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Abstract

[ present a molecular beam study of methane dissociation on different
surface sites of several platinum single crystal surfaces (Pt(111), Pt(211),
Pt(210), Pt(110)-(2x1)). The experiments were performed in a molecular
beam/surface-science apparatus that combines rovibrational state-selective
excitation of reactants with detection of the reaction products by reflection ab-
sorption infrared spectroscopy (RAIRS), Auger electron spectroscopy (AES)
and King and Wells (K&W) technique.

First, I explore how the barrier for methane dissociation depends on the Pt
surface site (terrace, step, kink, and ridge atoms). For that, I compare the av-
erage reaction probabilities of methane on the different crystals using K&W.
Moreover, I used the site-specific detection of chemisorbed methyl species by
RAIRS to obtain the site-specific reactivity on steps, ridges and terraces. The
highest methane reactivity and therefore the lowest barrier was observed for
the surface atoms with the lowest coordination. The translational energy de-
pendence of the reactivity shows clear evidence for a direct activated mecha-
nism on all the surface sites studied. The decreasing catalytic activity for Pt
atoms with increasing coordination number agrees well with theoretical pre-
dictions using first principles quantum theory calculations.

Second, I present the role of rovibrational excitation of the incident methane
on the chemisorption on different surface sites. For CH4, excitation of one
quantum of the antisymmetric C-H stretch vibration (v3) was found to be less
efficient than an equivalent amount of translational energy normal to the sur-
face for promoting the dissociation on all the surface sites. The vibrational ef-
ficacy was seen to be lower for dissociation on the low coordinated sites, in
accordance with calculations of transition state geometries. For CH3D, the ex-
citation of the antisymmetric C-H stretch vibration (v4) led to bond selectivity
on the steps and terraces of the Pt(211) surface. These results show how care-
ful control of the translational energy and rovibrational state of the incident
CHsD can be used for site-specific and bond-selective dissociation of methane.



As predicted previously by theory but not observed before experimentally, the
C-H bond selectivity is shown to decrease with increasing translational energy.

Third, I explore the effect of surface temperature on the methane dissociation.
The sticking coefficient for a direct chemisorption reaction such as CH4 on Pt,
might be expected to be independent of surface temperature, because the re-
action happens very fast leaving very little time for the molecule to equilibrate
with the surface. However, I observed an increase in methane reactivity with
increasing surface temperature at low incident CH4 energies. This observation
is interpreted by a “loss of coordination” from the atoms displaced out of the
plane due to their vibrational motion when the surface is heated.

The surface-site and quantum-state-specific data presented in this thesis are
ideally suitable for testing theoretical models that aim to describe the me-
thane-surface reaction at the microscopic level. Moreover, the characteriza-
tion of different catalytically active sites for methane dissociation contributes
to advancing the understanding of methane reactivity towards real catalytic
conditions, where surfaces with several different atomic terminations are
used.
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Version abrégée

Dans cette thése, nous étudions la dissociation du méthane a 'aide de
la technique des faisceaux moléculaires sur différents surfaces de divers mo-
nocristaux de platine (Pt(111), Pt(211), Pt(210), Pt(110)-(2x1)). Les coeffi-
cients de collage spécifiques a chaque site de surface ont été mesurés pour les
différents isotopologues du méthane en utilisant un appareil a faisceau molé-
culaire/science de surface par spectroscopie de réflexion/absorption infra-
rouge (RAIRS) pour la détection sélective de 'espece de méthyle chimisorbée
produite. Les coefficients de collage spécifiques a I'état quantique pour les mo-
lécules de méthane dans des états rovibrationnels excités ont été obtenus par
pompage infrarouge du méthane dans le faisceau moléculaire incident.

La détection sélective sur site d'espéces de méthyle chimisorbées par RAIRS
nous permet premierement d’analyser la dépendance entre la barriere de dis-
sociation du méthane et le site dans la surface du Pt (terrasse, marche, décro-
chement et créte). La réactivité la plus élevée du méthane et, par conséquent,
la barriere la plus basse ont été observées pour les atomes de surface dont la
coordination était la plus faible. La dépendance énergétique translationnelle
de la réactivité montre clairement la preuve d'un mécanisme d’activation di-
recte dans tous les sites de surface étudiés. La diminution de l'activité cataly-
tique des atomes de Pt avec I'augmentation de l'indice de coordination con-
corde bien avec les prédictions théoriques réalisées en utilisant des calculs ab
initio de la théorie quantique.

Deuxiémement, nous nous sommes intéressés au roéle de 1'excitation rovibra-
tionnel du méthane incident sur la chimisorption dans différents sites de sur-
face. Pour le CH4, un quanta d’excitation de la vibration d’étirement antisymé-
trique C-H (v3) s'est révélé moins efficace que la méme quantité d’énergie tran-
slationnelle perpendiculaire a la surface pour la dissociation sur tous les sites
de surface. L'efficacité vibrationnelle a été percue comme étant plus basse
pour la dissociation sur les sites dont la coordination était plus faible, confor-
mément aux calculs des géométries d’états de transition. Pour CHs3D, I'excita-
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tion de la vibration d’étirement antisymétrique C-H (v4) a conduit a une sélec-
tivité de liaison sur les marches et les terrasses de la surface Pt(211). Ces ré-
sultats montrent comment le contréle minutieux de 1'énergie de translation et
de 1'état rovibrationnel du CHsD incident peut étre utilisé pour la dissociation
du méthane sur des sites spécifiques et la coupure de liaisons sélectionnées.
Comme prédit par la théorie auparavant, mais non observé expérimentale-
ment jusqu’a présent : la capacité de sélection de la liaison C-H diminue avec
I'augmentation de I'énergie de translation.

Troisiemement, nous avons étudié I'effet de la température de surface sur la
dissociation du méthane. Nous avions anticipé que le coefficient de collage
pour une réaction de chimisorption directe telle que CH4 sur Pt était indépen-
dant de la température de surface, étant donné que la réaction se produisait
trés rapidement, laissant tres peu de temps a la molécule pour s'équilibrer a la
surface. Cependant, nous avons observé une augmentation de la réactivité du
méthane lorsque la température de surface augmente quand I’énergie inci-
dente est faible. Cette observation est interprétée par une « perte de coordina-
tion » de la part des atomes déplacés hors du plan, en raison de leur mouve-
ment vibratoire lorsque la surface est chauffée.

Les données présentées dans cette thése sont idéales pour la vérification des
modeles théoriques qui visent a décrire la réaction méthane-surface al'échelle
microscopique. En outre, la caractérisation de différents sites catalytiquement
actifs pour la dissociation du méthane contribue a faire progresser la compré-
hension de la réactivité du méthane au regard des conditions catalytiques ré-
elles, ou les surfaces avec plusieurs terminaisons différentes sont utilisées.

Mots-clés

Méthane, Pt(111), Pt(211), Pt(110)-(1x2), Pt(210), sélectivité de liaison, réac-
tivité résolue en état quantique, réactivité spécifique aux sites de surface,
science de surfaces.



Resumen

En esta tesis se presenta un estudio sobre la disociacion de metano en
diferentes sitios de adsorcion de diversas superficies de monocristales de pla-
tino (Pt(111), Pt(211), Pt(210), Pt(110)-(1x2)). Los experimentos mostrados
en esta tesis han sido llevados a cabo en una maquina que combina la técnica
de haces moleculares con técnicas de ciencia de superficies. En particular,
compagina la capacidad de seleccionar el estado cuantico de las moléculas in-
cidentes en la superficie, gracias al uso de laseres, con la deteccién de los pro-
ductos de la disociacién en la superficie usando espectroscopia de reflexion-
absorcion en el infrarrojo (RAIRS), espectroscopia electronica Auger (AES) y
la técnica de King y Wells (K&W).

Primero, se explord la dependencia de la barrera energética de disociacion de
metano respecto del sitio de adsorcion en la superficie (terrazas, escalones,
kinks y crestas). Para ello, comparo la reactividad media del metano medida
con K&W en las cuatro superficies. Ademas, uso la capacidad selectiva de
RAIRS para distinguir el producto de la disociaciéon de metano adsorbido en
los diferentes sitios presentes en cada superficie. De esta manera, se obtienen
las reactividades especificas en las terrazas, escalones y crestas. La reactividad
de metano mas alta, y por lo tanto la méas baja barrera de disociacién, se ob-
serva para los atomos de la superficie con menor coordinacién, aunque la reac-
tividad no es directamente proporcional al nimero de coordinacién. Por otro
lado, la dependencia de la reactividad con la energia cinética de las moléculas
incidentes muestra claras evidencias de una reaccion directa con una barrera
de activacion en todos los sitios de adsorcidn.

Segundo, presento el papel que desempefia la energia rovibracional de las mo-
léculas de metano en la quimisorcion en los distintos sitios de reaccion. Para
el isotopologo CH4, se observa que la excitaciéon de un cuanto de la vibracién
C-H de tension antisimétrica (v3) es menos eficiente que la misma cantidad de
energia cinética en la promocion de la disociacion de metano en todos los sitios
de reaccion. La eficiencia de la energia vibracional para promover la disocia-
cion en los sitios de adsorcidn con bajo nimero de coordinacidn es mas baja



que en aquellos con alto nimero de coordinacién, de acuerdo con los calculos
de geometria del estado de transicidn. Para CHsD, la excitacion de la vibracion
de tension antisimétrica de los enlaces C-H (v4) permite seleccionar el enlace
disociado en los escalones y terrazas de la superficie de Pt(211). Estos experi-
mentos muestran como el control minucioso de la energia cinética y el estado
cuantico rovibracional de las moléculas de CH3D pueden ser utilizados para
especificar qué enlace de la molécula se disocia y donde se adsorbe en la su-
perficie. La capacidad de seleccion del enlace disociado en la superficie decrece
a medida que la energia cinética aumenta, tal y como habia sido predicho teé-
ricamente pero nunca antes observado en un experimento.

Tercero, exploro el efecto de la temperatura de la superficie en la disociacién
de metano. En general, para una reaccion directa como es la quimisorcién de
CH4 en Pt, no se espera que los coeficientes de adsorcién dependan de la tem-
peratura de la superficie puesto que la reaccion ocurre de manera muy rapida
sin que haya suficiente tiempo para que las moléculas se equilibren con la su-
perficie. Sin embargo, yo observo un aumento en la reactividad del metano
asociado a un aumento en la temperatura de la superficie. Esta observacion es
interpretada como una “pérdida temporal” de la coordinacion de los atomos
de la superficie que son desplazados fuera del plano de la superficie debido a
un aumento de su energia vibracional al calentar la muestra.

En general, los datos obtenidos durante esta tesis doctoral son muy adecuados
para la validacién de modelos tedricos que tratan de describir la reaccion de
metano en platino a una escala microscépica. Ademas, la caracterizacion de los
sitios de reaccion activos cataliticamente contribuye al avance de nuestro co-
nocimiento de la reactividad de metano hacia condiciones cataliticas reales en
las que se usan superficies con diferentes terminaciones atémicas.

Palabras clave

Metano, Pt(111), Pt(211), Pt(110)-(1x2), Pt(210), selectividad de enlace, reac-
tividad resuelta por estado cuantico, reactividad especifica a sitios de reaccion,
ciencia de superficies.
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Chapter 1 Introduction

1.1 Motivation

Heterogeneous catalysis is well known for its tremendous impact in
our society and is considered the basis of the chemical industry’2. Some exam-
ples are the Haber-Bosch process for the production of synthetic fertilizers3,
the Fischer-Tropsch reaction for the generation of various hydrocarbons that
can act as source of chemicals and fuels#, and the catalytic conversion of ex-
haust gasses (HC, NOx, CO) to reduce automotive pollution>.

Steam methane reforming is another very important example of a heterogene-
ously catalyzed reaction with great importance for the chemical industry. It
consists of transforming methane and water into a mixture of hydrogen and
carbon monoxide:

CH, + H,0 - CO + 3H, (1.1)

This reaction constitutes the principal industrial source for the production of
molecular hydrogen? which is then used in ammonia synthesis by the Haber-
Bosch process, for combustion in fuel cells and many other applications. One
of the first steps and also the rate limiting factor to achieve steam methane
reforming is the dissociation of methane. Methane is a very stable molecule,
and its dissociation requires a substantial amount of energy (~416 k]J/mol®).
In order to decrease the activation energy for dissociation and thus increase
the rate of the steam reforming reaction, a solid catalyst is used so the methane
dissociatively chemisorbs on the surface catalyst.

To produce hydrogen with more energy efficiency and less cost, there is a con-
tinuous search for better catalysts. However, since no predictive theoretical
model for the dissociative chemisorption of methane is currently available, the
search for better catalysts has to be done mostly by trial and error. This pro-
cess is time consuming and expensive and it would be beneficial to replaced it



Chapter 1. Introduction

by a direct search in silico using first principles theory of chemical reaction at
interfaces.

Our approach for studying methane chemisorption on the surface of the metal
catalyst is based on performing highly controlled experiments in which we de-
fine as many of the parameters of the molecule-surface collision as possible, as
schematically represented in Figure 1-1. These parameters include the trans-
lational energy of the incident methane (Etrans), the rotational and vibrational
quantum state of the incident molecule (v, J), the reactant alignment relative
to the surface as well as properties of the surface such as its structure and com-
position or temperature (Ts).

The highly specific data produced by our experiments are ideally suited to test
theoretical models because they avoid extensive averaging of the theoretical
results over many rotational and vibrational quantum states. Through a close
collaboration between experiment and theory, we aim to accurately model the
methane-surface interaction, thus allowing a more efficient search for new cat-
alysts.

C I"|4 Laser excitation

: Erot & Evnb
Molecular beam (v, J)
Etrans 72N :
\ i

@

"
) -

Figure 1-1. Cartoon of a CH4 molecule striking a Pt(211) surface that is composed of
different types of surface atoms. Some of the parameters that influence the probabil-
ity of adsorption are indicated: the translational energy (Etans), the rotational and vi-
brational quantum number (v, J), the angle of incidence (6), or the surface tempera-
ture (Ts).

Pt(211)



Chapter 1. Introduction

1.2 Evolution of gas-surface dynamics experiments

Studies of methane reactivity have progressed significantly during the
last decades giving important insights into gas-surface interactions’-11. This
progress is in part due to experimental and technical advances, which have
allowed for a more precise control of the translational energy and quantum
state of the molecules that interact with the surface.

One significant advance was the introduction of the molecular beam. Before its
introduction, bulb experiments were performed213, where the translational,
vibrational and rotational energy of the gas are thermally equilibrated. The use
of supersonic expansions to generate molecular beams allows the preparation
of reactants with translational energy that is variable over a large hyperther-
mal range and with a well-defined, narrow translational energy distribution.
The supersonic expansion also provides efficient cooling of the rotational de-
grees of freedom1# of the reactants and isolates the expanding gas in a collision
free environment.

