.514 -2.2 | 4.003 -1.4 | 4.034 -0.7 | 3.879 -0.9
MS-B86b12° 3.583 -04 | 4.092 0.7 | 4.087 0.6 | 3.908 -0.1
MS-B86bl-rVV10 3.518 -2.2 | 4.004 -1.4 | 4.036 -0.6 | 3.881 -0.8
MS-RPBEI?® 3.590 -0.2 | 4.099 0.9 | 4.092 0.7 | 3.912 0
MS-RPBEIL-rVV10 | 3.524 -2.0 | 4.008 -1.3 | 4.040 -0.5 | 3.884 -0.7

TABLE 6.1: Calculated lattice constants in A compared to to zero-point energy
corrected experimental results'®®. Percentage deviations of the computed results from
experimental results are also indicated.

We also observe that the interlayer distance between the top two layers
of the relaxed six layer slabs tend to expand somewhat when using rVV10*®
non-local correlation (see table 6.2). When not using non-local correlation our
three MS mGGA DFs produced interlayer distances between the top layers
that were in line with experimental results'>?®. When using rVV10* non-
local correlation together with our MS mGGA DFs our calculated interlayer
distances of the top layer are still reasonable, although not as good as those
obtained with GGA based SRP DFs that use vdW-DF1%¢ or vdW-DF2% non-
local correlation (see table 5.6 of Chapter 5). We speculate that the more
accurate interlayer distances calculated when using vdW-DF1%4 or vdW-DF2%
non-local correlation are due to the way in which the correlation part of the
full exchange correlation functional is constructed. In the case of vdW-DF1%4
or vdW-DF2% the non-local correlation part is combined only with fully local
LDA correlation. In the case of the MS mGGA-rVV10 functionals that we test
here, the NLC rVV10 functional is combined with semi-local correlation instead
(see Eq. 6.4 above). For calculating lattice constants and interlayer spacings of
metals it might be better to combine the MS meta-GGA exchange functionals
we investigate with correlation functionals based on LDA correlation and a
non-local van der Waals correlation functional.

6.3.2 Static PES properties

Figure 6.5 shows van der Waals wells for Hy in a parallel (¢ = 0°,0 = 90°)
and in the perpendicular (# = 0°) orientation above a top site for Cu(111) (a),
Ag(111) (b), Au(111) (c) and Pt(111) (d). All van der Waals well geometries
and well depths computed by us are tabulated in table 6.3, also comparing
with experimental results that have been reported for Hy + Cu(111)%%%9 H,
+ Ag(111)%) Hy + Au(111) and Hy + Pt(111)393, Note that we use the
same b value (b = 6.3) for the three DFs that use rVV10%® non-local correlation.
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Cu Ag Au Pt
exp. -1.0%,7%% 121 20.7%™%° | -2.5%,%° -0.5% 7 | 1.5%® | 1.1%™
MS-PBEI*® -1.0% -0.4% 1.0% 1.0%
MS-PBEL-rVV10 1.5% 2.3% 3.5% 2.4%
MS-B86b1*° -1.0% -0.5% 1.0% 1.0%
MS-B86bl-rVV10 1.4% 1.4% 3.5% 2.3%
MS-RPBEI?® -1.6% -0.5% 1.2% 1.1%
MS-RPBEL-rVV10 1.6% 2.4% 3.5% 2.4%

TABLE 6.2: Relaxations of the interlayer distance of the top two layers relative to
the the bulk interlayer distance in %. Computed results are shown for six DFs and
compared with experimental values.

As noted in Chapter 5, for Cu(111) the experimental well depths are in good
agreement. However, the position reported by Harten et al.?? is somewhat
closer to the surface. Ambiguities in the level assignments in the study of
Andersson et al.®® is the mostly likely reason for the van der Waals well being
reported somewhat closer to the surface compared to the later measurements®.
Andersson et al.® noted that their derived PES is also consistent with the
carlier measurements®®. As mentioned in Chapter 5, we suspect that reported
van der Waals wells for Hy + Ag(111)%* and Hy + Au(111)% might possibly
be too close to the surface®.

The MS-PBEI-rVV10 DF performs best with respect to the van der Waals
well interaction for all systems investigated. Highly accurate van der Waals
well depths are obtained for both the highly activated systems and the non-
activated Hy + Pt(111) system with this functional (see figure 6.5 and table 6.3).
The agreement with the position of the minimum is also good for the system
for which this is well-known, i.e., Hy + Cu(111). The agreement with the
experimental well depth obtained with the MS-B86bl-rVV10 and MS-RPBEI-
rVV10 DFs is reasonable. This agreement is not as good as obtained with the
MS-PBEI-rVV10 DF, but the MS-RPBEIL-rVV10 results agree better with the
experimental results for the well depths for Hy + Ag(111) and Au(111) than
the results previously obtained with the vdW-DF1 functional (see table 6.3 and
figures 6.5b and 6.5¢). As discussed above, optimization of the b parameter
to better reproduce the well depth obtained with the MS-B86bl-rVV10 and
MS-RPBEIL-rVV10 DFs would result in unacceptably small lattice constants.

When comparing the results it is clear that the MS-PBEI-rVV10 DF yields
a better description of the Ho-metal van der Waals wells investigated here
than the vdW-DF1%¢ and vdW-DF2% DFs, which is consistent with earlier
work®® on the binding energies of a subset of molecular configurations of the
S22 data set'®® and the argon dimer*®. However, we note that the previously
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tested!® B86SRP68-DF2 DF (which performed best of the vdW-DF1%4 and
vdW-DF2% DFs tested in 5) shows a performance that is comparable to that
of the MS-PBEL-rVV10 DF (table 6.3). We also note that the polarizability
obtained for the Hy molecule parallel and perpendicular to its molecular axis is
similar for the MS-PBEI-rVV10 and vdW-DF2% DFs.

In principle the b parameter in the rVV10%® non-local correlation functional
could be tuned to match experimental observations of the van der Waals
geometries in future work. However, decreasing the b parameter to obtain a
van der Waals well geometry more in line with experiment would also lead to
further decreased lattice constants thereby further worsening the agreement
with experiment, and it would lead to lower dissociation barriers.

Tables 6.4-6.7 show barrier heights and geometries for Hy + Cu(111),
Ag(111), Au(111) and Pt(111), respectively. For the activated systems the
lateness of the barriers (values of r at which the barriers occur) is not influenced
by the use of r'VV10*® non-local correlation. However, for the bridge sites
the barrier geometries do move to slightly higher Z values. Adding rVV10*®
non-local correlation to our original three MS mGGA DFs yields barrier heights
that are consistently lower by roughly 0.15-0.2 eV for the highly activated
systems. For the barrier heights obtained with the current best SRP-DFs we
refer the reader to Chapter 5.

For the non-activated Hy + Pt(111) system we also find that using rVV1048
non-local correlation leads to lower barriers, by about 0.15 eV. However the
picture is more complex since only three DFs show a double barrier structure
for the t2b site, namely the MS-PBEI?®, MS-B86b1?® and MS-PBEIL-rVV10 DFs.
The DFs without non-local correlation do not show a double barrier structure
for the t2h site, while the DFs that do use rVV10%® non-local correlation do.