Rettner, Pfniir, and Auerbach reported the first molecular beam-surface reac-
tivity measurement of methane dissociation on W(110), and found that trans-
lational energy directed normal to the surface promoted the reaction whereas
the parallel component of the energy did not induce dissociation?>. Further-
more, the authors varied the nozzle temperature and used variable seeding to
gain independent control of vibration and translation. Following this and pre-
vious bulb-experiment results, they proposed a model based on the equal par-
ticipation of all vibrational modes and an approximate equivalence of vibra-
tional and translational energy in their ability to promote dissociative chemi-
sorption?e.

However, in the experiments of Rettner et al.>, the population of the reactant’s
vibrational levels was almost unchanged from thermal equilibrium at the spe-
cific nozzle temperature since this type of energy is not efficiently cooled in a
supersonic expansion!4. Therefore, only the averaged reactivity over the ther-
mally populated vibrational states could be determined in these studies.

This limitation was overcome with the introduction of laser excitation, which
allows the preparation of reactants in a specific vibrational and rotational
quantum state over a wide range of incident kinetic energies. Juurlink et al.1”
published the first study that showed the role of a specific vibrational mode of
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a polyatomic molecule in promoting dissociation on a surface. Studying the re-
action between methane and Ni(100), they found a 1600-fold increase in reac-
tivity when exciting the vs C-H antisymmetric stretching mode of CH4 in com-
parison with the results obtained for CH4 molecules in the ground state. De-
spite this enhancement, they demonstrated that translational energy remains
more effective in promoting reactivity than vibrational excitation of v3. Thus,
the vibrational efficacy for v3, n(v3), which is a measure of how efficient this
vibrational energy mode is in overcoming the reaction barrier compared to an
equivalent amount of translational energy normal to the surface, is less than

unity.

This ability to measure the individual energetic contribution from particular
degrees of freedom of the molecule provides very valuable information about
the potential energy surface (PES). In 1972, Polanyil® proposed a model that
relates the energy consumption of the chemical reaction and the energy dis-
posal in the final products to the location of the barrier on the PES. Based on
bimolecular reactions (A + BC — AB + (), he categorized the reactions de-
pending on where the saddle point connecting reactants and products (i.e. the
transition state) is placed. This is schematically represented on Figure 1-2. In
these plots, the potential energy is represented by contours as a function of the
interatomic distance between the reactant BC (1) and the product AB (145).

The reaction is considered to have an “early barrier” when the transition state
is positioned in the entrance channel. In this case, 5 is in its equilibrium po-
sition at the transition state location. As a result, adding vibrational energy to
the BC reagent and therefore stretching the B-C bond does not promote the
reaction very efficiently. In this case, translational energy is expected to be
more efficient than vibrational energy.

On the contrary, in the case of a “late barrier” where the 15, is already
stretched at the transition state, placing vibrational energy on the B-C bond is
predicted to promote the reaction efficiently. The reason for this promotion is
the fact that vibration adds progress along the reaction pathway. In other
words, this vibration places energy into the reaction coordinate (RC) which can
be considered as a special coordinate that connects reactants with products
through the transition state.
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Early barrier Late barrier
Translational energy Translational energy

O
L_co
9 Early barrier Late barrier
£ Vibrational energy Vibrational energy
‘©
£
L
|}
‘_m
Initial state

rAB rAB

Figure 1-2. Schematic contour plots of the PES for the A + BC — AB + C reactionas a
function of the interatomic distance of the reagent BC and the product AB. The saddle
points are represented by solid green circles. The initial and final states are indicated
in the bottom right plot. Adapted from °.

However, Polanyi’s rules were originally intended to describe reactions of a
diatomic molecule with an atom in the gas phase. Reactions of polyatomic mol-
ecules with surfaces are inherently more complicated, in part due to the in-
creased number of vibrational modes that a polyatomic molecule presents and
the many degrees of freedom associated with the surface atoms. For example,
different vibrational modes of CH4 have been demonstrated to promote the
CH4/Ni(100) reaction differently. While the antisymmetric stretch v; vibra-
tional mode of CH4 was observed to be less efficient than translational energy
in promoting the chemisorption reaction!’, Maroni et al.1° found a vibrational
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efficacy for the symmetric stretch vi, n(v,) of 1.4. This means that energy spe-
cifically placed in the v;mode is 1.4 times more efficient than translational en-
ergy in promoting the reaction. Thus different vibrational modes, even having
similar energies as it is the case for the v; and v; normal modes of CHs, can
promote the reaction differently.

1.2.1. Mode or state specificity

The fact that two different, isoenergetic vibrational modes promote a reaction
differently is an effect called state or mode specificity, and it was first demon-
strated for a chemisorption reaction in 2003 in our group?? for the reaction of
CH2D2 with Ni(100). In these experiments, the reactivity of CH2D2 prepared in
two isoenergetic states, 2veé and vi+ve, on a Ni(100) surface was measured.
Within a local mode basis, these two states can be written as [20> and |11>
respectively; the former representing two quanta of CH stretch in a single bond
and the latter representing one quantum of C-H excitation in each of the two
C-H bonds. The results showed that the reaction probability for CH2D2 excited
with two quanta of excitation in a single bond was up to 5 times higher than
having one quantum of vibrational excitation in each of the two C-H bonds,
demonstrating that two states with the same amount of vibrational energy can
have different reactivities.

Mode specificity was subsequently demonstrated in several other molecule-
surface systems1921, The reaction of methane on Pt(110)-(1x2) was found to
be mode specific by comparing the vibrational efficacy of four different vibra-
tional eigenstates consisting of different amounts of bend and stretch excita-
tion?l. And more recently, mode specific dissociation has been observed for
two methane isotopologues (CH2D2 and CHsD) when they interact with
Pt(111)22. In this work, the symmetric stretch vibration is shown to be more
reactive than the antisymmetric C-H stretching. The observation of mode spec-
ificity in a chemical reaction is evidence against a statistical reaction mecha-
nism that can be described by a statistical rate theory such as Rice-Rams-
berger-Kassel-Marcus (RRKM)23.

In contrast, the experimental results agree well with theoretical calculations
performed by Guo and coworkers using their so-called Sudden Vector Projec-
tion (SVP) model?4. The SVP model was proposed with an intent to generalize
Polanyi’s rules to polyatomic reactions where the incident molecule has more
than one vibrational mode and is designed to predict differences in vibrational
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efficacy between the modes. The model is called “sudden” because it assumes
that the reactive collision time is much shorter than that required for intramo-
lecular energy redistribution (IVR) to occur within the reactant molecules be-
fore the dissociation occurs. In this sudden limit, the efficacy of a vibrational
mode is quantified as the projection of the reactant vibrational mode vector
with the vector of the reaction coordinate at the transition state. The larger the
projection of the initial state onto the reaction coordinate at the transition
state, the greater is the predicted vibrational efficacy.

Using their SVP model, Guo and coworkers have qualitatively reproduced the
mode specificity observed in the reaction of methane on Ni and Pt surfaces?2225,
Also, this insightful model agrees well with the larger enhancement of the CH4
reactivity by the stretch vibrations of methane relative to the bending
modes?2>26 observed experimentally?1.27,

1.2.2. Bond selectivity

Preparation of methane reactants in a single vibrational and rotational state
has been also used to explore the possibility of selectively breaking a particular
bond in the dissociative chemisorption reaction. This is referred to as bond se-
lectivity and it is one of the topics investigated in this thesis. A more complete
overview of bond selectivity, from its first demonstration in gas phase reac-
tions to its observation on gas-surface reactions, is presented in the introduc-
tion of Chapter 4.

The first evidence of bond selectivity in a gas-surface reaction was reported by
Killelea et al. in 200828. They demonstrated bond selective dissociation of
CHD3 on Ni(111) using recombinative desorption of adsorbed methyl products
with sub-surface D atoms. Vibrational excitation with one quantum of vi, the
unique C-H stretch in CHDs3, enhanced the C-H cleavage channel by at least 2
orders of magnitude compared to the statistical 1/3 CD3/CHD2 branching ratio
observed without C-H stretch excitation.

Liet al.2? extended the bond selective chemisorption study to all three partially
deuterated methanes (CH3D, CH2D2, and CHD3) on Pt(111) using reflection ab-
sorption infrared spectroscopy (RAIRS) as the product detection method.
RAIRS can be used to distinguish the different isotopologues of the methyl spe-
cies on Pt(111), formed as the nascent dissociation products of the methane
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chemisorption. Their results show that a single quantum of C-H stretch exci-
tation is sufficient to make the dissociation of all three partially deuterated
methane isotopologues fully bond selective.

1.2.3. Steric effects

Yoder et al.3%31 studied the dependence of the alignment of CH4 and CHD3 on
their reactivities on Ni(100). They used linearly polarized infrared excitation
to align the angular momentum and the vibrational transition dipole moment
of both methane isotopologues, and showed that the reactivity was highest
when the vibrational amplitude is aligned parallel to the plane of the surface.

All these three observations (mode specificity, bond selectivity and steric ef-
fects) give very valuable information about the reaction dynamics and the
timescales of the gas-surface reaction. They clearly indicate that when the me-
thane molecule dissociates on the surface, it retains a memory of the rovibra-
tional state in which it was excited. In consequence, IVR between the different
bonds of the incident molecule is absent or at least incomplete on the time-
scale of the collision. Moreover, as noted previously, the experimental obser-
vations described above exclude any statistical rate theory from correctly de-
scribing the chemisorption of methane on a metal catalyst since these theories
consider that different types of energy all promote reaction equally3233.

Statistical theories assume that IVR within the collision complex formed by the
reactant molecule and several surface atoms takes place faster than the reac-
tion between the molecule and the surface, resulting in a complete randomiza-
tion of the vibrational energy before the bond breaking takes place. Therefore,
a statistical theory predicts that the reaction rate (i.e. sticking coefficient) de-
pends only on the total internal energy of the reactant and exclude any mode
specificity and bond selectivity.

State resolved experiments have shown that the methane-metal surface reac-
tion can only be accurately described by dynamical models which assume that
the reactivity and outcome of the methane-surface interaction depends on the
precise nature of the vibrational mode of the incident molecule. These dynam-
ical models aim to treat explicitly all degrees of freedom of the system and cal-
culate the motion of all the atoms during the molecule-surface interaction
based on the PES using either classical or quantum dynamics.
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1.3 Dynamical models for methane chemisorption

Dynamical calculations have greatly evolved in the last years, from
considering the CH4 molecule as a quasi-diatomic R-H molecule to reduce the
dimensionality of the system3# to being able to consider the full 15 degrees of
freedom of the CH4 molecule in the interaction with the metal353¢, In addition,
the quantum state resolved experiments described above are ideally suitable
for testing these dynamical models since they avoid averaging over a large
number of rotational and vibrational quantum states.

Since throughout this thesis I often compare my experimental observations
with theoretical predictions obtained by different dynamical models, here I
will explain, briefly and in simple terms, the different dynamical theories used
to date by different theory groups to describe the chemisorption of methane
on a metal surface.

All of these theoretical approaches assume the Born-Oppenheimer approxima-
tion (BOA) and use density functional theory (DFT) to calculate the electronic
energy. For that, they employ exchange correlation functionals at the general-
ized gradient approximation (GGA) or semi-empirical exchange correlation
functionals. Once the electronic structure is calculated and the PES is obtained
for various nuclear configurations, the nuclear dynamics are run on the calcu-
lated PES. Depending on the nature of the dynamical calculations, we can di-
vide the dynamical models presented here into those that follow quasi-classi-
cal trajectory (QCT) calculations and those that perform quantum mechanical
(QM) wavepacket calculations to obtain the dynamics.

The first set of theories are considered as “quasi-classical” because they follow
the dynamics considering classical Newtonian forces acting on the nuclei, but
at the same time they include some quantum mechanical effects such as the
zero point energy (ZPE) of the molecules. The groups of Kroes and Busnengo
perform such quasi-classical calculations.

Busnengo et al.37:38 calculate the Born-Oppenheimer potential energy surface
(PES) for various nuclear configurations using DFT and they analytically para-
metrize this potential to obtain a PES represented by a continuous function
(the reactive force-field). Using this pre-calculated PES, they run the nuclear
dynamics assuming classical mechanics. An advantage of this approach is that
the last step, the integration of the nuclear equations of motion, is fast and
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therefore relatively cheap. For this reason, they can run a large amount of tra-
jectories (~1-10°) with long integration times (~100 ps), achieving good sta-
tistics. A drawback of this method is that any error in the parametrization of
the PES leads to inaccuracies in the calculations.

Another approach is to perform ab-initio molecular dynamics (AIMD). Follow-
ing this method, Kroes and coworkers3>39-43 avoid calculating the entire PES
beforehand. Instead, the forces acting on the molecule are calculated “on the
fly” by solving the electronic Schrédinger equation. By calculating only the re-
gions of the PES that are sampled along the reaction path, they reduce the com-
putational cost and they are able to consider all the molecular and also surface
degrees of freedom. While this procedure adds very valuable information on
the surface dynamics, the AIMD calculations are computationally very expen-
sive. This limits the number of trajectories that can be calculated (~1-103 tra-
jectories) and the integration times (1 ps). With a limited total number of tra-
jectories (reactive and nonreactive) one cannot simulate sticking coefficients
of less than about 1% using the AIMD approach.

Among the drawbacks of quasi-classical dynamical calculations are the neglect
of tunnelling, which restricts the application of these models to incident ener-
gies above the minimum barrier, the “ZPE violation”, and the so-called “artifi-
cially-induced IVR”. The “ZPE violation” refers to the fact that classical me-
chanics allow the ZPE to “leak” into unbound degrees of freedom, leading to
products whose internal energy is lower than their ZPE, which is forbidden by
quantum mechanics. Similarly, quasi-classical dynamics break another postu-
late of quantum mechanics: a molecule that is excited to a particular eigenstate
of a system, without any perturbation, remains in that state as time elapses; it
is a stationary state. However, in quasi-classical dynamics, the flow of energy
from an eigenstate into other states of similar energy can easily happen even
if the molecule is unperturbed. This effect is called “artificially induced-IVR”.
In order to avoid it, Kroes and coworkers perform calculations for molecules
excited to vibrational modes that are localized and off-resonance with other
vibrations. For example, in this thesis experimental results are compared with
AIMD calculations for vi-excited CHD3 where the vibrational energy is local-
ized on the C-H bond.

Alternatively, Bret Jackson developed a quantum dynamical treatment of me-
thane chemisorption using their reaction path Hamiltonian (RPH) ap-
proach3644-48_First, using DFT, they calculate the minimum energy path (MEP)
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which connects reactants with products and they assume that any motion or-
thogonal to this path is harmonic. Then, they perform quantum dynamics by
propagating wave packets on that MEP.

Figure 1-3 displays the frequencies of the 9 vibrational modes of CH4 as well
as modes corresponding to rotation and translational motion along the reac-
tion path (s). As the molecule approaches the transition state at s=0, the vi nor-
mal mode of CH4 reduces its frequency (it softens). This mode softening is as-
sociated to a localization of the vibrational energy in the reactive bond: as the
molecule approaches the surface, the reactive bond weakens until it breaks.
Following this, the v1 vibration of CH4 is thus localized on the reacting C-H
bond, while v3 vibration is localized on the CH3 methyl fragment since it does
not suffer from mode softening. Therefore, vibrational energy in the vi is ex-
pected to promote the CH4/Pt(111) reaction more efficiently than v3 excita-
tion, as it was previously observed for Ni(100)1°. The RPH model also includes
the possibility of vibrationally non-adiabatic crossings between different vi-
brational modes. For example, a molecule excited in the 3" state of Figure 1-3
can suffer a transition to the 4’ state, then to 5’, etc. Hence, the initial vibra-
tional energy in vi1 is converted into motion along the reaction path.
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Figure 1-3. Frequencies of the 9 vibrational modes of CH4 (the triply degenerate anti-
symmetric stretch, vz, the symmetric stretch, vi, the doubly degenerate bend, v, and
the triply degenerate bend, v4) and other five modes corresponding to rotational and
translational motion along the reaction path (s). s=0 corresponds to the transition
state. Reproduced with permission from*°.
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Through his quantum approach, Jackson captures the vibrational energy flow
between the different degrees of freedom during the gas-surface interaction.
As the molecule approaches the surface, it suffers from the so-called surface-
induced IVR: the vibrational modes of the isolated molecule are no longer ei-
genstates of the combined Hamiltonian of the molecule-surface complex. As a
consequence, the energy initially placed in those modes evolves in time due to
the interaction with the surface. Therefore, even though mode specificity and
bond selectivity clearly show that IVR is not complete on the time-scale of the
reaction, surface-induced IVR is responsible for the flow of energy from vibra-
tional normal modes of the isolated molecule into localized energy on the re-
acting C-H and non-reacting (CH3) bonds.

1.4 Goals and outline of this thesis

Most of the studies reviewed above have focused on the study of the
role of translational and the vibrational mode of the incident gas-methane mol-
ecule. However, to date, less attention has been paid to the surface itself, even
though it is well known that real catalysts used in industry expose different
low and high coordinated reaction sites. For this reason, and in an attempt to
move our studies a step toward surfaces that resemble the surface of a real
catalyst, [ explore in my thesis the effect of the surface structure by performing
quantum state resolved and surface site resolved experiments.

This thesis has the following structure:

Chapter 2 describes the molecular beam/surface-science apparatus and the
infrared laser setup used for this thesis work.

Chapter 3 presents a study of the influence of the surface structure on the dis-
sociative chemisorption of methane. Methane dissociation was studied on sev-
eral platinum surfaces cut along different crystallographic planes. The chapter
is divided in two parts differing in the detection technique that I used (King
and Wells and RAIRS). Using King and Wells reactivity measurements, I com-
pare the site-averaged reactivity of the Pt(111), Pt(211), Pt(110)-(1x2) and
Pt(210) surfaces. Then, I demonstrate the ability of RAIRS to perform surface
site-specific measurements of methane dissociation on Pt(211) and Pt(110)-
(1x2). For the first time, we report a quantum-state resolved study of the dis-
sociation of methane on different Pt surface sites. The effect of translational

12
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energy and vs vibrational excitation of CH4 in promoting the dissociation of CH4
on the different surface sites is also explored.

In chapter 4, I present a bond selective study on the Pt(111) and Pt(211) sur-
faces. On Pt(111), an extension of Chen’s bond selectivity study over a range of
incident translational energies was performed. I also show a comparison of the
reactivities of CHsD, CHz2D2, and CHD3 both in the ground state and prepared
with a single quantum of C-H stretch vibration. In the second part of this chap-
ter, I report the first combined study of bond- and surface-site selective disso-
ciation of methane (CH3D) chemisorption on a Pt(211) surface.

Chapter 5 investigates the effect of surface temperature on the dissociation of
methane on Pt(111) and Pt(110)-(1x2) surfaces for different incident kinetic
energies and using different techniques for the detection of the chemisorbed
species.

Finally, in chapter 6, the most important findings of this work are summarized
and [ present some suggestions for future experiments.
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Chapter 2 Experimental setup

2.1 Overview

The experiments presented in this thesis were performed using a mo-
lecular beam/surface-science apparatus designed and built during the PhD
work of Li Chen. An extensive description of the design and operation of this
apparatus is presented in his dissertation>? as well as in a previous publica-
tion51. Here, I will discuss the most relevant features of the machine and men-
tion the changes made during my PhD work.

Laser excitation

QMSI of molecular beam

QMS2

RAIRS detection
of surface adsorbates

cw OPO light KAoIeculcr beam source chamber

Figure 2-1. SolidWorks 3-D model of the molecular beam/surface-science apparatus.
Taken from 59.
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Figure 2-1 shows a SolidWorks 3-D model of the apparatus. Briefly, it consists
of a triply differentially pumped molecular beam source coupled to an ultra-
high vacuum (UHV) chamber with a base pressure of 5-10-11 mbar where the
gas-surface interaction takes place. A continuous molecular beam is generated
by skimming a supersonic jet expansion of the methane gas mixture. This ex-
pansion is formed in a stainless steel nozzle, and it allows to prepare the inci-
dent molecules with a narrow translational energy distribution and to cool the
rotational degrees of freedom. The velocity distribution of the molecular beam
is measured by a time-of-flight (TOF) method using a chopper wheel in com-
bination with an on-axis quadrupole mass spectrometer (QMS).

Quantum state-resolved measurements can be performed by exciting the inci-
dent molecules to a specific ro-vibrational state using an optical parametric
oscillator (OPO). A room temperature pyroelectric detector is installed in the
third pumping stage and can be translated into the molecular beam path in
order to detect the flux of vibrationally excited molecules in the beam.

Once the molecules enter into the UHV chamber, they collide with the surface
sample. The UHV ensures the surface cleanliness during the experiments. In
my thesis, different Pt crystals were studied: Pt(111), Pt(211), Pt(110)-(1x2),
and Pt(210) whose structure is explained in detail latter in this chapter. The
detection of the methane-surface reaction products can be performed by dif-
ferent techniques: Reflection Absorption Infrared Spectroscopy (RAIRS), King
and Wells (K&W) beam reflectivity, Auger Electron Spectroscopy and Temper-
ature Programmed Desorption (TPD).

In the remainder of this chapter, I will explain in more detail the essentials of
this machine and the methods used for the detection and how they comple-
ment each other.

2.2 Molecular beam/surface-science apparatus

The molecular beam/surface-science apparatus consists of a molecu-
lar beam source with three pumping stages couple to an ultra-high vacuum
(UHV) chamber where the sample is located. A schematic section view of the
machine is presented in Figure 2-2. The pumps used and typical vacuum con-
ditions in each stage are shown in Table 2-1. During the course of my PhD
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work, the pump on the UHV chamber has been exchanged with a corrosion re-
sistant pump. Both turbomolecular drag pumps used in the UHV chamber are
presented in Table 2-1.

As itis represented in Figure 2-2, a separation valve isolates the third (P3) and
forth (P4) from the first (P1) and second (P2) chambers. This valve, which is
open to let the molecular beam enter into the UHV chamber, also allows vent-
ing the first and second chambers without breaking the UHV vacuum in P4.
During my thesis, I changed the design of this separation valve. Details about
the design and working principle of the new separation valve are presented in
Appendix A.

| |~ || >|
P1 P2 P3 UHY

Figure 2-2. Schematic overview of the molecular beam/surface-science apparatus. In
the first chamber, P1, the supersonic jet expansion is produced and skimmed. In the
second chamber, P2, a chopper wheel modulates the molecular beam for TOF meas-
urements using the on-axis QMS (1). In the third chamber, P3, a pyroelectric detector
that can be translated into the molecular beam to measure the excited fraction of mol-
ecules by the OPO light source. Finally, the molecular beam enters into the UHV cham-
ber and collides with the sample surface where the adsorbed dissociation products
can be detected by RAIRS, AES, K&W (using QMS(2) in combination with the flag) or
TPD (using QMS(2)).
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Pumping speed S Base Pressure
Stage Pump model (N2, L/s) (mbar)
Source Pfeiffer TPH 2301 P 1900 2:107
2nd stage Pfeiffer TMU 521 P 510 5-10-8
3rd stage Pefiffer TMU 520 P 500 7-10-10
Pfelffer(('f‘ll:i/l)U 1000 800
: -11
UHV Pfeiffer TMU 1001 510
920
(new)

Table 2-1. Overview of the turbomolecular pumps used in the molecular beam/sur-
face-science apparatus and typical vacuum conditions.

2.2.1. Supersonic expansion and molecular beam speed
characterization

A continuous supersonic jet expansion is produced by expanding the methane
mixture from stagnation pressure Pn (1-4 bar) inside the nozzle through a 50
um orifice diameter into the vacuum of the source chamber. The molecular
beam is formed when the jet expansion passes through a skimmer (Beam Dy-
namics, Model 2) that is placed inside the zone of silence of the jet expansion>2.

The supersonic expansion is used to create a molecular beam where the sam-
ple molecules are moving with well defined, supersonic velocity under colli-
sion free conditions. This is done by passing the molecules from a high pres-
sure region into vacuum through a small orifice where many collisions (102-
103) occur. In these collisions, the random thermal motion of the molecules is
converted into a directed flow with a well-defined and narrow speed distribu-
tion. For methane, the number of collisions experienced during the jet expan-
sion are sufficient to cool the rotational degrees of freedom4. Assuming ideal
gas mixtures, the maximum or terminal velocity of the molecular beam is given
by:

_ |2ks ¥)
Ve = j m -1 (21)

Where kg is the Boltzmann constant, (m) = Y; X;m; is the average molecular
mass of the gas mixture composed of i constituents with X; molar fraction, and
(y) = X X;y: is the molar average ratio of the heat capacities C,/C,. The inci-
dent translational energy of the molecules can be modified either changing (m)
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in eq. (2.1) by seeding methane in different gases (He, Ne, Ar...) or by changing
the seeding ratio, or varying the nozzle temperature (Tn).

The nozzle, mounted on a three-axis manipulator, can be translated in order
to change the distance between the nozzle and the skimmer from 15-65 mm.
Translation in the other two axis, perpendicular to the molecular beam direc-
tion, allows optimizing the nozzle position so that the gas flow that passes
through the skimmer into the first differentially pumping stage is maximized.
A detailed description of the nozzle design used in these experiments is pre-
sented in Chen’s thesis>0. Briefly, it consists of two concentric tubes connected
by a front plate where a hole is drilled into a thin wall. By passing current
through the concentric tubes, most of the power is dissipated in the thin wall
because of its highest electric resistance. Therefore, we locally heat the tip of
the nozzle where the supersonic expansion is produced, thus increasing the
beam speed. A Sorensen DCS8-125E DC power supply that provides 0-8 V and
0-125 Ais used to provide the DC current. A chromel-alumel (K-type) thermo-
couple is spot-welded to the front of the nozzle to control the temperature. The
nozzle temperature is adjusted by controlling the heater supply by a propor-
tional-integral-differential (PID) temperature controller (SRS PCT-10). The
nozzle is cooled down by passing water through a cooper-cooling coil that is
wrapped around the nozzle mount.

The velocity distribution of the molecular beam is measured by a time-of-flight
(TOF) method using a chopper wheel in combination with an on-axis quadru-
pole mass spectrometer (QMS (1) in Figure 2-2). For these velocity measure-
ments, the sample crystal is moved out of the molecular beam path so the
chopped beam enters directly into the ion source of the on-axis QMS (1). This
method consists of measuring the time it takes for a package of molecules pro-
duced by chopping the molecular beam to arrive to the detector of the QMS(1),
thatis placed at a known distance from the chopper. The on-axis QMS (Pfeiffer,
QMA 400, QMH 410-2 and QMG 421) is set so the analyzer transmits only the
mass-to-charge ratio (m/z) of interest. The chopper wheel (5” diameter, 0.1
mm thickness), installed in P2, contains two 2 mm wide slits cut symmetrically.
An optocoupler is installed at 180° from the molecular beam path so it detects
when the molecular beam passes through a slit. The packages of molecules are
produced when the chopper wheel is spun, usually at 200Hz, by a water-cooled
brushless electric motor (Maxon) controlled by a EPOS2 software. Every time
a package of molecules is produced, the optocouple provides a reference trig-
ger to a multichannel analyzer (MCA-3/P7882) which stores the number of ion
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pulses measured by the secondary electron multiplier (SEM) detector of the
QMS according to their delay time. The measured TOF distributions are con-
verted to translational energy distributions using a deconvolution of the chop-
per function. A complete description of the TOF calibration is described in
Chen’s thesis®0. Table 2-2 contains typical translational energies for different
nozzle temperatures and gas mixtures.

Gas mixture Tn (K) Etrans (k] /mol)
1% CH4 in H2 300 52

1% CH4 in H2 800 130

3% CH4 in He 300 25

3% CH4 in He 800 65
3%CHsD in He 500 44

Table 2-2. Some examples of molecular beam conditions used through this thesis
work.

Since vibrational cooling in the supersonic expansion is not efficient, the ther-
mal population of vibrationally excited modes can be calculated from Boltz-
mann statistics using the vibrational partition function.

2.2.2. Molecular beam flux

The flux density of molecules impinging on the surface is given by>3:

flux = (2.2)

where AP is the methane partial pressure rise in the UHV chamber when the
molecular beam is introduced, S is the experimentally determined pumping
speed of the UHV chamber for CHa, A is the cross sectional area of the molecu-
lar beam that we determined by AES, and T} is the temperature of the gas in

the UHV chamber which is assumed to be room temperature.

The methane partial pressure rise is measured using the QMS(2) in Figure 2-2
(Pfeiffer, QMA 400, QMH 400-5 and QMG 422 with a grid ion source). In order
to convert the QMS ion signal (A) to pressure (mbar), a calibration was per-
formed. For CHg, this calibration consists of introducing a molecular beam of
pure CHs into the UHV chamber and measuring with QMS(2) the ion signals
due to CHs and its fragments (m/z=16, 15, 14, and 13). At the same time, the
total pressure rise (in mbar) is recorded with a Pfeiffer IKR11 cold cathode ion
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gauge and corrected with the ionization efficiency of methane (0.7). This pro-
cedure is repeated for different pressure rises in the UHV chamber. Figure 2-3
shows the corrected pressure from the reading of the cold cathode gauge vs
the QMS signal from the sum of the methane fragments. The slope of the line is
the proportionality constant between CH4 pressure and QMS signal that can be
used to convert the QMS signal to partial CH4 pressure when using a gas mix-
ture of CHa.
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QMS signal (sum of 16,15,14 and 13 m/z) (A)

Figure 2-3. QMS signal calibration in terms of CH4 partial pressure using a pure CHs
molecular beam. The slope of the linear regression (56 mbar/A) is used to convert
between the QMS signal and CH4 partial pressure.

The effective pumping speed of the UHV turbo pump was experimentally de-
termined by measuring the pump-out time of the UHV chamber. A pure CH4
molecular beam was introduced into the UHV chamber and the methane par-
tial pressure was measured with the QMS(2). After a certain time, the molecu-
lar beam was turned off rapidly by rotating the chopper wheel to block the
molecular beam in the second differential pumping stage. The partial pressure
decreases exponentially with time, as it is presented in Figure 2-4. The pump-
ing speed is equal to the volume of the UHV chamber (26 L) divided by the time
it takes for the pressure to decrease a factor of 1/e.