Note that observations on the van der Waals well depths and minimum
positions extracted from RMSA®® or CMSAY192 experiments usually represent
averages taken over the sites in the surface unit cell. Checking for the site-
dependence of the van der Waals interaction in Hy + Cu(111), as found by Lee
et al.10 we see essentially no dependence of the van der Waals interaction on
the site within the unit cell (see figure 6.6, which presents results for impact
on three different sites obtained with the MS-PBEl-rVV10 DF). The site
dependence found for the other systems and DFs treated here is similar to the
results shown in figure 6.6 in that it is very small.
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FIGURE 6.5: Van der Waals potential curves for Hy + Cu(111) (a), Ag(111) (b),
Au(111) (c) and Pt(111) (d). Solid lines represent a parallel orientation of Hy (6 = 90°,
¢ = 0°) and dotted lines a perpendicular orientation (§# = 0°), both above a top
site. Experimental results are shown in black for Hy + Cu(111)%, Hy + Ag(111)%4,
Hy + Au(111)° and Hy + Pt(111)3593. In panels b and c the horizontal solid lines
correspond to the experimental well depths. In panel d the dashed line corresponds to
the result of Poelsema et al.” and the solid line corresponds to the result of Cowin
et al.8!. Results for five DFs are shown: MS-PBEL-rVV10 (red), MS-B86bl-rVV10
(green), MS-RPBEL-rVV10 (blue), vdW-DF1%4 (magenta) and vdW-DF2% (light
blue).
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Cu(111) Z [A] Eyaw [meV]
exp. 3.5189,2.7190 | 29.589 22290
MS-PBEL-rVV10 3.66 33.1
MS-B86bl-rvv10 3.99 18.2
MS-RPBEL-rVV10 4.05 23.7
vdW-DF194 3.77 52.4
vdW-DF29% 3.58 39.0
Ag(111)

exp.5% 1.98 32.5
MS-PBEIL-rVV10 3.66 33.8
MS-B86bl-rvVV10 4.02 18.4
MS-RPBEI-rVV10 4.04 23.4
vdW-DF194 3.77 50.8
vdW-DF29% 3.58 38.3
Au(111)

exp.”V 2.2 40.0
MS-PBEL-rVV10 3.48 39.7
MS-B86bl-rVV10 3.90 19.4
MS-RPBEL-rVV10 4.04 25.2
vdW-DF194 3.68 59.7
vdW-DF29% 3.45 48.5
Pt(111)

exp. 5581 7693
MS-PBEL-rVV10 3.35 50.5
MS-B86bl-rvv10 3.30 26.9
MS-RPBEL-rVV10 3.88 32.3
vdW-DF1%4 3.61 65.9
vdW-DF29% 3.36 58.6

TABLE 6.3: Van der Waals well depths and positions for Cu(111), Ag(111), Au(111)

and Pt(111) for Hy in parallel orientation (¢ = 0°,6 = 90°) above a top site.

bridge t2b fee
Ep Tp Ey Ty Zyp Ep Ty Zp
MS-PBEI?® 0.629 | 1.002 | 1.198 | 0.847 | 1.350 | 1.390 | 0.988 | 1.339 | 1.267
MS-PBEI-rVV10 0.459 | 0.985 | 1.240 | 0.665 | 1.328 | 1.400 | 0.815 | 1.331 | 1.285
MS-B86b1%° 0.683 | 0.997 | 1.205 | 0.895 | 1.351 | 1.391 | 1.048 | 1.343 | 1.267
MS-B86bl-rvv10 0.513 | 0.982 | 1.247 | 0.714 | 1.329 | 1.401 | 0.865 | 1.333 | 1.285
MS-RPBEI?® 0.721 | 1.006 | 1.201 | 0.930 | 1.354 | 1.392 | 1.086 | 1.346 | 1.270
MS-RPBELrVV10 | 0.549 | 0.985 | 1.247 | 0.747 | 1.329 | 1.403 | 0.899 | 1.334 | 1.286

TABLE 6.4: Barrier height for Hy

reacting on Cu(111), for the bridge, t2b and fcc

sites ¢ = 0° and @ = 90°. Barrier heights are in €V, and the barrier positions in A.

bridge t2b fce
Ep Ty Ep rp Zy Ep Ty Zp
MS-PBEI?® 1.288 | 1.230 | 1.116 | 1.534 | 1.508 | 1.493 | 1.601 | 1.556 | 1.315
MS-PBEL-rVV10 1.082 | 1.224 | 1.157 | 1.328 | 1.486 | 1.506 | 1.392 | 1.553 | 1.345
MS-B86b1%° 1.342 | 1.224 | 1.115 | 1.585 | 1.513 | 1.495 | 1.652 | 1.566 | 1.323
MS-B86bl-rvVV10 1.134 | 1.223 | 1.159 | 1.376 | 1.488 | 1.507 | 1.442 | 1.560 | 1.348
MS-RPBEI-rVV10 | 1.171 | 1.226 | 1.161 | 1.410 | 1.489 | 1.508 | 1.479 | 1.560 | 1.349

TABLE 6.5: Barrier height for Hs reacting on Ag(111), for the bridge, t2b and fec
sites ¢ = 0° and 6 = 90°. Barrier heights are in €V, and the barrier positions in A.
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bridge t2b fcc
Ey Ty Zyp Ep Ty Zy Ep rp Zp
MS-PBEI%® 1.432 1.144 1.127 1.301 1.433 1.466 1.350 1.203 1.276
MS-PBEI-rVV10 1.251 1.148 1.159 1.139 1.425 1.475 1.172 1.216 1.299
MS-B86b1%° 1.481 1.142 1.130 1.355 1.438 1.467 1.402 1.204 1.276
MS-B86bl-rVV10 1.302 1.147 1.162 1.192 1.427 1.476 1.224 1.216 1.299
MS-RPBEI-rVV10 1.336 1.147 1.163 1.226 1.436 1.476 1.258 1.219 1.302

TABLE 6.6: Barrier height for Hy reacting on Au(111), for the bridge, t2b and fec
sites ¢ = 0° and @ = 90°. Barrier heights are in ¢V, and the barrier positions in A.
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FIGURE 6.6: Van der Waals potential curves for Hy (6 = 90°, ¢ = 0°) above Cu(111)
for impact on the top, bridge and fcc sites for the MS-PBEI-rVV10 density functional.
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6.3.3 Molecular beam sticking
Molecular beam sticking of Hy (D3) + Cu(111)

Molecular beam sticking probabilities for Hy (D2) + Cu(111) for six sets of
molecular beam experiments are shown in figure 6.7 for the three MS mGGA-
rVV10 DFs tested in this work and for the MS-B86bl and PBE DFs?>. The
parameters describing the molecular beam experiments?? 3! are tabulated in
table 5.4 of Chapter 5. Adding rVV10%® non-local correlation to our three
original mGGA DFs leads to higher sticking probabilities that are too high
compared to experiment, as could be expected from its effect on the barrier
heights (see table 6.4). MS-PBEIL-rVV10, MS-B86bl-rVV10 and MS-RPBEI-
rVV10 all overestimate the sticking probability and are not chemically accurate
for this system. Given that the original three MS mGGA DFs were all chemically
accurate for this system?® this is a somewhat disappointing result.