During my PhD work in date, I had to change the UHV turbomolecular pump
because the original pump TMU 1000 failed. The new pump (TMU 1001) uses
a different protection grid than the old one with a lower conductance (1952
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1/sec for the new pump compared to 3051 1/sec for the old pump). For this
reason, the effective pumping speed of the chamber decreased from 520 L/s
to 306 L/s after these changes.
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Figure 2-4. Measurement of the pump-out time for CHs. QMS signal decays exponen-
tially as a function of time once the molecular beam is turned off. Inset shows the lin-
ear fitting for the In(QMS) vs time. The inverse of the slope, 85 ms, is the pump-out
time.

Another modification performed during these four years is the addition of two
new holes (of #=0.5 and 1 mm) to the chopper wheel besides the 2 mm slits.
This allows to change the molecular beam spot size and therefore the incident
flux of molecules without modifying the stagnation pressure.

2.2.3. Sample manipulator and sample preparation

Figure 2-5 a) shows a photograph of the same mounting inside the UHV cham-
ber. The sample is mounted between two 0.38 mm tungsten wires on a home-
made liquid nitrogen cryostat that is supported on a commercial XYZ6 4-axis
manipulator (Omniax).

Both tungsten wires are attached to two copper arms which are connected to
a liquid nitrogen dewar for cooling of the surface to about 80-90 K depending
on the thermal contact between the cryostat and the surface. The surface tem-
perature is measured by a K-type thermocouple that is either inserted into a
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0.5 mm hole in the side of the crystal or directly spot-welded on the side of the
crystal. The surface can be heated to above 1200 K by passing current (sup-
plied from a Sorensen DCS8-125E DC power supply) through the tungsten
wires. A PID temperature controller (SRS PCT-10) is used to stabilize the tem-
perature to within 0.1 K and also to apply linear temperature ramps for tem-
perature programmed desorption (TPD) measurements. Figure 2-5 b) shows
the sample glowing when heated to Ts= 1100 K.

Copper arms

Thermocouple wires
-

Tungsten fmple

[

Figure 2-5. Photograph of the sample mount inside the UHV chamber (a)), and of the
sample glowing when it is being heated at a surface temperature of 1100 K (b)).

All the Pt samples used in this thesis work were purchased from Surface Prep-
aration Labs in Holland. The Pt(111), Pt(110)-(1x2) and Pt(210) surfaces used
in this thesis work had a diameter of 10 mm and were cut to within 0.1° of the
(111), (110) and (210) planes respectively, providing an upper limit to the un-
wanted defects of 0.17%. The Pt(211) crystal was cut and polished on the front
(10 mm) and on the back (12 mm) of the crystal. A small miscut angle of 0.05°
and 0.075° on both surfaces yield a lower limit to unwanted defects of 0.09%
and 0.13% respectively. When the 10 mm side of the crystal was used, the sin-
gle crystal was held in a tantalum support between the two tungsten wires.
When the 12 mm surface side of the crystal was used, the crystal surface was
directly mounted between the two tungsten wires.

The surface cleaning procedure involves argon ion sputtering, oxygen treat-
ment and annealing. Between each experiment, the surface was cleaned by ex-

23



Chapter 2. Experimental setup

posing the crystals to 5:10-8 mbar of Oz at Ts=700-900 K for 5 min. This re-
moves the C adsorbed on the surface by oxidation to CO and CO2. Once the
pressure in the UHV chamber decreased to ~10-10 mbar, the crystal was an-
nealed at Ts=1100 K-1200 K for 2-5 min. At the end of each day, cleaning by
Ar* sputtering and annealing was used. For that, Ar* at 1 kV and 2 pA were
bombarded at normal incidence on the surface crystal at an argon pressure of
1-10-7 mbar using a commercial ion gun!l. The Pt(210) surface was cooled
down at a cooling rate of 2 K/s to avoid undergoing a roughening transition
that could lead to a rough surface with no periodic structure>+.

The cleanliness of the surface was verified with AES to check that no detectable
(<1% ML) trace of carbon or oxygen was present on the surface after the clean-
ing procedure. Figure 2-11 shows AES spectra taken before and after cleaning
the surface. Ideally, we would use Low Energy Electron Diffraction (LEED) to
confirm the surface reconstruction after the annealing of the samples. How-
ever, a LEED setup is not available in our current apparatus. Instead, we made
used of well-established cleaning procedures for the different Pt surfaces that
were tested with LEED>5-57, Furthermore, we also recorded RAIR spectra for
CO adsorption with our RAIRS setup, which has been widely used as a sensitive
probe for detects on Pt surfaces. This method allowed us to confirm that our
surfaces have the expected structure (i.e. that for example the Pt(211) has only
step and terrace sites, and no other defects such as kinks are present on the
surface).

In the case of the Pt(210) surface, the structure after Ar* sputtering and an-
nealing was checked by inspection of a LEED pattern in the second surface sci-
ence apparatus that we have in our lab (the “old scattering” machine). The sur-
face was installed using a special mount and the LEED pattern after our typical
cleaning procedure was measured. AES was used to confirm the surface clean-
liness. Figure 2-6 shows a photograph of a LEED pattern of the clean Pt(210)
surface. The LEED pattern matches well with that of a clean and reconstructed
Ir(210)%8. No streaking of the peaks that could correspond to irregular steps
are observed.

1 During my PhD work, the Ar* sputter ion gun was changed from the Omicron ISE100 to a
STAIB NIQ1-S.
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Figure 2-6. LEED images of the Pt(210) sample at different electron energies: a) 53
eV,b) 65 eV, and c) 95 eV.

2.2.3.1. Surface structure

One of the goals of my thesis is the study of the influence of the surface struc-
ture on the chemisorption of methane on Pt surfaces. To achieve this, I used
several Pt crystals cut along different crystallographic directions, thereby cre-
ating different surface structures.

Platinum crystallizes in a face-centered cubic structure (fcc). As shown in Fi-
gure 2-7, in the conventional cubic cell, this Bravais lattice, has four lattice
points (1/8 x 8 from the contribution of the corner lattice points + 1/2 x 6 from
the contribution of the face lattice points). Every atom in the bulk has 12 neigh-
bor atoms and therefore the coordination number (CN) of the Pt atoms in the
bulk is CN=12.

X d

“_n

Figure 2-7. Sketch of a fcc conventional cubic cell. “a” refers to the conventional lattice
parameter, which for Pt is 3.92 A59.

The difference between the Pt(111), Pt(211), Pt(110)-(1x2) and Pt(210) sur-
faces is the plane along which the crystal is cut. Figure 2-8 shows the different
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planes. On the second layer in Figure 2-8, only the atoms that are located in the
(111) (a),(110) (b),(211) (c),and (210) (d) planes are shown. The planar den-
sity on the (111), (110), and (210) planes can be calculated by dividing the
number of atoms that are centered in these planes divided by the area of the
planes in the conventional cubic cell. For example, there are (1/2x1 +1/4 x
2) atoms that are centered on the (210) plane. The experimental value for the
conventional lattice parameter is 3.92 A59. Therefore, the planar density for
the topmost atomic layer of Pt(210) (composed of kinks) is 5.82-1018 ridge at-
oms/mZ2. On the Pt(211), as it can be seen in Figure 2-8, the atoms in the (211)
plane in the conventional cell fall in a line and are not enough to reproduce the
entire lattice structure. In this case, the calculation of the planar density using
this method requires the consideration of more than one conventional cell (or,
alternatively, the primitive cell).

a) fcc(111) b) fcc(110) c) fce(211) d) fce(210)

Figure 2-8. Sketches of different planes along which Pt was cut to obtain the Pt(111),
Pt(110), Pt(211) and Pt(210) surfaces. On the second layer, only the atoms that are
centered on the specified planes are shown.

The Pt crystal surfaces are shown schematically in Figure 2-9. The Pt(111) sur-
face has very little corrugation and all surface atoms are equivalent; we denote
these surface atoms as part of “111 terraces”. The Pt(211), also indicated as
[3x(111)+(100)] following the Van Hove-Somorjai notation®?, consists of
three-atom-wide terraces with (111) structure followed by one-atom-high
steps with (100) character. The three different surface atoms are labeled as
step, terrace, and corner sites. The Pt(210)=[2x(100)+(110)] consists of two-
atom-wide terraces of (100) symmetry and monoatomic steps with (110)
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character. The atoms on this surface are labeled as kink, middle and bottom
atoms. Unlike the Pt(111), Pt(211) and Pt(210), the Pt(110) surface undergoes
a (1x2) missing-row reconstruction that leads to a more corrugated structure
consistent of alternating ridges and valleys®l. Three different types of Pt atoms
are exposed by this surface: ridge, facet and valley atoms.

a) Pt(111) TERRACES (CN=9)

R

TERRACE (CN=9)

b) Pt(211) CORNER (CN=10) STEP (CN=7)

\ A

FACET (CN=9)
VALLEY (CN=10) RIDGE (CN=7)

\ e

d) Pt(210
}Pg210) MIDDLE (CN=9)

KINK (CN=6) BOTTOM (CN=11)

MY >vew

Figure 2-9. Models of the a) Pt(111), b) Pt(211), c) Pt(110)-(1x2), and d) Pt(210) with
the different surface sites labeled in the side view of the surfaces with the correspond-
ing coordination numbers.
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As it can be observed in Figure 2-9, on the corrugated Pt(211), Pt(110)-(1x2)
and Pt(210) surfaces, not only the topmost atomic layer is exposed. Through
this thesis work, I use the term monolayer (ML) to define the surface coverage.
1 ML coverage refers to each of the Pt atoms on the surface being bond to an
adsorbate. Therefore, all the different types of surface atoms on each of the Pt
surfaces and their fractional occurrence needs to be consider to calculate the
density of surface atoms and thus the ML definition on each of the surfaces.
Table 2-3 shows, for each Pt surface, the surface atom density and the frac-
tional occurrence of each of the Pt atoms.

Surface . Site density Surface atom
Surface Atom fsite CN (x1018 density (x1018
atoms/m?) atoms/m?)
Pt(111) terrace 1 9 15.0 15.0
step 1/3 7 5.3
Pt(211) terrace | 1/3 9 5.3 15.9
corner | 1/3 10 5.3
ridge 1/4 7 4.6
Pt((llxlz(;)' facet | 1/2 | 9 9.2 18.4
valley | 1/4 11 4.6
kink 1/3 6 5.8
Pt(210) middle | 1/3 9 5.8 17.4
bottom | 1/3 11 5.8

Table 2-3. Summary of the surfaces used in this thesis, the different surface atoms that
each of the surface exposes with their fractional occurrence (fsit¢) and coordination
number (CN), the density of each of the surface atoms and the total surface atom den-

sity.
2.2.4. Detection Methods

2.2.4.1. Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) has been widely used to perform
chemisorption studies on metal surfaces®2. This technique consists of record-
ing the partial pressure of the desorbing species with a QMS while a linear tem-
perature ramp program is applied to the surface. Information about the de-
sorption activation energy, the reaction order for desorption and even of the
amount of adsorbate present on the surface can be extracted from a TPD trace.
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In this thesis work, TPD was not used to quantify the products of the dissocia-
tion. Instead, it was used to control the desorption temperatures of some con-
taminants on the sample such as H2 or CO. In this way, some of the experi-
ments, for example those performed using Hz as a seeding gas, where per-
formed at surface temperatures that are well above the desorption tempera-
ture of Hz, ensuring that the hydrogen from the molecular beam does not block
any sites on the Pt surface.

2.2.4.2. King and Wells method

The King and Wells (K&W) method allows to measure absolute sticking coef-
ficients (i.e. no calibration is needed). The off-axis QMS(2) in Figure 2-2 is used
to monitor the parent mass of the species of interest. Figure 2-10 a) presents
a typical K&W measurement trace from the QMS. In this case, the reactivity of
CHDs on the Pt(110)-(1x2) was being studied. Therefore, the methane isotop-
ologue parent mass at 19 amu was monitored. The time axis has been shifted
so that at t=0 the molecular beam directly hits the crystal. In the beginning,
before the molecular beam enters into the UHV chamber, there is no significant
signal for mass 19. At t=-57 s, the separation valve between P2 and P3 is
opened, and the molecular beam enters the UHV chamber. For the first 57 s
(between t=-57 and 0 s), a teflon flag is inserted in the path of the molecular
beam so the molecules scatter from this inert flag. At t=0 s, the beam flag is
raised by a UHV compatible stepper motor controlled by a Labview program.
By opening the flag, we let the molecules to hit directly the Pt(110)-(1x2) sur-
face. Any sticking of CHD3 on the surface results in a drop (AP) of the 19 amu
QMS signal. The pressure drop decreases with time as the surface is being pas-
sivated by the dissociation products. After 15 s deposition, the beam flag
blocks the beam again, and at t=64 s the molecular beam is switched off by
closing the separation valve between P2 and P3.

The time dependent sticking coefficient S(t) is given by:

AP(t)

JOEES=

(2.3)

where AP(t) is the change in the partial pressure of mass 19 in the QMS for t>0
when the flag is open and P is the increase in the partial pressure of mass 19
when the molecular beam enters the UHV chamber. Figure 2-10 b) shows the
correspondent S(t) for the QMS trace shown in Figure 2-10 a). S(t) traces
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were fit using a double exponential decay to extrapolate the initial sticking co-
efficient S at t=0. The reason for this double exponential fitting is explained in
more detail in chapter 5. Briefly, the reason is that the dissociative chemisorp-
tion of methane on the Pt surfaces at a range of surface temperatures between
500 and 800 K was shown to be governed by two processes: a fast initial dis-
sociation of the CH4 and a slower growth of carbon particles on the surface®3.
A double exponential fitting for the S(t) is meant to take into account both
processes:

S(t) = Ale_klt + Aze_kzt (24)

where A; + A, = S is the initial sticking coefficient, and k; and k, account for
the rate at which the sticking coefficient decreases.

An advantage of using K&W is that is self-calibrated. However, in our current
setup the detection limit for So measurements using K&W is about 1%. There-
fore, energetic beams seeded in hydrogen that lead to So> 1% were used for
the K&W experiments that I described in chapters 3 and 5.
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Figure 2-10. a) King and Wells QMS trace for the dissociative chemisorption of CHD3
on Pt(110)-(1x2) at 123 kJ/mol and a surface temperature of 650K. b) Time depend-
ence of the sticking coefficient. The dashed blue corresponds to the fit to the data with
a double exponential using equation (2.4).
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2.2.4.3. Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) is a well-known chemical surface analysis
tool®4. The surface is bombarded with a beam of high kinetic energy electrons
(3-5 keV) that are accelerated onto the surface. These electrons ionize the sur-
face atoms by removing a core electron from level W, leaving behind a hole.
This empty electron position is filled by an electron from a higher energy level
(X), and in this process the excess of energy between level W and X is trans-
ferred to a third electron at level Y that is emitted. This last emitted electron is
an Auger electron coming from a WXY transition.

The experimental setup described here is equipped with a Auger electron
spectrometer with a cylindrical mirror analyzer from Perkin Elmer. A RDB PCI
card is used for the data acquisition. During this thesis work, AES was used to
confirm the cleanliness of the surface after our cleaning procedures. Using an
electron current of 1.2 pA and ramping the analyzer energy in steps of 1 eV
with a dwell time of 750 ms, the minimal coverage of C that our AES set up can
measure is about 1.5% ML. Therefore, we can confirm that after our cleanli-
ness procedure, the C coverage on the surface is less than 1.5% ML of C.

! |

dN/dE (arb. units)

- Surface contaminated with C and O |
Surface after O, treatment

0 100 200 300 400 500 600
Electron kinetic energy (eV)

Figure 2-11. Auger electron spectra measured on Pt(211). In red, AES spectrum taken
on the surface contaminated with carbon and oxygen; In green, AES of a clean surface
after cleaning in a O, atmosphere at Ts= 700 K.

Figure 2-11 shows typical AES spectra for the surface covered with C, O and a
clean surface. The peaks that match in both spectra correspond to different Pt
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transitions. The transitions due to O and C are labeled. After heating the sur-
face with an Oz partial pressure of 5:10-% mbar, both the oxygen and carbon on
the surface disappear (green spectrum) leaving a clean Pt surface.

AES was also used to detect carbon after methane depositions. In this case, the
amount of carbon (C) on the surface was determined by the ratio between the
transition of C shown in in Figure 2-11 and the only transition of Pt that is la-
beled in Figure 2-11. This Pt transition, at 239 eV, is chosen as representative
of Pt because it appears at a similar energy to that of C (272 eV) in the AES
spectrum. This avoids recording a very long scan that could induce to some
contaminants on the surface as well as electron beam induced chemistry>9, Fi-
gure 2-12 shows a typical Auger profile of a carbon “spot” after a deposition of
methane on the Pt(111) surface with 8% ML of carbon coverage.
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Figure 2-12. a) Example of an Auger profile measured following a CH4 deposition on
Pt(111). The red dashed line shows the carbon background generated from the UHV
background contamination and the electron gun. b) Auger profile obtained after back-
ground subtraction of the AES profile shown in a).

2.2.4.4. Reflection Absorption Infrared Spectroscopy

Reflection Absorption Infrared Spectroscopy (RAIRS), also referred to as In-
frared Reflection Absorption Spectroscopy (IRAS), consists of measuring the
vibrational absorption spectra of the adsorbates on the surface in the mid in-
frared region. Briefly, as shown schematically in Figure 2-2 and Figure 2-13,
infrared light from a thermal source is reflected off the metallic sample surface
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at grazing incidence and focused onto a suitable infrared detector. In the pres-
ence of adsorbates on the surface, a decrease in the reflected infrared intensity
is observed due to infrared active vibrations of any adsorbates on the surface.
Thus, this technique provides information about the molecular structure of the
adsorbates on the surface.

A RAIR spectrum is obtained as the ratio of a sample spectrum recorded with
the adsorbate covered surface and a background spectrum recorded with a
clean surface. Since it does not interfere with the chemisorption reaction,
RAIRS can be used to record infrared spectra during the molecular beam ex-
posure and therefore to record the uptake of reaction products of the chemi-
sorption reaction. The ability to perform the detection throughout the molec-
ular beam exposure is an advantage compared to other invasive surface anal-
ysis techniques such as AES, because it allows to record the full uptake of the
chemisorption products in a single experiment. Another advantage of RAIRS
with respect to K&W or AES is the possibility to distinguish between different
deuterated methyl species on the surface??. This feature is used to perform
bond selectivity studies on Pt(111) and Pt(211) in chapter 4. In this thesis
(chapter 3 and 4), I also demonstrate the ability of RAIRS to distinguish be-
tween methane chemisorption products on different sites of Pt surfaces, open-
ing up new possibilities for the site-specific study of methane chemisorption
on corrugated surfaces. All these features and advantages make RAIRS a very
powerful tool to perform gas-surface reaction studies.

e Qur setup

The FTIR VERTEX 70V spectrometer from Bruker used in these experiments
has been described in detail in the dissertation of Chen>0. Here, I will give a
short introduction of some key concepts behind RAIRS and I will show how I
optimized some parameters to increase the signal to noise in our measure-
ments. Figure 2-13 shows the optical layout of our RAIRS setup. A Globar
source (S1) is used as the mid-infrared radiation (MIR) source. The light,
passes through a Rocksolid™ interferometer that induces a periodically vary-
ing path length difference between two beams from the MIR source produced
by a beam splitter (BS). Both IR beams, containing all wavelengths, are recom-
bined and detected in the form of an interferogram that is then Fourier trans-
formed into an absorption spectrum. A liquid N2 cooled Indium Antimonide
(InSb) detector with a spectral range between 1850-10000 cm-! was used in
position D1 in Figure 2-13.
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FTIR spectrometer

Bruker
VERTEX 70V Interferometer

UHV chamber  Detector box

Sample compariment

Molecular beam

Figure 2-13. Optical layout of the RAIRS setup. S1: MIR Globar source; A: Aperture
wheel; BS: Beam Splitter; W1, W, and W3: KBr windows; M; and M;: gold-coated plane
mirrors; P1,P; and P3: praboloidal mirrors; P: wire-grid linear polarizer; B: bellows;
D1: InSb IR detector.

e Surface selection rule

As it is indicated in Figure 2-13, the IR light is incident at 80° with respect to
the surface normal. The reason for this geometry is that the absorption of IR
radiation by the adsorbates is enhanced at near grazing incident angles. This
can be understood by considering the electrical field of the incident and re-
flected beams. At the point of contact with the surface, the net electric field
amplitude of the s-polarized (perpendicular to the plane of incidence) IR radi-
ation is zero (see Figure 2-14). Therefore, only the p-polarized radiation (par-
allel to the plane of incidence) will interact with the surface adsorbates. Solv-
ing Maxwell’s equations, one can prove that the electric field amplitude of the
p-component reaches a maximum near grazing incidence. Since the light in-
tensity is proportional to the square of the amplitude of the electric vector,
grazing incidence gives the best detection sensitivity. This brings us to the so-
called surface selection rule for reflection IR spectroscopy. A molecule is ex-
cited when its dipole moment interacts with the electrical field of the IR light.
Since only the p-component of the radiation presents a component of the elec-
tric field at the surface, only active vibrations that have a component of the
dipole moment perpendicular to the surface can be detected using RAIRS. Fur-
thermore, as it is represented in Figure 2-14 c) the interaction of the vibra-
tional dipole moment with its image dipole moment on the metal surface leads
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to a constructive interference for dipole moments perpendicular to the surface
plane, and to destructive interference for dipole moments parallel to the sur-
face plane.

a) b)

S - component

P - component

Dipole

Metal surface

Image dipole %

Figure 2-14. a) Schematic representation of the plane of incidence and the definition
of the s and p polarized radiation; b) Destructive and constructive interference for the
s and p components of the electric field at the surface; c) lllustration of the surface
selection rule: the interaction of the vibrational dipole moment with its image dipole
moment on the metal surface leads to a destructive interference for dipole moments
parallel to the surface plane.

This surface selection rule is also directly related to the sensitivity of the RAIRS
technique. The measured absorption peak intensity in RAIRS strongly depends
on the transition dipole moment of the detected vibration at the surface.
Therefore, for molecules with a strong transition dipole moment perpendicu-
lar to the surface, as it is the case of CO(ads) on Pt, the detection limit is low50.65,
For example, Chen quantified the RAIRS detection limit of our setup for
CO(ads) detection to be 0.02% ML for a 35 second measurement time and a
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spectral resolution of 4 cm-1. For chemisorbed methyl groups (CHs(ads)) on
Pt(111), whose transition dipole moment is approximately 50 times weaker
than that of CO, the detection limit of our setup was estimated to be about 1%
ML. As it is presented in chapter 3, the transition dipole moment for methyl
adsorb on different surface sites is different due to different geometries of the
adsorbate. Therefore, the RAIRS sensitivity can vary for the detection of the
methyl adsorbed on different surface reaction sites.

e Signal to noise

The signal to noise ratio (SNR) of a RAIR spectrum is determined as:

1
Uv)OAvtzD*3

47 (2.5)

SNR =

where U(v) is the spectra brightness determined by the blackbody radiation
of the MIR source, 0 is the optical throughput, Av is the spectra resolution, t is
the measurement time, D* is the detector sensitivity, 3 is the detector efficiency
and Ajp is the active area of the detector. Having a fixed source and detector,
there are three parameters that we can optimize in order to improve our SNR:
the measurement time, the optical throughput and the spectra resolution. All
three can be modified using the OPUS software that controls our VERTEX FTIR.
The resolution was fixed to 4 cm-! and not changed during the experiments
presented in this thesis since it was enough to resolve all the detected peaks.

In FTIR, a 100% transmission line is usually used to determine the SNR. The
100% line consists of a spectrum measured from the ratio of two identical
spectra. In this case, signal is 100% and noise is calculated from RMS. Figure
2-15 shows the SNR (1/RMS) for several measurement times and two different
optical throughputs. The measurement time is modified by changing the num-
ber of sample scans to average. As expected, the longer the measurement time,
the lower the noise of the spectrum.
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Figure 2-15. SNR from 100% line measurements as a function of t/2, being t the meas-
urement time. Two different apertures (A in Figure 2-13) for the IR beam were used.
The IR beam shapes on the sample surface for both apertures are shown on the right.

The optical throughput, @, determines the power received at the detector. In
our setup, the throughput is limited by the sample surface area or the FTIR
aperture (shown as A in Figure 2-13). Different shapes and sizes of apertures
can be chosen. In this thesis, two different apertures were used: the “APT @#1.5
mm” which leads to an ellipsoidal IR beam shape on the surface of 27x4.5 mm;
and the “APT 0.7x4 mm” that produces a rectangular IR beam on the surface
of 13x12 mm dimensions. The latter is more sensitive to misalignment effects
but it was found to reduce the noise in the spectrum as it is shown in Figure
2-15. For this reason, it was used in experiments where the signal of the ad-
sorbates on the surface was small due to their weak dipole moment.

For those experiments for which improving the SNR was necessary, I took a
long background scan (for about 20 min, with 8192 scans) and I flashed the
surface once the background spectrum was recorded to desorb possible con-
taminants that could adsorb on the surface during the background measure-
ment time. The surface was then cooled back to the desired temperature of the
experiment and the deposition was started. During the experiment, depending
on the rate of the adsorbate uptake, [ averaged between 256-512 scans to have
a RAIR spectrum every ~35-70 seconds. Once saturation coverage was
achieved, a final sample spectrum was recorded by averaging 8192 scans to
achieve a high SNR spectrum.
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2.3 Laser setup

An essential part of our experimental setup is the use of coherent light
sources to prepare the methane reactant in the molecular beam in a specific
rovibrational quantum state. For that, we use a commercial tunable, single
mode, continuous-wave optical parametric oscillator (Aculight Argos System).
In our setup, the incident molecules can be excited either before or after the
molecules pass through the skimmer. In all the laser-on experiments pre-
sented in this thesis the excitation was performed before the skimmer, as it is
shown in Figure 2-2.

2.3.1. Optical Parametric Oscillator

During this thesis work, I used an Argos model 2400 cw-OPO C module pro-
duced by the Lockheed Martin Aculight Corporation, with a tuning range of
2500-3125 cm-, which covers the IR active fundamental C-H stretches of all
methane isotopologues.

Optical parametric oscillators are based on a second order nonlinear process
that involves the mixing of three electromagnetic waves. A single input photon
(“pump”) is split into two generated photons (“signal” and “idler”) when pass-
ing through a nonlinear optical crystal. The only two restrictions on the com-
bination of frequencies of the generated photons is that phase matching is
achieved and that conservation of energy is preserved:

Wpump = Wsignal T Widier (2.6)

Figure 2-16 shows schematically the pump source, which is a distributed feed-
back (DFB) fiber laser centered at 1064 nm. This single mode DFB fiber with a
bandwidth of <100 kHz and generated by Yb-doped fiber laser, seeds a 20 W
fiber amplifier (IPG Photonics). The pump light is then transmitted to the OPO
through a polarization preserving armored fiber cable that is coupled to the
OPO cavity.

The OPO cavity consists of a nonlinear optical crystal placed inside an optical
resonator. The “signal” wave is resonant in the optical cavity while the “idler”
wave make a single pass through the crystal. In this case, the nonlinear crystal
is a periodically poled lithium niobate crystal (PPLN). Efficient parametric gen-
eration of IR light requires phase matching between the pump, signal and idler
waves through the nonlinear crystal medium. Phase matching refers to fixing
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the relative phase of the electromagnetic waves as they propagate through the
crystal. In our OPO, quasi-phase matching is achieved thanks to the periodic
pooling of the crystal. Moreover, this periodic pooling is engineered in a “fan-
out” pattern that alters the periodicity of the poling across the crystal and
thereby allows tuning of the generated photon frequency by translating the
crystal. Single-mode operation of the OPO is ensured by an intracavity etalon
with a free spectral range of ~ 13 cm! mounted to a galvanometer.

DFB fiber laser (seed)

Fiber |
isolator! I:

I
| Fiber Bulk
\connector  isolator

A\ i@ MgO:PPLN

s
\

A \

Etalon

Fiber amplifier

Armored
fiber cable
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Figure 2-16. Schematic of the Argos 2400 SF tunable light source. See text for details.
Drawing provided by Lockheed Martin Aculight.

During the experiments performed in this thesis, I only used the “idler” beam
to excite the reactants in the molecular beam. In order to tune the wavelength
of the idler beam to match the desired rovibrational state wavelength to excite,
three mechanisms were used providing different levels of tuning:

1. Course tuning (~ 13 cm! steps) is achieved by translation of the non-
linear crystal perpendicular to the beam axis. By doing so, different
poling periods of the engineered crystal are sampled and so phase
matching is achieved for different combinations of frequencies.

2. Intermediate tuning (~ 1 cm! steps) is accomplished by modifying the
angle of the intracavity etalon in the cavity.

3. Fine tuning is attained by applying an external voltage (0-150 V) to a
piezo electric element (PZT) that is connected to the seed laser fiber.
This voltage induces a strain in the seed laser fiber that allows to tune
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continuously the idler frequency over a range of ~100 GHz (~3.33
cm-1).

2.3.2. Frequency stabilization

In our experiments, the IR excitation frequency needs to stay resonant with
the narrow rovibrational transitions in the molecular beam (FWHM of 1-3
MHz) for extended periods of time (~1 hour), which is not possible unless an
active frequency stabilization is used. Otherwise, the OPO idler frequency
drifts several MHz per minute (and hundreds of MHz per hour) because of tem-
perature fluctuations or changes in the air pressure in the laboratory.

Two different methods for frequency stabilization were used for the work pre-
sented in this thesis: Lamb Dip locking and transfer cavity stabilization. Lamb
dip locking has been used for some years in our group and has been described
in detail previously®®. The transfer cavity stabilization was first implemented
by van Reijzen during his thesis®7 and it has been improved and discussed in
detail recently in Werdecker’s dissertation®’.68, Therefore, both principles are
only briefly described here.