Molecular beam sticking of Dy + Ag(111)

Figure 6.8 shows sticking probabilities computed from simulations of molecular
beams of D reacting on Ag(111) in comparison with experimental results32.
Cottrell et al.32 have reported molecular beam parameters that are symmetric
with respect to the average collision energy. We consider these symmetric molec-
ular beam parameters to be somewhat unphysical, as discussed in previous work
from our group®®. Therefore we opted to use the molecular beam parameters of
pure Dy reacting on Cu(111) reported by Auerbach and coworkers? (see table
5.4), which likewise describe beams that are narrow in translational energy, in
our simulations.

MAD values are computed by calculating the mean distance along the
incidence energy axis from the calculated sticking probability to the cubic spline
interpolated experimental results. We consider DFs that yield a MAD value
smaller than 1 kcal/mol (4.2 kJ/mol) to be chemically accurate!®'. Figure 6.8
shows that all three DFs can be considered chemically accurate for this system,
with the MS-PBEI-rVV10 DF performing best with a MAD of 1.0 kJ/mol and
the MS-RPBE-rVV10 DF performing worst with a still good MAD value of
2.0 kJ/mol. Here we note that the distance between the computed and the
measured Sy tends to increase with increasing translational energy.

This is the first time that we achieve a chemically accurate description of the
Dy + Ag(111) system. GGA based DFs with and without non-local correlation
as well as the three original MS mGGA DFs have not been able to yield a
chemically accurate description of this system!®2%64 The improved description
of the sticking probability for this system is strictly due to the lowering of the
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FIGURE 6.7: Molecular beam sticking probabilities for Hy and Ds reacting on Cu(111)

for six sets of molecular beam experiments, as computed using the QCT method

with the MS-B86b1?° (purple), MS-PBEI-rVV10 (magenta), MS-B86bl-rVV10 (red),

MS-RPBEI-rVV10 (blue) and PBE (green) DFs. Experimental results are shown in
black?9-3!,
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barrier to reaction. Barrier geometries of the MS mGGA DFs that use non-local
rVV10*® correlation are very similar to the barrier geometries of the original
MS mGGA DFs (see table 6.5).

As we discussed in previous work from our group!®%* and Chapter 5,
assessing the the quality of the theoretical description of this system is difficult
due to the lack of well defined molecular beam parameters®*. Additional
experiments would allow us to improve the description of this system!5.

Molecular beam sticking of Dy 4+ Pt(111)

Figure 6.9 shows calculations on Ds + Pt(111) for two sets of molecular beam
experiments®®%7. Note that this is a non-activated system of which the original
MS mGGA DFs gave a rather poor description'® (see Chapter 5). Here we find
that the MS-B86bl-rVV10 DF (figures 6.9b,e) yields the best results for both
experiments, with a MAD of 2.7 kJ /mol for the experiment of Luntz et al.%
and a MAD of 2.0 kJ/mol for the experiments of Cao et al.”. This may be
compared to the MAD values of 1.1 kJ/mol for the experiment of Luntz et al.5
and of 1.9 kJ/mol for the experiment of Cao et al." that were obtained with
the PBEa57-DF2 DF M.

In general the three MS mGGA-rVV10 DFs treated here are either in
good agreement with experiment for the lower translational energies (MS-
PBEI-rVV10) or for the higher translational energies (MS-B86bl-rVV10 and
MS-RPBE-rVV10). The reason for this is that the MS-PBEI-rVV10 DF is the
DF yielding the lowest early t2b barrier to reaction (see table 6.7), which allows
it to describe the experiment correctly at the lowest translational energies. The
other two mGGA-rVV10 DFs exhibit a higher early t2b barrier, leading to a
worse description of the experiments®67 at low translational energies. Overal
the slope of the calculated sticking probability curve of the MS-PBEI-rVV10
DF is too steep, just right for the MS-B86bl-rVV10 DF, and somewhat too
gentle for the MS-RPBEI-rVV10 DF.

Previous work from our group has indicated that the experiments of Luntz
et al.% and Cao et al.” are in good agreement with each other for the lower
incidence energies but somewhat diverge for the higher incidence energies!?2.
The possible causes for this divergence are discussed in Ref.!3?, where it was
remarked that at high incidence energies the reaction probabilities of Cao et
al.%7 are most likely somewhat underestimated compared to the results of Luntz
et al.%. Note that a small increase of reactivity at the higher translational
energies for the experiments of Cao et al.%7 could improve the agreement with
experiment for the MS-B86bl-rVV10 DF. However, this system is still best
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FIGURE 6.8: Molecular beam sticking probability as a function of the average incidence

energy for Dy reacting on Ag(111). Experiment is shown in black®?. QCT results are

shown in blue for the following DFs: MS-PBEI-rVV10 (a), MS-B86bl-rVV10 (b) and

MS-RPBEL-rVV10 (c). The values next to each data point denote the shift along the

translational energy axis from the computed reaction probability to the interpolated
experimental reaction probability curve in kJ/mol.
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FIGURE 6.9: Molecular beam sticking probabilities for Dy reacting on Pt(111) for
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Experimental results are shown in red%6:67 QCT results in blue. The values next to

each data point denote the shift along the translational energy axis from the computed

reaction probability to the interpolated experimental reaction probability, curves in
kJ /mol.

described with the GGA based SRP DF that was specifically designed for this
system14’132.

6.3.4 Associative desorption
3.4.1 Initial-state resolved reaction probabilities Ag(111)

Figure 6.10 shows degeneracy averaged initial-state resolved reaction probabil-
ities for Ho and Dy reacting on Ag(111). A comparison is made to reaction
probabilities extracted from associative desorption experiments assuming de-
tailed balance”™"!. Note that the experimental degeneracy averaged reaction
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probabilities were not normalized but simply assumed to saturate at one, which
makes it hard to make a comparison with experiment. The translational energy
in figure 6.10 refers to the translational energy of the desorbing molecules which
is measured by time-of-flight techniques™ "'

From figure 6.10 it can be seen that the three MS mGGA-rVV10 DFs
somewhat overestimate the degeneracy averaged reaction probabilities for Do
for most energies (figure 6.10a,b), but that the agreement with experiment
is very good for Hy (figure 6.10c). In previous work?® the MS-PBEI DF was
shown to perform better than other GGA based DFs mainly due to MS-PBEI
exhibiting slightly earlier barriers. The barrier geometries of the three MS
mGGA-rVV10 DFs we present here are very similar to the barrier geometries
of the three original MS mGGA DFs?®. Therefore we can say safely that the
increased reactivity obtained with the mGGA-rVV10 DFs developed here is
due to their barriers to reaction being somewhat lower and not to a change in
barrier geometry (see table 6.5).

Ey5(v,J) parameters Au(111)

Figure 6.11 shows a comparison of measured® Eg(v, J) parameters to F; s2(v; J)
parameters calculated using method B2'2. Table 6.8 shows the accompanying
MAD and mean signed deviations (MSD) values. We note that the experiment
was performed at a surface temperature of 1063 K%, while the calculations
have been performed using the BOSS model. Furthermore, incorporating
surface motion in the dynamics calculations would lead to a broadening of the
reaction probability curves?251:523% In view of the procedure used to calculate
Ey2(v,J) parameters, an increase of reactivity at low translational energies
has the potential to lower the Ey/5(v, J) parameters'®. We also note that
our calculations have been carried out employing an unreconstructed Au(111)
surface. Mapping out a full PES of Hy interacting with reconstructed Au(111)
is currently extremely hard to do if not impossible, due to the large unit cell
size!®. Earlier work in our group3? has shown that dynamical barrier heights of
reconstructed Au(111) are roughly 50 meV higher compared to unreconstructed
Au(111), which would lead to slightly higher computed E /5(v, J) parameters'®.

Even though all three developed MS mGGA DFs overestimate the measured
Ey(v, J) parameters, it is clear from table 6.8 that MS-PBEI-rVV10 achieves
chemical accuracy here for Ho, and is just 1 meV shy of chemical accuracy (43
meV) for Dy. The MAD values of all three newly developed DFs are similar to
the MAD values of PBE (46 meV for Hy and 58 meV for Do)°. Previously we
have found that the original mGGA DFs as well as various GGA based SRP
DFs that include non-local correlation overestimate the experimental Ey(v, J)
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FIGURE 6.10: Initial-state selected reaction probabilities Pyeq(E, v, J) computed
for Hy (D2) + Ag(111) using the MS-PBEL-rVV10 (blue), MS-B86bl-rVV10 (green)
and MS-RPBEL-rVV10 (red) DFs as a function of translational energy are shown,
comparing with values extracted from associative desorption experiments”’7!. Results
are shown for Dy (v =0,J =2) (a), D2 (v=1,J =2) (b), and Hy (v =0,J = 3) (c).
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parameters by roughly 0.1 eV!5 (see figure 5.17 of Chapter 5). Furthermore,
all three developed mGGA DFs reproduce the J dependence of the Ey(v, J)
parameters quite well. As discussed in Chapter 5, this suggests that the
reactivities of the individual rovibrational states are well described relative to
one another, as long as states are considered within the same vibrational level.
Given the uncertainties involved in using method B2 to calculate E (v, J)
parameters, we obtain excellent results using our three newly developed MS
mGGA-rVV10 DFs.

Previously reported experiments implied that the recombination of Hy on
Au(111) is coupled to the electronic degrees of freedom of the metal'34 137,
Currently we cannot disentangle the effects of ehp excitation, surface motion
and surface reconstruction. In Chapter 5 we discussed how a combined analysis
of a molecular beam dissociative chemisorption experiment on a reasonably
cold surface (if available) and calculations on a reconstructed Au(111) surface,
together with the associative desorption experiment of Shuai et al.%° could
in principle be used to obtain a fingerprint of ehp excitation. Additionally,
if a molecular beam dissociative chemisorption experiment were to become
available, this would allow us to assess if the absolute reactivity computed with
the new mGGA-rVV10 DFs and shown here is accurate!®.

Rovibrational state populations of Hs and Dy desorbing from Au(111)

Rovibrational state populations for Hy and Dy desorbing from Au(111) are
shown in figure 6.12. Here we plot In[N/gn(2J + 1)] versus the rotational
energy, with N being the total population for each (v, J) state and gn(2J + 1)
being the statistical weight for rotational level J. In such a plot a Boltzmann
distribution will appear as a straight 1ine%’. Shuai et al.% have used an upper
integration limit of 5 V. Since the error function fits of the experiment are only
reliable below Epax(v, J), we opt to use Enax(v, J) as the upper integration
limit, as we did in Chapter 5. Note that we use the same normalization
procedure as in Chapter 5. The solid line represents a Boltzman distribution
at the surface temperature of 1063 K used in the experiment5.

For molecules in the vibrational ground state it can be seen that the rota-
tionally excited molecules lie above the line set by the Boltzmann distributions.
The experimental results lie on a gentler slope then the Boltzmann distributions,
indicating that rotationally excited molecules are more likely to adsorb%?. Simi-
larly, the results for vibrationally excited molecules lie on a line with a gentler
slope than shown by the Boltzmann distributions. Additionally the results for
vibrationally excited molecules lie substantially above the line of Boltzmann
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H, D,

exp.%? 0.552 | 0.424
MS-PBEI® 0.178 | 0.387
MS-PBEL-rVV10 | 0.175 | 0.377
MS-B86bl%° 0.176 | 0.379
MS-B86bl-rVV10 | 0.193 | 0.365
MS-RPBEI-rVV10 | 0.180 | 0.366

TABLE 6.9: The ratio of v = 1 : v = 0 molecules desorbing from Au(111) as measured
in experiments® and computed with the MS-PBEI?**, MS-PBEIL-rVV10, MS-B86b1??,
MS-B86bl-rVV10 and MS-RPBEL-rVV10 DFs.

distributions, thereby indicating that vibrationally excited molecules are more
likely to adsorb%?.

Table 6.9 shows the v = 1 : ¥ = 0 ratio of desorbing molecules, these
ratios are calculated using the same rovibrational states as shown in figure 6.12.
Note that the difference between the experimental values shown in table 6.9
and those reported by Shuai et al.% is due to using Epax(v, J) as the upper
integration limit.

From figure 6.12 it is clear that the differences between all DFs shown is
minimal, and that the agreement between theory and experiment is best for Ds.
As was already reported by Shuai et al.%?, the theoretical ratios computed with
different DFs for Hy are much lower than the experimental ratio. In Chapter
5 we speculated that his difference might be resolved by including surface
motion in our dynamics calculations because the experimental time-of-flight
distributions are much broader compared to the theoretical ones®.

It is clear that adding non-local correlation to the MS mGGA DFs has
little effect on the v = 1 : v = 0 ratio of desorbing molecules. GGA based DFs
yielded slightly better ratios for Dy desorbing from Au(111)*®. However, also
these DFs predicted desorption ratios for Hy that were much too low.

The fact that mGGA based DFs yield somewhat lower v = 1 : v = 0
ratios than the GGA based DFs!® can be explained by the barriers to reaction
predicted by the mGGA DFs being somewhat earlier. This allows the v = 0
population too grow somewhat relative to the v = 1 population, which would
lower the v =1 : v = 0 ratios.

6.3.5 Transferability

Previous work from our group has shown that semi-local DFs designed for the
reaction of Hy and Ds dissociating on transition metals may be transferable
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FIGURE 6.12: Rovibrational state populations of Hy and Dy desorbing from Au(111)

are shown versus the rotational energy. Experimental results are shown in black®?,

theoretical results are shown for MS-PBEL-rVV10 (red), MS-B86bl-rVV10 (blue) and

MS-RPBEI-rVV10 (green) DF. The straight lines represent Boltzmann distributions
for the surface temperature of the experiment.
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between different crystal faces of the same metal®®%, but until quite recently
transferability between systems in which Hy interacts with different metals
had not yet been observed®138. In Chapter 5 we have shown that non-local
correlation is a key ingredient in obtaining SRP DFs for the reaction of Hy and
D5 on transition metals that show this type of transferability, by showing that a
DF that we designed to describe the activated reaction of Hy + Cu(111) can also
describe the reaction of Dy + Pt(111) and vice versa!s. Earlier, transferability
of SRP-DFs between systems in which a molecule interacts with surfaces of
different metals has only been reported for CHy reaction on Ni(111)%6 and CHy
reacting on Pt(111)47.

In our calculations we employ the BOSS model and thus neglect any surface
temperature effects, and it is known that the BOSS model works well for
activated Hy dissociation on cold metals?®%05254  Given that associative
desorption experiments necessitate high surface temperatures®® 72 it is difficult
to asses the quality of the DFs we developed here for the Hy (D2) + Au(111)
system, due to the absence of molecular beam sticking experiments for this
system.