2.3.2.1. Lamb dip locking

This method consists of stabilizing the OPO idler frequency to a Doppler-free
saturation hole burned into the center of a Doppler broadened absorption line
of methane in a static cell.

For that, a small fraction (~100 mW) of the laser output is sent through a static
gas cell filled with 20-50 pbar of the methane isotopologue gas under investi-
gation, and then retro-reflected. By detecting the reflected beam intensity as
the OPO is tuned over a particular transition (w,), a Doppler-broadened ab-
sorption profile with a narrow dip (Lamb Dip) in the center is observed. The
Lamb dip can be understood in a simple way: when the laser is detuned from
wy to w;, the incident wave can be absorbed by molecules traveling with a ve-
locity component in the axis of the laser beam of v, = (w; — wy) ¢/w,. In the
same way, the refected wave can be adsorbed by molecules traveling with v, =
—(wy, — wy) ¢/ wy. This yields to a Doppler broadened profile as the one shown
in Figure 2-17. For w; = w,, both the incident and the reflected beams are
adsorbed by the molecules moving perpendicular to the laser beam (v, = 0).
Therefore, only molecules with zero velocity in the direction of the laser beams
experience twice the laser intensity. If the laser power is sufficiently high to
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saturate the transition, a decrease in the adsorption signal is observed due to
a bleaching of the lower level population. The width of this Doppler-free Lamb
Dip is typically 2-3 MHz due to transit time, power and pressure broadening®®.

The frequency of the Lamb dip corresponds to the Doppler-free molecular ad-
sorption frequency needed to excite the molecular beam(w,) with a perpen-
dicular laser crossing. Thus the Lamb dip can be used to stabilize the OPO idler
output frequency to better than 1 MHz using lock-in techniques (Laselok sys-
tem). The lock-in technique produces a derivative shape of the Lamb dip which
is used as an error signal for the stabilization in a PID controller to provide
feedback to the tuning input of the pump laser.

CHas v3 R(1)

-5 0 5
Frequency Detuning (MHz)

Absorption

3038.48 3038.50
Wavelength (cm™)

Figure 2-17. Doppler broadened profile of the R(1) transition of the vz antisymmetric
stretch transition of CHs with the Lamb dip in the center (at 3038.491 cm1). The gas
cell was filled with 30 pbar of CHs. Inset: Magnification of the Lamb dip. In this case,
the x axis is expressed in terms of the frequency detuning w; — wy.

This stabilization method has been used to lock the idler frequency for many
hours®®. An important disadvantage of Lamb dip locking is that it can only be
used to lock on rovibrational transitions if the lower level of the transition is
sufficiently populated in the gas cell as room temperature. Furthermore, the
transition needs to have a sufficiently large transition dipole moment (Einstein
coefficients of at least 1 s'1) in order to be saturated in a static gas cell with
typically 100 mW of IR light. The rovibrational transitions excited for this the-
sis work could all be locked using Lamb dip cell. However, due to a rearrange-
ment in the optical table layout, part of the experiments performed in this the-
sis were done using another stabilization technique: the transfer cavity.
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2.3.2.2. Transfer cavity stabilization

This method consists of stabilizing the OPO idler beam frequency by compar-
ing its frequency with that of a temperature stabilized helium-neon (HeNe) la-
ser with a drift of less than 1 MHz/hr. This frequency comparison is achieved
by sending both the HeNe laser and a small portion of the OPO idler output
through a Fabry-Pérot cavity which contains one mirror mounted on a piezo
electric actuator so that the cavity length can be varied by the application of a
high voltage ramp. As shown in Figure 2-18, both the IR and the HeNe laser are
transmitted by the cavity and separated by a germanium window and detected
by two different photodiodes. Scanning the cavity length produces periodic
transmission peaks for both lasers. Since a confocal cavity was used, a con-
structive interference was achieved if:

(D)L = mA m=0,1,2,.. (2.7)

being A the wavelength, L the cavity length, n(1) the refractive index of the
intra-cavity medium. Each of the transmission peaks corresponds to a cavity
mode labeled as m and k for the IR and HeNe lasers respectively in Figure 2-18.
The relative position of the IR and HeNe fringes depends on the wavelength of
both lasers. The wavelength of the HeNe laser is stable, so any change in the
relative position between two fringes of the IR and HeNe lasers (AL,,;) is due
to the drifting of the IR frequency. Therefore, by stabilizing AL,,,; using lock-in
techniques, the frequency of the OPO laser could be stabilized.

The frequency stability of the OPO idler using the transfer cavity has been
shown to be as good as that using the Lamb dip®8. This stabilization method
also offers as an advantage that it requires only very little IR power (< 1 mW)
and can be applied to excite also hotband transitions from levels that have no
thermal population at room temperature. Werdecker realized an offset scan-
ning technique using the transfer cavity locking which allows scanning of the
idler frequency with MHz resolution®8.
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Figure 2-18. Schematic drawing of the transfer cavity setup. The IR and HeNe lasers
are aligned through the confocal Fabry-Pérot cavity. The cavity length is scanned by
periodically applying a voltage ramp to the PZT mount of one cavity mirror. After
passing through the cavity, the IR and visible beams are separated and detected by
two different photodiodes. The relative position between two fringes of the IR and
HeNe laser are measured by a LabView program and used to correct for any drift in
the wavelength of the IR laser. Taken from 68.

2.3.3. Rovibrational excitation by Rapid Adiabatic Passage

With the OPO idler frequency locked to the desired transition, the preparation
of the molecules in the specific rovibrational state was achieved using rapid
adiabatic passage (RAP). The theory of RAP is beyond the scope of this thesis
work. The interested reader is referred to the theses of Yoder®, and
Werdecker®® and a publication by Chadwick et al.?® where a theoretical de-
scription of RAP and its implementation in our experiment is described in de-
tail.

Briefly, RAP uses a frequency-chirped laser field to completely invert the pop-
ulation of a two-level system. Without using RAP, even an intense, coherent
and resonant radiation field would lead only to saturation of a 2-level system
with 50% population transfer to the excited level. This is due to the average
excitation probabilities for molecules having slightly different velocities
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within the finite velocity spread of the molecular beam, and experiencing dif-
ferent Doppler shifts. In contrast, RAP achieves an inversion of the population
by proper focusing of the laser beam with a cylindrical lens that creates curved
wavefronts of the laser field. These curved wavefronts lead to a Doppler tuning
effect when the molecular beam crosses the focused laser beam. If properly
adjusted and with enough laser power, this frequency sweep leads to a com-
plete population inversion between two quantum states coupled by a nonzero
transition dipole moment.

RAP has been proven to transfer all the population from the ground state into
the excited state by performing a two-lasers bleaching experiment®®. In this
experiment, a first laser was sent to excite the molecules to a particular tran-
sition from the initial state (v=0, ]”) to the final state (v’, ]”+1). After this initial
excitation, a second laser crossed the molecular beam and its frequency was
locked to excite a transition from (v=0, ]”) to (v, ]"-1). By recording the flux of
excited molecules using a pyroelectric detector, it was demonstrated that the
first laser removed most of the population from the initial state, leaving no
molecules for the second laser to excite and demonstrating the inversion of the
population.

2.3.4. Determination of the excited state population in the
molecular beam

The determination of the excited state population in the state prepared molec-
ular beam is needed for the measurement of state resolved sticking coeffi-
cients. This is determined by recording the power dependence of the signal of
a room temperature pyroelectric detector inserted into the molecular beam
(Figure 2-2). This detector is only sensitive to changes in temperature, which
requires modulation of the excitation laser by an electromechanical shutter.
By chopping the OPO beam used for vibrational excitation with a fast shutter
(2 Hz), the pyroelectric detector signal detects only the vibrationally excited
molecules in the continuous molecular beam.

In order to quantify the fraction of excited molecules in the beam, two different
methods can be used. One is based on the fact that the excitation fraction is
proportional to the IR pumping efficiency and the population of the initial
state:
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fexc = frot * foib * frap (2.8)

where f,o; * fyip account for the fraction of molecules in the lower state, and
frap is the IR pumping efficiency obtained using RAP.

frap can be calculated by recording laser fluence curves of the pyroelectric de-
tector signal. For this, the pyroelectric detector signal is detected by a lock-in
amplifier as a function of the laser power, which is changed by rotating a A/2
waveplate that varies the power transmitted by a linear polarizer. Two exam-
ples of fluence curves for two different rovibrational transitions of CH4 are
shown in Figure 2-19. As the laser power increases, the pyroelectric detector
signal increases and if complete population inversion occurs the pyroelectric
detector signal approaches an asymptote that is independent of the transition
dipole moment and proportional to the population of the rotational level. From
the fluence curve, the fraction of the population transferred can be calculated
as the ratio of the pyroelectric signal at the laser power used for the experi-
ments and the asymptote determined from the fit of the fluence curve.

S 60 T T T T
£ 3% CH, in He T=RT
© * R(0)
5) e R(1) .....ooooooo
@ 40 - o’ .
g o*
[&] [ ]
‘.q_)‘ [ ]
% ° ....o....ooo.ooooo.
o 20 ° _
= %o
3 i
s [
;" o’ L 1 L 1 L 1 L 1
[a
0.0 0.5 1.0 15 20
Power (W)

Figure 2-19. Fluence curves for the vs R(0) and R(1) transitions for a 3% CH4 in He
mixture.

fvip is the fraction of molecules in the initial vibrational state. This is calculated
from Boltzmann statistics assuming that the temperature of the nozzle is the
same as the temperature of the molecules since vibrational cooling in a super-
sonic expansion is inefficient4.
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frot 1s the fraction of molecules in the lower rotational level. Rotational cooling
in a supersonic expansion is very efficient and so, in this case we cannot as-
sume that the temperature of the nozzle is equal to the rotational temperature
of the beam. In order to obtain f,.,;, two methods have been used in our group:

a) The first one has been explained in detail in Chen’s thesis®0. It is based
on recording fluence curves for several transitions involving different
initial ] levels. The relative rotational populations for different ] levels
are obtained by the ratios of the asymptotes of the fluence curves.
These relative populations can be directly compared with theoretically
calculated relative populations at different rotational temperatures
(Trot). In this way, the Trot of the molecules and therefore the population
(fr-ot) of the different ] levels at that Trot are obtained.

b) This method makes use of the fact that the pyroelectric detector signal
is proportional to the population of the excited molecules. The proce-
dure consists of measuring fluence curves for transitions involving ]
levels from the same symmetry species. We record as many fluence
curves as ] levels populated (i.e. until we arrive to a ] level that is not
populated and therefore we do not detect any signal in the pyroelectric
detector). Then, all the values from the asymptotes of the pyroelectric
signals for all the | levels studied are added. That sum corresponds to
the theoretical fraction of molecules that owe this symmetry (for exam-
ple, CHs, F symmetry = 9/16). By doing so, we have a direct calibration
that brings us from the asymptote of the pyroelectric detector signal for
a transition from a particular ] level to the population in that ] level

(frot)-

However, both methods above explained are quite time consuming. Alterna-
tively, I assumed that the pyroelectric detector signal is proportional to the
flux of excited molecules:

V=a-fox " flux (2.9)

where V is the pyroelectric detector signal and « is the constant that relates
the pyroelectric detector signal and the excited flux of molecules. The propor-
tionality constant @ was obtained by calculating the f,,. using the method b)
explained above and the flux of molecules for a reference (ref) state. The ex-
cited fraction for any other state is given by:
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V  flux(ref)
Flux V(ref) fexc(ref) (2.10)

fexc =

In this way, the calculation of f,.,¢, fyip, and fgrap is avoid. In order to confirm
that the pyroelectric detector signal is proportional to the excited flux of mol-
ecules, the excitation fraction was calculated using the traditional (equation
(2.8)) and this new method (equation (2.10)) for several transitions, nozzle
temperatures and different gas mixtures. Figure 2-20 compares the excitation
fraction obtained by both methods. The reference transition in equation (2.10)
was taken to be the R(1) transition for a Tn RT using a pure CH4 molecular
beam. The values obtained using both methods are in reasonably good agree-
ment. Furthermore, the agreement obtained for the 1% CH4 in H2 at Tn= 500 K
indicates that, within the kinetic energy range studied, the pyroelectric signal
responses linearly with incident energy.
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Figure 2-20. A comparison of the excited fraction determined using equation (2.8) and
calculated assuming that the pyroelectric detector signal is proportional to the flux of
excited molecules using equation (2.10). For each of the gas mixtures and nozzle tem-
peratures, the excited fraction for transitions involving different initial ] levels are
shown.
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Chapter 3 Influence of the surface
atomic structure on the reactivity of
methane on Pt

3.1 Introduction

The motivation behind this chapter is well summarized in the following
quotation by the Nobel Laureate G. Ertl and coworkers70:

“The notion of “active sites” is fundamental to heterogeneous catalysis... ...many
catalytic surfaces are not uniformly active but exhibit activity only at sites dis-
tinguished by a special arrangement of the surface atoms.... However, the exact
nature of the active sites and hence the mechanism by which they act are still
largely a matter of speculation”.

Thus, the importance of the surface reaction site in heterogeneous catalysis
has been evident for decades. However, the majority of the surface science
studies have been performed on single crystals cut along high symmetry crys-
tallographic directions, which may not be representative of the surface of real
catalysts. This structural difference between the atomically smooth single
crystals used in surface science and the real catalysts that expose different ori-
entations with defects such as steps, vacancies or kinks is known as the “struc-
ture gap”71-73. Figure 3-1 illustrates an idealized catalytic nanoparticle that ex-
hibits different facets and forms different sites such as corners, steps, and ter-
races’4,
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Figure 3-1. (center) Sketch of an idealized metallic catalytic nanoparticle. (outer) Top
and side views of small parts of atomic arrangements on low- and high- Millex indices
single crystal surfaces. Reproduced with permission from74.

top (533)

One way to start closing this structure gap is to study the role of specific sites
on a catalytically active surface by performing experiments on single crystals
cut along different low- and high-Miller-indices that expose different types of
high and low coordinated sites for adsorption. Following this approach, sev-
eral studies concerning the role of different surface sites have been perform
for chemical reactions involving H274-82, 02558384 C(085-87, NO88-90 and N291.92,
Another approach that uses curved single crystal samples exposing different
step types and densities?3 has been employed to study reactions involving
H24055, 0255, H20%* and C0O95%,

A complete review of all of these studies is beyond the scope of this thesis.
However, they are mentioned here, since they constitute experimental proof
of different reactivities observed for different reaction sites on a particular
surface even if these experiment do not concern the dissociation of methane
which is the topic of this thesis. The dissociation of methane has been widely
studied on low index single crystals and very few studies concerning the dis-
sociation of methane on “defected surfaces”(?) can be found.