Here we show that the MS-PBEI-rVV10, MS-B86bl-rVV10 and MS-RPBEI-
rVV10 DFs can describe molecular beam sticking experiments on Dy + Ag(111)
to within chemical accuracy (see figure 6.8), and that the MS-B86bl-rVV10 DF
can also describe the Dy 4+ Pt(111) molecular beam sticking experiments of
Luntz et al.%¢ and Cao et al.” to within chemical accuracy (see figure 6.9). In
the case of the Hy (D2) + Au(111) system the MS-PBEI-rVV10 DF yields very
good results with respect to the calculated E /o(v, J) parameters. To the best
of our knowledge this is the first time that an observable of the reaction of Hy
(D2) on Au(111) that requires dynamics calculations is described with chemical
accuracy. However, uncertainties remain for this system with respect to the
effects of surface temperature, surface reconstruction and ehp excitation®®.

Thus there now exist two groups of transferable (SRP) DFs for the reaction
of Hy (D2) with transition metal surfaces. The first group consists of GGA
based SRP DFs that use vdW-DF2% non-local correlation (B86SRP68-DF215
and PBEa57-DF2!4)| which can describe the Hy (Ds) + Cu(111) and Dy +
Pt(111) reactions to within chemical accuracy. The second group consists of
the MS mGGA DFs that use rVV10® non-local correlation developed here,
which can describe the Dy + Ag(111) and Dy + Pt(111) systems with chemical
accuracy. Of course there is also the non-conclusive evidence that suggests that
the MS-PBEI-rVV10 DF can describe the associative desorption of Hs from
Au(111) to within chemical accuracy.

Presently we cannot say which features of a PES are most important, apart
from the lowest barrier to reaction. Experiments that probe different parts of
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a PES, like vibrationally or rotationally inelastic scattering, where the latter
process depends on the anisotropy of the PES, are few and far between!3%140,
In general we see that the MS mGGA based DFs have somewhat earlier barriers
for highly activated systems than the GGA based SRP DFs, while for the
non-activated Dy + Pt(111) system the barrier geometries of the MS mGGA
based DFs that include rVV10% non-local correlation are very similar to the
barrier geometries of GGA based SRP DFs that include vdW-DF2% non-local
correlation. At the moment we cannot say which type of barrier geometry is
more in line with reality.

If the suggested chemical accuracy in the description of Hy + Au(111) holds
in confrontation with experiment, then one could argue that the mGGA based
DFs that include rVV10* non-local correlation are an improvement over the
previously developed GGA based SRP DFs that include vdW-DF2% non-local
correlation: in this case the MS mGGA-rVV10 based DFs can describe three
systems with chemical accuracy, compared to two systems for the GGA based
SRP DFs'® developed in Chapter 5. This would indicate that climbing Jacob’s
ladder leads to a more universal description of the reaction of Ho on transition
metal surfaces.

6.4 Conclusion

We have combined our three previously developed MS-PBEI, MS-B86bl and
MS-RPBEI mGGA DFs with rVV10 non-local correlation to obtain the MS-
PBEIL-rVV10, MS-B86bl-rVV10 and MS-RPBEI-rVV10 DFs. We find that all
three developed DFs can describe the molecular beam sticking experiments
on dissociative chemisorption of Dy on Ag(111) with chemical accuracy. We
also find that the the MS-B86bl-rVV10 DF can describe two sets of molecular
beam sticking experiments on dissociative chemisorption of Dy on Pt(111)
with chemical accuracy. Additionally, by calculating F; /2(1/, J) parameters for
the reaction of Hy on Au(111) and comparing these to experimental Ey(v, J)
parameters for state-selective associative desorption we obtain chemical accuracy
with the MS-PBEI-rVV10 DF. Assessing the performance of the three developed
MS mGGA-rVV10 DFs for the Hy (D2) + Au(111) system is however difficult
due to the lack of well characterized molecular beam sticking experiments of Ho
(D2) on Au(111) and the lack of calculations that use a reconstructed Au(111)
surface and incorporate ehp excitation.

Of the three developed MS mGGA-rVV10 DFs, MS-PBEI-rVV10 performs
excellently for the known van der Waals well geometries. The MS-PBEIL-rVV10
DF also maintains the improvements generally observed for mGGA-rVV10
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DFs relative to GGA-vdW-DF2 DFs in this regard. The MS-B86bl-rVV10 and
MS-RPBEIL-rVV10 DFs yield van der Waals wells that are too shallow.

In a comparisson to state-selected experiments on associative desorption of
Hs (D3) from Ag(111) we observe excellent agreement with experiment in the
case of Hy, for all three developed DFs. For Hy all three developed DFs show
improvement over the three original MS mGGA DFs and over the best GGA
based SRP DFs that include vdW-DF2 non-local correlation. The associative
desorption experiments on Dy desorbing from Ag(111) were less well described.

With respect to the molecular beam sticking probabilities of Hy (Dg) +
Cu(111) the three developed DFs yield sticking probabilities in line with sticking
probabilities predicted by the PBE DF, which are too high. This in contrast
to the highly accurate sticking probabilities obtained when using the original
three MS mGGA DFs.

The three original MS mGGA DFs give a description of the metal that is
comparable to that obtained with the PBEsol DF. Unfortunately, adding rVV10
non-local correlation comes at the cost of a worse description of the metal. In
general we see lattice constants that are smaller than the zero-point energy
corrected experimental results. However, in general the underestimation of the
calculated lattice constants is still smaller than the overestimation of calculated
lattice constants obtained with the current best SRP DFs that include vdW-
DF2 non-local correlation. The three developed MS mGGA-rVV10 DFs predict
interlayer distances between the top two layers that are too large compared to
experimental observations.

The three MS mGGA DFs that have been combined in this work with rVV10
non-local correlation were not fitted to reproduce particular experiments, nor
has the b parameter present in rVV10 been re-optimized. Our results show that,
overall, ascending Jacob’s ladder from the GGA plus non-local correlation rung
to the mGGA plus non-local correlation rung leads to somewhat more accurate
results for dissociative chemisorption of Hy (D2) on noble metals, although the
metals themselves are described less accurately than with the MS mGGA DFs
without non-local van der Waals correlation, and the improvement does not
hold for the well studied Hy + Cu(111) system.
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Samenvatting: Ontwikkeling
van zeer nauwkeurige
dichtheidsfunctionalen voor de
dissociatie van Hy aan
overgangsmetaaloppervlakken

De chemie van kleine moleculen die reageren aan oppervlakken maakt een
onmisbaar deel uit van ons dagelijks leven. Denk hierbij bijvoorbeeld aan
de productie van plastics en andere alledaagse materialen, de productie van
ammoniak die zeer belangrijk is voor het bereiden van kunstmest, de katalysator
in de uitlaat van de auto die de schadelijke uitstoot van het verbrandingsproces
aanzienlijk vermindert, of het stoomhervormingsproces waarmee methaan (CHy)
en water omgezet kan worden in koolstofdioxide (CO2) en waterstof (Hg).
Reacties tussen gassen en oppervlakken komen ook voor in de natuur. Bij het
roesten van een stuk ijzer in een vochtige omgeving reageert zuurstof (O2) uit
de lucht met het metaal oppervlak. Al deze voorbeelden behelzen de reactie
van een gas met een oppervlak, en zijn een voorbeeld van heterogene katalyse.

In de meest simpele chemische reactie botsen twee reactanten op elkaar met
genoeg energie om de energetische barriére voor hun reactie te overwinnen om
vervolgens één of meerdere producten te vormen. Een katalysator is een deelne-
mer aan de reactie die tijdens de reactie niet wordt verbruikt. Een katalysator
maakt een alternatief reactiemechanisme mogelijk dat wellicht gecompliceerder
maar wel energetisch voordeliger is. In het algemeen stabiliseert een katalysator
de overgangstoestand van het reactiecomplex dat wordt gevormd door de reac-
tanten die bij elkaar komen op de katalysator. Hierdoor wordt de energetische
barriére van de reactie verlaagd en wordt het verbreken van bestaande en
vormen van nieuwe chemische banden makkelijker. Na de reactie bewegen de
gevormde producten weg van de katalysator waardoor de katalysator aan een
nieuwe katalytische cyclus kan beginnen. Het verlagen van de energetische
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barriére versnelt niet alleen de reactie. Het zorgt er er ook voor dat de reactie
kan plaatsvinden bij een lagere druk of temperatuur, wat de kosten van het
uitvoeren van een dergelijk proces mogelijk kan verlagen.

In een heterogeen gekatalyseerde reactie bevinden de deelnemende reactant-
en en katalysator zich in een verschillende aggregatietoestand. In een homogeen
gekatalyseerde reactie bevinden de deelnemende reactanten en katalysator zich
in dezelfde aggregatietoestand. Een ander belangrijk type van gekatalyseerde
reacties is biologische katalyse, waarbij eiwitten functioneren als zeer gespe-
cialiseerde katalysatoren voor vrijwel alle biochemische reacties die aan de basis
staan van het leven zoals we dat nu kennen.

Een heterogeen gekatalyseerde reactie bestaat vrijwel nooit uit slechts één
enkele reactiestap. Een chemische reactie die plaatsheeft aan een katalytisch
oppervlak kan beschreven worden als een complex proces dat bestaat uit
meerdere elementaire reactiestappen. Een voorbeeld van zo een proces is het
adsorberen van een molecuul op het katalystisch oppervlak en diffuseert naar
een reactieplaats om vervolgens te dissociéren. In dit voorbeeld maakte het
molecuul de volgende elementaire reactie stappen mee: adsorptie, diffusie naar
een reactieplaats, en dissociatie bij een reactieplaats. In 2007 heeft Ertl de
Nobelprijs voor de chemie gewonnen voor het experimenteel onderzoeken van
elementaire reactiestappen bij heterogeen gekatalyseerde reacties.

De elementaire reactiestappen binnen de heterogene katalyse vormen een
complex netwerk van reacties. De belangrijkste stappen in zo een netwerk word-
en de snelheidsbepalende stappen genoemd. Idealiter begint de theoretische
beschrijving van een complex reactienetwerk met het berekenen van ’chemisch
nauwkeurige’ barriérehoogtes voor elementaire reactiestappen. Binnen de het-
erogene katalyse is de snelheidsbepalende stap vaak de dissociatieve chemisorptie
van een molecuul op een oppervlak. Het berekenen van chemisch nauwkeurige
barriérehoogtes voor snelheidsbepalende elementaire reactiestappen zodat de
reactiesnelheid van het gehele netwerk in kaart gebracht kan worden is een
complexe taak die niet alleen rekening moet houden met de elektronische struc-
tuur van de reactant en het katalytisch oppervlak, maar ook met dynamische
effecten zoals de aanloop van een molecuul naar de overgangstoestand, de in-
terne bewegingen van het molecuul, en de thermische beweging van oppervlakte
atomen.

Metaaloppervlakken vormen een groep van zeer effectieve katalysatoren
voor de reactie van kleine moleculen zoals Hy. De elektronen van een metaal
zijn overwegend gedelocaliseerd terwijl de elektronen van moleculen meer gelo-
caliseerd zijn rond de atoomkernen van het molecuul. Dat de elektronen van
een metaaloppervlak banden vormen, waarvan sommige dicht bij het Fermi
niveau liggen, maakt het mogelijk voor het metaaloppervlak om elektronen
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te doneren of te accepteren van het molecuul zonder (vrijwel) enige energie.
Deze mogelijkheid tot elektronuitwisseling is wat metaaloppervlakken tot goede
katalysatoren maakt.

Het onderzoek dat wordt besproken in dit proefschrift betreft de reactie
van Hs aan metaaloppervlakken. De dissociatie van Hs is ook relevant voor de
industriéle productie van methanol uit COg met behulp van een Cu/Zn0O/AlyO3
katalysator, omdat in dit proces de dissociatie van Hy de snelheidsbepalende
stap is. Ho dissociatie aan overgangsmetaaloppervlakken is ook een belangrijke
stap bij hydrogenatie katalyse, waarbij onverzadigde banden van organische
moleculen worden gehydrogeneerd. Hoewel de basale elementaire reactiestappen
van Hy dissociatie en hydrogenatie lang geleden zijn opgehelderd door Horiuti
en Polanyi zijn er nog vele open vragen en onderzoeksmogelijkheden met
betrekking tot de efficiéntie, selectiviteit, het ontwerp van katalytische deeltjes,
en de geometrie van een oppervlak.

De kinetiek van Hs dissociatie, recombinatieve desorptie en vertrooiing
wordt experimenteel vooral bestudeerd onder ultrahoogvacuiim. Reactiewaar-
schijnlijkheidscurves als functie van de translatie energie kunnen verkregen
worden uit moleculaire bundel experimenten. Informatie over het effect van de
initi€le rovibrationele toestand en de orientatie van het molecuul ten opzichte
van het oppervlak op de reactiewaarschijnlijkheid kan verkregen worden uit
associatieve desorptie-experimenten. Moleculaire bundel experimenten waarbij
Hy verstrooit aan het oppervlak kunnen eindtoestand-opgehelderde informatie
opleveren over vibrationele excitatie, rotationeel (in)elastische verstrooiing, en
rotationeel elastische en vibrationeel inelastische verstrooiing.

Om de voorspellingskracht van de theorie met betrekking tot de katalytische
activiteit van overgangsmetaaloppervlakken voor de reactie van kleine moleculen
te vergroten is het nodig om op een fundamenteel niveau te begrijpen op welke
manier overgangsmetaaloppervlakken de potentiéle energie van moleculen bein-
vloeden. De elementaire reactiestappen van een molecuul dat reageert aan een
oppervlak kunnen experimenteel bestudeerd worden met behulp van technieken
die controle uitoefenen over de verschillende vrijheidsgraden van het mole-
cuul. Het onderzoek in dit proefschrift richt zich hoofdzakelijk op beschrijving
en simulatie van supersonische moleculaire bundel- en associatieve-desorptie
experimenten. Momenteel bestaan er geen ab initio methodes die chemisch
nauwkeurige molecuul-metaaloppervlak interactie-energieén en barriérehoogtes
kunnen berekenen. In de afwezigheid van dergelijke methoden die de interactie
van moleculen met metalen kunnen beschrijven is het noodzakelijk berekende
barriéres te valideren aan de hand van experimenten. Helaas is de barriérehoogte
geen direct meetbare grootheid. Een alternatieve manier om berekende bar-
rierehoogtes te valideren is het gebruik van dynamische methodieken (zoals de



284 Samenvatting

quasi-klassieke baan (QKB) methode of quantumdynamica (QD)) om groothe-
den te berekenen die wél meetbaar zijn, zoals de reactiewaarschijnlijkheid als
functie van de translatie-energie.