(2 By “defected surfaces” I refer to surfaces cut along low symmetry crystallographic direc-
tions and exposing low coordinated sites such as steps or kinks.
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One of the first such studies concerning methane dissociation on a stepped
surface was reported by Gee et al.?7” who probed methane dissociation on a
Pt(533) surface which consists of a periodic array of (111) terrace and (100)
step sites. Their experimentally obtained CHs sticking coefficients on the
Pt(111) and Pt(533) are shown in Figure 3-2 as a function of incident energy.
By comparing the reactivity of CH4 on the stepped Pt(533) with that on the flat
Pt(111) they observed a higher dissociation probability on the stepped sur-
face, which they attributed to the presence of the (100) steps. However, the
product detection methods that they used (King & Wells method?® and Oz ti-
tration) were not surface-site-specific and only measured total reactivity av-
eraged over all surface sites present on the sample. In order to extract the re-
activity of the step sites, the authors had to assume equal reactivity for the ter-
race sites on Pt(533) and Pt(111) which is not necessarily correct>>.
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Figure 3-2. Initial sticking coefficient as a function of incident energy for CH4 dissoci-
ation: on Pt(533) at Ts=600 K (empty symbols and crosses), and on Pt(111) at Ts=550
K and Ts=800 K (filled symbols). Reproduced with permission from?7.

Papp et al.?? studied methane dissociation on the stepped surfaces Pt(355) and
Pt(322) using X-ray photoelectron spectroscopy (XPS). Both surfaces consist
of five atoms wide (111) terraces separated by (111) and (100) steps, respec-
tively. Methane reactivity was measured by recording carbon XPS line profiles
following methane dissociation on Pt(111), Pt(355) and Pt(322). The XPS sig-
nal was deconvoluted into a series of peaks to resolve the contribution from
terrace and step sites as well as due to C-H fragments produced by the intense
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X-ray radiation. Comparison of the signal ratios for the CHs peaks assuming
identical vibrational fine structure for the terraces of the three surfaces indi-
cated a similar reactivity for the step and the terrace sites, in contradiction
with the study of Gee et al.?7 Figure 3-3 shows the relative initial sticking coef-
ficients for CH4 on the three surfaces. On the stepped surfaces, methyl was
found to occupy mostly the steps of the surface with about only 10-20% of the
methyl coverage being adsorbed on the terraces (inset of Figure 3-3). Assum-
ing a similar reactivity for the terraces of the stepped surfaces and the terraces
of the flat Pt(111) surface, the authors concluded that the higher coverage on
the steps sites was due to a rapid diffusion to the step sites of the methyl
groups initially formed on terrace sites.
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Figure 3-3. Relative initial sticking coefficient as a function of incident kinetic energy
for CH4 dissociation on Pt(355), Pt(322) and Pt(111) at Ts=125 K. The inset shows the
coverage on the steps and terraces as a function of adsorption time for an incident
kinetic energy of methane of 0.54 eV. Reproduced with permission from?°.

The reactivity of methane on the highly corrugated Pt(110)-(1x2) surface was
also investigated before. This surface undergoes a missing row reconstruction
leaving rows of ridge atoms followed by valleys in a (1x2) structure. Methane
dissociation on this surface was reported to occur via two different path-
ways100101 At low incident energies (<10 kJ/mol), a precursor mediated mech-
anism was observed where the molecule initially loses some normal momen-
tum and becomes trapped in a physisorbed precursor state. The molecule then
diffuses on the surface and, if it finds a reactive site, subsequent dissociation
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happens on that surface site. If not, the molecule desorbs. A precursor medi-
ated reaction is typically identified by an increase in the reactivity with de-
creasing incident energy. At higher incident energies (>10 k]J/mol), methane
was found to react via a direct activated mechanism where the molecule dis-
sociates immediately after impinging the surface if it has enough energy to
overcome the activation barrier.

A study of the incident angle dependence of the reactivity of CH4 on Pt(110)-
(1x2) was performed in our group using the AES and K&W method as detec-
tion techniques!%l. From the polar and azimuthal angle dependence of the re-
activity, the authors concluded that the reactivity of CH4 on the ridges was
higher than in the valleys.

Lastly, methane activation and dehydrogenation was studied on Pt nanoparti-
cles supported on a CeO: film on Cu(111)192, A lower activation barrier for dis-
sociation was observed on the Pt nanoparticles which expose several low co-
ordinated sites. More facile dehydrogenation of the surface reaction products
in comparison with experiments performed on Pt(111) single crystals was
found.

The discrepancy between the first two studies presented above by Gee et al.”’
and Papp et al.?° together with the lack of further studies concerning the role
of “defect sites” on the dissociation of methane motivates a systematic study
of the mechanism for the dissociation of methane on differently coordinated
surface sites. During my thesis, I studied the dissociative chemisorption of me-
thane on Pt(111), Pt(211), Pt(110)-(1x2), and Pt(210) surfaces, exposing sev-
eral different types of adsorption sites (terraces, steps, ridges, corners, valleys
and kinks).

The results shown in this chapter are divided in two parts depending on the
detection technique used:

1) First, I present a comparison of the absolute initial sticking coeffi-
cients for CHD3 dissociation on the four surfaces measured by the
K&W method. Since this technique is not surface-site-specific, the
experiment measures the average reactivity over the different reac-
tion sites. On the Pt(211), a study of the dependence of the initial
reactivity on the angle of incidence of CHD3 with respect to the mac-
roscopic surface allows to attribute a different barrier for dissocia-
tion on the step and terrace sites of the surface.
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The experimental results are compared with the calculated initial
sticking coefficients obtained from ab-initio molecular dynamics
calculations.

Part of this study has been published as part of our collaboration
with the group of Prof. Geert Jan-Kroes who perfoms ab-initio mo-
lecular dynamics#1:103,104,

2) In the second part of this chapter, a study of the dissociation of me-
thane on the different surfaces using RAIRS is shown. | present
RAIRS as a site-specific detection technique that allows for site-spe-
cific reaction probability measurements. The role of rovibrational
excitation of CH4 on the dissociative chemisorption on the different
surface sites is presented.

The study described in this part of the chapter has been also pub-
lished in collaboration with the group of Prof. Bret Jackson1%> and
Prof. Fabio Busnengo19°.

3.2 CHDsreactivity on different facets of Pt measured by K&W
detection

The initial reactivity of CHD3 on different platinum surfaces was meas-
ured using the K&W method. Figure 3-4 shows the initial sticking coefficient
for CHD3 dissociation on Pt(111), Pt(211), Pt(110)-(1x2), and Pt(210) as a
function of incident translational energy. For these experiments, mixtures of
1-2% CHD3 in H2 were used in order to access incident Kkinetic energies in the
range of 50-140 kJ/mol for nozzle temperatures from 300 - 800 K. At these
energies, the initial sticking coefficients exceed 1%, which is near the detection
limit for the K&W method in our setup. The surface temperature was kept at
Ts=650 K for Pt(211), Pt(110)-(1x2), and Pt(210) and Ts=500 K on Pt(111). At
these temperatures, the initially formed methyl species quickly dehydrogen-
ate leaving C atoms on the surface, and H and D atoms leave the surface by
recombinative desorption. Sticking coefficient measurements for CH4 dissoci-
ation on Pt(111) in the same incident kinetic energy range have shown that
the reactivity does not depend on surface temperatures between 500 K and
800 K¢3. Therefore, the difference in Ts between the Pt(111) and the other
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three surfaces is not expected to affect nor explain the reactivity trends that
we observe in Figure 3-4.

To better visualize the trends in So as a function of incident Etrans, the So data
points shown in Figure 3-4 were fit using S-shaped reactivity curves:

Etrans - EO)]

A
SO=E[1+erf< W

(3.1)

Where A is the asymptote, Ej is the average barrier height for the dissociation
and W is the width of the distribution of barrier heights assumed to be Gauss-
ian. None of these parameters was fixed in the fitting. Table 3-1 shows the
A, Ey, and W values that gave the best fit to the experimental data points.
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Figure 3-4. Comparison of the sticking coefficients measured using the K& W method
for CHD3 on Pt(111) (Ts 500 K, purple), Pt(211) (Ts 650 K, green), Pt(110)-(1x2) (Ts
650 K, blue) and Pt(210) (Ts 650 K, pink).

Pt(111) Pt(211) Pt(110)-(1x2) Pt(210)
A 0.25+0.03 | 0.17+0.05 0.11+0.08 0.17+0.04
W (kJ/mol) 363 4949 393 549
Eo (kJ/mol) | 1204 103+13 9243 1009

Table 3-1. Summary of the values obtained for A, W and Eo in equation (3.1) that gave
the best fit to the experimental data points.

Figure 3-4 shows a strong increase in the CHD3 reactivity with increasing inci-
dent energy, indicating a direct dissociation mechanism on the four surfaces
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in this range of energies. At incident translational energies Etrans< 100 kJ/mol,
the reactivity is highest on Pt(210) and Pt(211), followed by Pt(110)-(1x2).
The flat Pt(111) surface is the least reactive one. This indicates a lower barrier
for dissociation on the less coordinated atoms of the Pt(210), Pt(211) and
Pt(110)-(1x2) surfaces. At higher incident Kkinetic energies (Etrans> 100
k]J/mol), the relative reactivity changes and the Pt(111) surface shows the
highest sticking coefficient. A possible explanation for this observation is dis-
cussed below.

Bisson et al.191 compared the reactivity for CH4 on Pt(110)-(1x2) and Pt(111)
at Ts=600 K using AES as a detection technique. Their results showed a higher
sticking coefficient for the highly corrugated surface for incident translational
energies up to 70 k] /mol, in agreement with our results. Anghel et al.197 calcu-
lated the energetics of the transition states of CH4 chemisorption on Pt(110)-
(1x2) and found that upon dissociation, the ridge atom was the most stable site
for CHs(ads). Using their Reaction Path Hamiltonian (RPH) model, Jackson and
coworkers® predicted a lower barrier for dissociation on the ridge sites of
Pt(110)-(1x2) by about 20 k] /mol compared to the Pt(111) terraces.

Recently, the sticking coefficients for CHD3 on Pt(111), Pt(211), Pt(110)-(1x2)
and Pt(210) were calculated using ab-initio molecular dynamics (AIMD) by
Chadwick et al. #1104, A comparison between the experimental and theoretical
initial sticking values is presented in Figure 3-5. For CHD3 dissociation on
Pt(111) and Pt(211) (Figure 3-5 a) and b)), the experimental and calculated So
values agree within chemical accuracy (i.e. the difference between the com-
puted probabilities and the experimental curve along the energy axis is less
than 4.2 kJ/mol). On the Pt(211) surface, AIMD calculations predict the CHD3
molecules to react predominantly at the step sites. The minimum barrier for
dissociation on the steps was calculated to be 53.9 k] /mo], in contrast with the
higher value calculated for the terraces of the Pt(211) (96.4 k] /mol) and the
terraces of the Pt(111) (78.6 kJ/mol). Moreover, dissociation on the more co-
ordinated corner sites was not observed in the AIMD calculations. The calcu-
lated barriers for dissociation on the different surface sites are presented in
Table 3-2.
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Surface Site Eb (kJ/mol)
Pt(111) Terrace 78.6
Step 53.9
Pe(211) Terrace 96.4
Ridge 65.7
Pt(110)-(1x2) Facet 96.6
Pt(210) Kink 39

Table 3-2. Computed lowest activation barriers Ey, using the SRP32-vdW functional
for different sites of the Pt(111), Pt(211), Pt(110)-(1x2) and Pt(210) surfaces.

On the Pt(110)-(1x2) surface, the main dissociation site is predicted to be the
least coordinated ridge atom, with a calculated barrier of 65.7 k] /mol, followed
by the facet atom, with a barrier of 96.6 k]/mol. On this surface, agreement
between theory and experiment is good only if the calculated So by AIMD in-
clude contribution from the “trapped trajectories” in the reactivity. Figure 3-5
c) shows the experimental So values as well as the calculated So including
(empty circles) and excluding (empty stars) reactivity from the trapped trajec-
tories. In the calculations, the trajectories were propagated for a maximum
time of 1 ps and considered as reactive if the dissociating bond exceeded 3 A.
If the height of the CHD3 molecule above the (110)-(1x2) plane was larger than
6.5 A with the center of mass velocity pointing away from the surface, the tra-
jectory was considered to be non-reactive (scattered). If none of these possi-
bilities were observed, the molecule was assumed to be trapped on the surface.
The calculated So points shown by empty circles in Figure 3-5 c) assume that
all the CHD3 molecules “trapped” on the surface end up dissociating, while the
So points represented by empty stars do not consider any contribution from
these trajectories.

As shown in Figure 3-5 c), the contribution from the “trapped trajectories”
brings the experimental and calculated reactivities into better agreement, es-
pecially at the lowest incident energies. For the two highest incident energies,
where the calculated trapping probability is lower, the experimental and cal-
culated So excluding contribution from trapped trajectories values are in good
agreement.

Such trapping mediated dissociation has been observed previously on
Pt(110)-(1x2) at much lower incident energies (Ei<10 kJ/mol) for two surface
temperatures (400 K100.101 and 600 K101). In both cases, the sticking coefficient
was seen to increase with decreasing incident energy. This trapping mediated
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mechanism has been attributed to energy transfer from translational motion
normal to the surface to motion along the surfacel8,

Performing AIMD calculations, Migliorini et al.198 showed that energy transfer
to parallel motion is more efficient on a corrugated surface than on a flat sur-
face. On Pt(211), the authors showed that CHD3 molecules hitting the step and
not dissociating on direct impact, can undergo energy transfer to parallel mo-
tion and start travelling in the direction perpendicular to the step edge. In this
way, the CHD3 molecules can explore the surface, and if they find a reactive site
or favorable orientation, they can go on to dissociate. Initially the authors
propagated the trajectories for 1 ps as Chadwick et al.194 did on Pt(110)-(1x2).
However, when they extended the trajectories for 2 ps, Migliorini et al. ob-
served that half of the trapped molecules desorb from the surface and no
trapped molecules had reacted within the extra 1 ps that they extended their
calculations. Therefore, a large portion of the trapped trajectories observed by
Chadwick et al. on Pt(110)-(1x2) will most likely desorb from the surface, and
the So represented as empty circles in Figure 3-5 are just an upper limit of the
calculated So for CHD3 on Pt(110)-(1x2).

On the Pt(210) surface (Figure 3-5 d)), the agreement between the theory and
the experiment is poor. Theory predicts a higher reactivity due to the kink at-
oms, where the barrier for dissociation is calculated to be 39 k] /mol. However,
the experimental sticking coefficients for Pt(210) and Pt(211) fall within the
experimental error. This experimental observation indicates that either the re-
activity on the kinks of Pt(210) and on the steps of Pt(211) is similar, or that
the “middle” atoms on the Pt(210) surface have a much higher barrier for dis-
sociation than the terraces of Pt(211).
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Figure 3-5. Comparison of the sticking coefficients from K&W experiments (filled
symbols) and from AIMD calculations (empty symbols) for CHD3 dissociation on a)
Pt(111), b) Pt(211), c) Pt(110)-(1x2) and d) Pt(210) On the Pt(110)-(1x2) surface
AIMD Sy including (empty circles) and excluding (star symbols) reactivity from
“trapped trajectories” is presented.