Bereking van de interactie-energie van een molecuul met een overgangs-
metaaloppervlak geschiedt binnen het kader van dit proefschrift met behulp
van dichtheidsfunctionaaltheorie (DFT). Hierbij worden dichtheidsfunctionalen
(DFen) gebruikt op het niveau van de gegeneraliseerde gradiént benadering
(GGB) of de meta-gegeneraliseerde gradiént benadering (meta-GGB) om po-
tentiéle energie-oppervlakken (PEOen) voor de interactie van moleculen met
metaaloppervlakken uit te rekenen. Recent is de specifieke reactieparameter
aanpak voor DFT (SRP-DFT) toegepast om tot een chemisch nauwkeurige
beschrijving van de interactie van moleculen met metaaloppervlakken te komen.
Binnen de SRP-DFT aanpak is het gebruikelijk dat één enkele parameter in de
DF op empirische wijze wordt aangepast opdat een experiment gereproduceerd
kan worden, waarbij dat experiment zeer gevoelig is voor de hoogte van de
barriére van het specifieke systeem dat beschouwd wordt. De kwaliteit van de
verkregen kandidaat specifieke reactieparameter dichtheidsfunctionaal (SRP-
DF) wordt geborgd door te verifiéren dat de kandidaat SRP-DF ook gebruikt
kan worden om andere experimenten aan het zelfde systeem te reproduceren
dan slechts het systeem waaraan de SRP-DF was gefit. Deze SRP-DFT aanpak
heeft vooralsnog chemisch nauwkeurige barriérehoogtes opgeleverd voor de
dissociatieve chemisorptie van Ho op Cu(111), Cu(100) en Pt(111), alsook voor
de dissociatieve chemisorptie van CHy4 op Ni(111), Pt(111) en Pt(211).

Het hoofddoel van dit proefschrift is de verbetering van de theoretische
beschrijving van de reactive verstrooiing van Hy aan verschillende overgangs-
metaaloppervlakken, zoals Cu(111), Cu(211), Ag(111), Au(111) en Pt(111).
Het basisvertrekpunt voor elke theoretische beschrijving van de interactie van
Hs met overgangsmetaaloppervlakken zal hierbij altijd de tijdsafhankelijke
Schrédingervergelijking zijn, met inachtneming van de Born-Oppenheimer
benadering (BOB). In het bijzonder betreft het hier het verkleinen van de
discrepantie tussen de theorie en het experiment met betrekking tot de beschrij-
ving van de reactiewaarschijnlijkheid én toestand-specifieke reactiedynamica
doormiddel van de ontwikkeling van zeer nauwkeurige DFen.

Het doel van Hoofdstuk 3 is de ontwikkeling van meta-GGB DFen
gebaseerd op de 'made simple’ (MS) aanpak. DFen op het niveau van de
meta-GGB hebben de potentie om tegelijkertijd een chemisch nauwkeurige
beschrijving van het metaaloppervlak én de interactie van een molecuul met

een metaaloppervlak te geven. Hiertoe zijn drie DFen ontwikkeld, namelijk de
MS-PBEIL, MS-B86bl en de MS-RPBEI DFen. De I’ staat hier voor ’like’, om
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aan te duiden dat deze drie DFen zijn gebaseerd op de PBE, B86b en RPBE
DFen maar een andere p waarde gebruiken. Binnen de MS aanpak om een DF
op het niveau van de meta-GGB te maken wordt een functie van de kinetis-
che energiedichtheid gebruikt waardoor de DF onderscheid kan maken tussen
metallische of covalente binding in een bepaalde regio van de codrdinaatruimte.
De drie nieuwe MS meta-GGB DFen voorspellen roosterconstantes die in zeer
goede overeenstemming zijn met nulpuntsenergie-gecorrigeerde experimentele
resultaten. Ook zijn de voorspelde afstanden tussen bovenste twee lagen van de
Cu(111) en Ag(111) oppervlakken in goede overeenstemming met experimentele
resultaten. De prestaties van de drie nieuwe MS meta-GGB DFen bleken in
overeenstemming met de voorspellingen van de PBEsol DF, een DF die speci-
fiek ontworpen is voor vaste stoffen. De verkregen barriérehoogtes voor Hy +
Cu(111) komen ook goed overeen met met de oorspronkelijke SRP-DF waarde
voor Hy + Cu(111). Nog belangrijker is de chemisch nauwkeurige overeenkomst
van de met de QKB methode verkregen reactiewaarschijnlijkheidscurves met
de experimenten van Auerbach en collega’s en Rettner en collega’s. De re-
actiewaarschijnlijkheidscurves berekend met de MS-PBEI en MS-B86bl DFen
komen bovendien ook beter overeen met experimentele observaties voor Dy +
Ag(111) dan de resultaten verkregen met de SRP48 GGB DF, die ontworpen
is voor Hy + Cu(111). Ook is goede overeenstemming bereikt voor initiéle-
toestand geselecteerde reactiewaarschijnlijkheden die berekend zijn voor Hs en
Dy + Ag(111) en de initiéle-toestand geselecteerde reactiewaarschijnlijkheden
die verkregen zijn uit de associatieve desorptie-experimenten van Hodgson en
collega’s aan dit systeem. De behaalde resultaten tonen aan dat het mogelijk
is om niet-empirische SG meta-GGB DFen te maken voor Hy + Cu(111) en
Ho + Ag(111) die dissociatieve chemisorptie even nauwkeurig beschrijven als
de voorgaande semi-empirische DFen op het niveau van de GGB, terwijl zij
tegelijkertijd een nauwkeurigere beschrijving geven van het metaalrooster.

In Hoofdstuk 4 wordt gekeken naar hoe de getrapte eenheidscel van
Cu(211) van invloed is op de dynamica van Hy dat botst met Cu(211), en of
die dynamica nog wel beschreven kan worden met quasi-klassieke methoden.
Hiertoe is een gehele moleculaire bundelsimulatie gedaan met de QD methode
waarvoor een groot aantal tijdsafthankelijke golfpakket (TAGP) berekeningen
zijn uitgevoerd om geheel initiéle-toestand-specifieke reactiewaarschijnlijkheids-
curves te verkrijgen voor all rovibrationele toestanden die redelijkerwijs relevant
zijn voor de gesimuleerde moleculaire bundel experimenten. Het belangrijkste
resultaat is dat de reactie van Hy aan Cu(211) goed beschreven kan worden
met de QKB methode. Dit is zeker het geval bij moleculaire bundelsimulaties
waarbij gemiddeld wordt over een groot aantal rovibrationele toestanden en een
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brede snelheidsverdeling. Er blijven echter wel kleine verschillen bestaan tussen
de QD en QKB methode, met name voor de afhankelijkheid van de reactie
van de orientatie van Hy ten opzichte van het oppervlak. De QD methode
voorspelt een iets grotere afhankelijkheid van de reactiewaarschijnlijkheid voor
de orientatie van Ho dan de QKB methode voor laaggelegen rotatietoestanden.
Een vergelijking met recente associatieve desorptie-experimenten en directe
dynamica berekeningen suggereert dat het het meenemen van het effect van
thermische beweging van oppervlakte atomen op de reactiewaarschijnlijkheid
binnen chemische nauwkeurigheid valt, zelfs voor hoge oppervlaktetempera-
turen. In contrast met theoretische en experimentele resultaten voor de reactie
van Dy met Cu(111) en Cu(100) bij een lage translatie-energie valt de scherpe
neergang van de rotationele quadrupooloriéntatieparameter op voor vibration-
eel aageslagen moleculen. Deze neergang kan toegeschreven worden aan het
specifieke reactiemechanisme van rotationeel inelastische vergroting. De resul-
taten tonen aan dat het Cu(211) oppervlak zich onderscheidt van de Cu(111)
terrassen en Cu(100) traptredes waaruit het bestaat, en dus niet kan worden
worden beschreven als een som van zijn onderdelen met betrekkking tot de
oriéntatie-athankelijke reactiedynamica.

In Hoofdstuk 5 worden nieuwe SRP-DFen ontwikkeld op het niveau van
de GGB die niet-lokale vdW-DF2 correlatie gebruiken voor het Hy + Cu(111)
systeem, namelijk de BES6SRP68-DF2 en SRPsol63-DF2 DFen. De overdraag-
baarheid van deze DFen naar de Hy + Ag(111), Au(111) en Pt(111) systemen
wordt ook onderzocht. De nieuw ontwikkelde DFen beschrijven de reactie van
Hy aan Cu(111) met chemische nauwkeurigheid, en, voor zover dat dit kan
worden vastgesteld, vebeteren de overdraagbaarheid naar andere systemen ten
opzichte van de eerder gerapporteerde SRP48 en MS-B86bl SRP-DFen. Twee
SRP-DFen die niet-lokale correlatie gebruiken, namelijk de BS6SRP68-DF2
en PBEa57-DF2 DFen, blijken overdraagbaar van het zeer gedctiveerde late
barriere Hy + Cu(111) systeem naar het zwak geactiveerde vroege barriére
Hy + Pt(111) systeem en vice versa. Dit resultaat kon niet bereikt worden
met SRP-DFen op GGB of meta-GGB niveau die geen niet-lokale correlatie
gebruiken. Het beoordelen van de overdraagbaarheid van de geteste en on-
twikkelde SRP-DFen naar Ha + Ag(111) en Hy + Au(111) wordt bemoeilijkt
door het gebrek aan nauwkeurig beschreven moleculaire bundelexperimenten
voor Hy + Ag(111) en het algehele gebrek daarvan voor Hy 4+ Au(111). Een
gedetailleerde analyse van associatieve desorptie-experimenten aan Cu(111)
suggereert dat voor een nauwkeurige berekening van Fy(v,J) parameters
een verbetering van het dynamisch model noodzakelijk is. Mogelijk maakt het
beschrijven van de vrijheidsgraden van het oppervlak het mogelijk het gat te
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dichten tussen de excellente beschrijving van dissociatieve chemisorptie en de
goede beschrijving van associatieve desorptie, voor moleculen in de vibrationele
grondtoestand. Elke overgebleven discrepantie in voorspelde reactiviteit tussen
gesimuleerde associatieve desorptie en dissociatieve chemisorptie die overblijft
nadat is rekening gehouden met de beweging van oppervlakte atomen kan
dan hoogstwaarschijnlijk worden toegeschreven aan elektron-gat paar (egp)
excitaties. Het gebrek aan additionele experimenten aan He + Au(111), in
het bijzonder een nauwkeurig beschreven moleculaire bundel experiment, zorgt
er momenteel voor dat het niet mogelijk is de effecten van oppervlakterecon-
structie, oppervlaktetemperatuur, en egp excitatie te ontwarren. Ook is een
volledige moleculaire bundelsimulatie uitgevoerd voor Hy + Cu(111) met de QD
methode waarbij de BS6SRP68-DF2 DF is gebruikt, welke de best presterende
DF voor dit systeem is en welke ook een goede beschrijving geeft van de Van der
Waalskrachten in dit systeem. Op de keper beschouwd kan het Hy + Cu(111)
systeem zeer goed beschreven worden met quasi-klassieke methoden wanneer
naar reactiewaarschijnlijkheden van moleculaire bundels of naar reactiewaarschi-
jnlijkheden die gemiddeld zijn over het magnetische rotationele kwantumgetal.

Het doel van Hoofdstuk 6 is combineren van de in Hoofdstuk 3 ont-
wikkelde MS meta-GGB DFen met rVV10 niet-lokale correlatie om de MS-
PBEI-rVV10, MS-B86bl-rVV10 en MS-RPBEI-rVV10 DFen te verkrijgen. Alle
drie de nieuwe DFen beschrijven moleculaire bundelexperimenten aan Do +
Ag(111) met chemische nauwkeurigheid, en de MS-B86bl-rVV10 beschrijft
ook twee sets aan moleculaire bundel experimenten aan Do + Pt(111) met
chemische nauwkeurigheid. Uit een vergelijking tussen berekende Ey/5(v, J)
parameters voor Hy (D2) + Au(111) en experimentele Ey(v, J) parameters
blijkt dat chemische nauwkeurigheid wordt bereikt met de MS-PBEI-rVV10
DF. Het beoordelen van de prestaties van de drie nieuwe DFen voor Hy (D2) +
Au(111) is echter moeilijk door de afwezigheid van een nauwkeurig beschreven
moleculaire bundelexperiment en berekeningen met een gereconstrueerd Au(111)
oppervlak waarbij de beweging van oppvervlakte atomen wordt meegenomen.
Van de drie nieuwe DFen geeft de MS-PBEIL-rVV10 excellente resultaten met
betrekking tot bekende Van der Waals geometrieén, terwijl de MS-B86bl-
rVV10 en MS-RPBEL-rVV10 DFen Van der Waals putten geven die ietwat te
ondiep zijn. In een vergelijking met initiéle-toestand-geselecteerde experimenten
voor Hy (D2) + Ag(111) blijkt dat een zeer goede overeenstemming met de
experimenten wordt bereikt voor alle drie de DFen voor Hy. Met betrekking tot
moleculaire bundelreactiewaarschijnlijkheden voor het Hy + Cu(111) system
voorspellen alle drie de DFen een reactiewaarschijnlijkheid overeenkomstig
met de PBE DF, welke te hoog is. De drie originele MS meta-GGB DFen
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gaven een beschrijving van het metaal die vergelijkbaar was met die van de
PBEsol DF. Hier wordt gevonden dat het combineren van deze drie DFen met
rVV10 niet-lokale correlatie zorgt voor een iets minder goede beschrijving van
het metaal. Over het algemeen worden de roosterconstantes iets kleiner dan
nulpuntsenergie-gecorrigeerde experimentele resultaten. De drie ontwikkelde
DFen voorspellen ook dat de afstand tussen de bovenste twee lagen van het
metaal lichtelijk uitzetten, in tegenstelling tot experimentele resultaten. De
verkregen resultaten laten zien dat een sport stijgen op Jakob’s ladder steeds
nauwkeurigere resultaten oplevert voor de meeste gas-oppervlakte systemen
voor de interactie van Ha (D2) met overgangsmetaaloppervlakken.
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