By comparing the calculated barriers for dissociation on the different surface
sites (Table 3-2) and the density of each type of site on the surface, we can
explain the trends observed in Figure 3-4 (except for Pt(210) where theory
and experiment do not agree). At incident translational energies lower than
100 kJ/mol, CHD3 dissociates most readily on the steps of the Pt(211) surface
which have a lower dissociation barrier than the terrace atoms. The barrier for
dissociation on the ridge atoms of the Pt(110)-(1x2) surface is calculated to be
11.8 kJ/mol higher than for the steps on Pt(211), explaining why the Pt(110)-
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(1x2) surface is less reactive than the Pt(211). Furthermore, the number of
ridge atoms on the Pt(110)-(1x2) is lower than the step atoms on the Pt(211),
supporting the lower So of Pt(110)-(1x2) in comparison with Pt(211). The
Pt(111) surface is the least reactive surface, since its terrace atoms show a
higher barrier for dissociation than both the ridge and step atoms on the
Pt(110)-(1x2) and Pt(211) surfaces, respectively.

At higher incident energies than 100 k] /mol, dissociation starts to occur on the
higher barrier sites of the Pt(110)-(1x2) and Pt(211) surfaces. The lowest ac-
tivation barrier for CHDs3 dissociation on the terraces of the Pt(211) surface is
calculated to be 96.4 k] /mol, and 96.6 k] /mol on the facets of the Pt(110)-(1x2)
surface.

No dissociation is predicted by DFT on the valley and corner sites since those
sites are associated with a large barrier for dissociation#1.104109, For example,
Jackson et al. predicted a barrier for CH4 dissociation of 183 k] /mol on the cor-
ners of the Pt(211) surface9s. Therefore, molecules incident on these high bar-
rier sites will scatter rather than dissociate, thus limiting the average reactivity
of the whole surface since it reduces its “active area”. However, on Pt(111) all
surface atoms are identical, with a minimum barrier for dissociation of 78.6
kJ /mol over the top site of a surface atom. Its higher density of “reactive atoms”
(terraces) explains the higher reactivity of this surface at the highest incident
energies presented in Figure 3-4.

3.2.1. Angle dependence of the So of CHD3 on Pt(211)

On the flat Pt(111)110, Ni(111)111, and Pd(111)112 surfaces, the CH4 sticking co-
efficient was observed to scale with the translational energy normal to the
macroscopic surface (E;cos?8;). However, deviations from such “normal en-
ergy scaling” were observed for the dissociation of methane on Pt(110)-
(1x2)101113 [n their study, Bisson et al.191 explored the role of both the polar
and the azimuthal incident angle on the dissociation probability of CH4. They
observed that when methane was incident parallel to the ridges of the Pt(110)-
(1x2) surface, mostly the normal incident energy contributed to the reactivity
(normal incident scaling). However, when the methane velocity was directed
perpendicular to the ridges of the surface, the reactivity decreased less quickly
with increasing polar angle 0 than predicted by normal energy scaling. The au-
thors attributed this observation to a higher reactivity of the ridges compared
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with the facet atoms. With increasing 6, the incident methane collides prefer-
entially with the ridge sites where the activation barrier is the lowest, being
the facet and valley atoms shadowed by the ridges.

The angular distribution of the sticking probability of CH4 was measured on
Pt(533) by Gee et al.7 In their study, the authors found that the sticking coef-
ficient does not follow normal energy scaling. Instead, So decreases more
slowly as the incident CHa is directed toward the (100) steps in contrast with
incidence toward the (111) terraces of the surface. By assuming the same re-
activity on the terrace atoms of the Pt(533) and the Pt(111), Gee et al. decon-
voluted the contribution to the So from the steps and from the terraces. A sig-
nificantly broader angular dependence of the So associated with the (100)
steps than the (111) terraces was observed, which was attributed to the fact
that the step atoms are more exposed than the terraces.

During my thesis, I measured the reactivity of CHD3 on Pt(211) as a function
of the polar (0) angle of incidence. Figure 3-6 shows the Pt(211) surface illus-
trating the azimuthal and polar angles of incidence. The azimuthal angle was
kept ®=0. Thus, varying the polar angle of incidence (8) corresponds to the
molecule being directed toward the (111) terraces (0i<0) or toward the (100)
steps (0i>0)

Figure 3-6. Schematic illustration of the Pt(211) surface indicating the polar (8) and
azimuthal (¢) angle. For the experiments presented here, only the polar angle of in-
cidence was modified, keeping ¢=0 so the plane of incidence is perpendicular to the
step rows.
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For all measurements, the surface temperature was Ts=650 K and the incident
kinetic translational energy was fixed at 96.8 k] /mol. The initial sticking coef-
ficients as a function of polar angle 0 are presented in Figure 3-7. The dashed
line shows a cos?6; distribution and the arrows indicate the angles of inci-
dence for which methane is directed normal to the (111) (6=-19.5°) and the
(100) (8=35.3°) microfacets.

0.12 T T T T T T T T T T
Terrace % Step
0.10 | N .
.~ ] LN
0.08 - s f 1™ -

So
T
~

~

.
s
_"

.

1

0.06

0.04

T
~
-
1

0.02 - 1 .

0.00 PR TR T SR R S
-60 -40 -20 0 20 40 60

()

Figure 3-7. Sticking coefficients as a function of polar angle of incidence measured
using K&W for CHD3 dissociation on Pt(211) at incident translational energy of 96.8
kJ/mol and Ts 650 K.

So drops more quickly when the polar angle of incidence is changed toward the
direction normal to the terraces of the surface (08i<0). A similar angle depend-
ence was observed for the dissociation of CH4 on Pt(533)°7. The fact that the
step atoms are more exposed makes them more accessible at different polar
angles of incidence, thereby increasing their cross section seen by the molecu-
lar beam. Therefore, one might expect a slower variation of the initial sticking
coefficient for the steps with incident angle. Moreover, a shadowing of the ter-
races by the steps may contribute for positive angles of incidence similar to
what was observed for Pt(110)-(1x2)101,

The experimental results shown in Figure 3-7 were compared with theoretical
predictions by AIMD103, In order to disentangle the contributions leading to
the trend observed in Figure 3-7 (different cross section, shadowing effects
and/or different reactivities of terraces and steps), for each surface site, the
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number of incident trajectories was compared with the number of dissociative
trajectories resulting in calculated site-specific dissociation probabilities. Fi-
gure 3-8 a) shows the fraction of trajectories that impact closest to the step
(red), terrace (blue) and corner (green) atoms as a function of the polar angle
of incidence. Very few molecules collide near the hidden (shadowed) corner
atoms. In contrast, the more exposed step atoms are accessible at all the inci-
dent angles, dominating at 8i>0 at which they slightly shadow the terrace sites.

Figure 3-8 b) shows the fraction of trajectories leading to dissociation on the
step and terrace atoms at the different polar angles of incidence. No “reactive
trajectories” were observed closest to the corner surface atoms and thus their
contribution is not shown in Figure 3-8 b). At all angles of incidence, the disso-
ciation is dominated by the step atoms. Only at about 6i=-40°, the steps and
terraces show the same reactivity within the error bars.
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Figure 3-8. a) Fraction of CHD3 molecules that impact closest to the step (red), terrace
(blue) and corner (green) sites of the Pt(211) surface; b) Fraction of molecules that
lead to dissociation of CHD3 on the step and terrace sites; c) Calculated site-specific
sticking coefficient for CHD3 on the step and terrace sites. Reproduced from 103,
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By dividing the number of trajectories leading to dissociation on each site by
the number of trajectories impinging on these particular sites, the site-specific
sticking coefficients were calculated. Thus, these calculated site-specific stick-
ing coefficients account for any differences in active cross section seen by the
incident molecules or shadowing effects. Figure 3-8 c) displays these site-spe-
cific reactivities on the terrace and step atoms as a function of polar angle of
incidence. As it is shown, the steps are predicted to dominate the reactivity for
all angles of incidence, except at 8i=-40°. However, the reactivity at this angle
of incidence is too low to have good statistics. In addition, an asymmetry is
observed for the So (step), with the sticking coefficient decreasing less quickly
at positive angles of incidence. This asymmetry in the So(step) was attributed
to different activation barriers at different locations around the step atom.
Taken together, these theoretical observations predict that the experimental
So presented in Figure 3-7 are mostly contribution from dissociation on the
step sites, and that a small shadowing effect happens and favors dissociation
on the step sites although it does not explain the asymmetry observed in So,
which is attributed to different activation barriers around the step atom.

3.3 Site-specific detection of CH4 dissociation using RAIRS

So far, [ have presented a comparison of the methane reactivity on dif-
ferent platinum surfaces measured using the K&W method. However, K&W
does not allow for site-specific detection of the adsorbates on the surface.
Therefore, it only allows for a comparison of the average reactivity on the dif-
ferent surfaces.

In this sub-chapter, I will introduce RAIRS as a site-specific detection tech-
nique for methane dissociation on platinum surfaces and I will show how it
can be used to measure the site-specific sticking probabilities of methane on
the different sites of Pt(211) and Pt(110)-(1x2) surfaces.

3.3.1. RAIR spectra: site-specific detection of chemisorbed
methyl on Pt surfaces

Figure 3-10 presents RAIR spectra following molecular beam deposition of
CH4 on Pt(111), Pt(211), and Pt(110)-(1x2). The incident translational energy
of the methane molecules was 65 kJ/mol on Pt(111) and Pt(211) and 62
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kJ/mol on Pt(110)-(1x2) and the surface temperature was 120 K in all three
experiments.

On the Pt(111) surface at low surface temperature, CH4 is known to dissocia-
tive directly on impact by cleaving a single C-H bond resulting in chemisorbed
CHs(ads) and H(ads)2951114, DFT calculations predict that the dissociation
takes place over a top site on Pt(111) with the CHs(ads) bound on the top site
and H(ads) in a hollow site. Figure 3-9 show the calculated transition state and
product state configuration for CH4 dissociation on Pt(111).

a) b)

Figure 3-9. Configurations for the transition state (a)) and product state of minimum
energy (b)) for dissociation of CH4 on Pt(111). Reproduced with permission from*s.

Temperature programmed reaction measurements showed that the CHs(ads)
is stable up to Ts=200 K15 on the terrace sites of Pt(111). For Ts>200 K dehy-
drogenation leads to CH(ads) on the hollow sites!16. Figure 3-10 a) shows the
RAIR spectrum for the symmetric C-H stretch vibration of CHs(ads) on Pt(111)
with a single peak at 2881 cm-1.

Dissociation of methane on the stepped Pt(211) surface yields a RAIR spec-
trum with two peaks in the C-H stretch region at 2886 cm-! and at 2903 cm-1.
Comparison with the spectrum shown in Figure 3-10 a) taken for deposition
on Pt(111) leads us to assign the 2886 cm-! to CH3(ads) on the terrace site and
the 2903 cm! peak to CHs(ads) on the step site. The absence of a third peak
that could be assigned to CHz(ads) on the corner sites is consistent with a much
higher barrier for dissociation on these sites, calculated by DFT as 183
k] /mol199. A confirmation of the assignment of CH3(ads) on the step and ter-
race sites is presented below. Also, the observed vibrational frequencies are
given with their assignments in Table 3-3.
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Figure 3-10 b) also shows a peak at 2979 cm-! which we assign to the antisym-
metric C-H stretch of CH3(ads) on the steps sites. On the terrace sites, this vi-
bration is not observed due to the surface selection rule for RAIRS which states
that only adsorbate vibrations with a transition dipole component along the
surface normal can be detected!!”. For CH3(ads) on a terrace site, with a local
symmetry of C3v118, there is no dipole moment component along the surface
normal for the antisymmetric C-H stretch mode. However, for CH3(ads) on the
step sites, a small tilt angle of the methyl group’s Csv axis away from the micro-
scopic surface normal could lead to a small dipole component along the surface

normal.
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Figure 3-10. RAIRS detection of CHz adsorbed on a) Pt(111), b) Pt(211) and c)
Pt(110)-(1x2) at Ts=120 K. CHs(ads) was generated by dissociative chemisorption of
CH4 with incident translational energies in the range of 62-65 kJ/mol.

A RAIR spectrum for the dissociation of methane on the highly corrugated
Pt(110)-(1x2) surface is displayed Figure 3-10 c). A single RAIRS peak is de-
tected at 2905 cm-! which is assigned to the symmetric stretch vibration of
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CHs(ads) on the ridge atoms of the Pt(110)-(1x2) surface since we expect the
ridge atoms to be the most reactive ones on this surfacel0l. The assignment to
CHs(ads) on the ridge atoms of Pt(110)-(1x2) is consistent with the assign-
ment of the 2903 cm! peak to CH3(ads) on the step atoms of Pt(211), since the
two sites have the same coordination number of 7. Previous studies for CO ad-
sorption have shown that the singleton frequency of CO(ads) on Pt is a linear
function of the coordination number of the substrate atom where the CO mol-
ecule is adsorbed1°.

Surface Site Frequency (cm1) Mode assignment
Pt(111) Terraces 2881 Symmetric C-H stretch
Terraces 2886 Symmetric C-H stretch
Pt(211) Steps 2903 Symmetric C-H stretch
2979 Antisymmetric C-H stretch
Pt(110)-(1x2) | Ridges 2905 Symmetric C-H stretch

Table 3-3. Assignments of RAIRS peaks observed for nascent methyl products of CHs
dissociation on Pt(111), Pt(211), and Pt(110)-(1x2) at Ts=150 K. Peak frequencies are
taken from spectra in Figure 3-10.

A confirmation of the peak assignments for CH3(ads) on the step and terrace
sites was obtained by passivating the step sites with CO(ads). CO adsorption
on platinum surfaces has been extensively studied using RAIRS and its vibra-
tional frequencies on different surface sites are well-known?8>95120121 Figure
3-11 shows a series of spectra taken during deposition of CO at different expo-
sures. Both, the region of the spectra associated with bridging CO and CO ad-
sorbed on the top sites of steps and terraces are shown.

At low coverages, a single peak appears at 2064 cm-1, corresponding to CO ad-
sorbed on top of a step atom (“atop-CO”). With increasing coverage, this peak
shifts to higher frequencies and it reaches a maximum frequency of about 2078
cm-1 Simultaneously, other peaks appear in the spectrum: the atop-CO bonded
to the terrace site, which at first appears as a shoulder of the step peak, at 2091
cm-1, and two other peaks associated to bridge-CO bonded to steps and ter-
races (at 1883 and 1894 cm1). With further increasing the coverage, the peak
assigned to atop-CO on the terrace grows, while the peak associated with atop-
CO on the step decreases in height and becomes wider. The assignment of
these four peaks is in good agreement with previous studiesss.
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Figure 3-11. RAIR spectra following adsorption of CO on Pt(211) at Ts=150 K at dif-
ferent doses (in Langmuir).

For both, atop- and bridge-CO configurations, the step peak appears red-
shifted with respect to the terrace peak. This frequency order has been ex-
plained before based on the different electronic properties that the terraces
and the steps present122123, Due to a different electron charge distribution in
the vicinity of the atomic steps of the surface, the steps are positively charged
with respect to the terraces. Therefore, there is a rather strong localized elec-
tric field parallel to the surface which yields to a lateral surface Stark effect
acting on molecules adsorbed near these defects. In the case of CO, this Stark
effect gives rise to a split in the 27" molecular orbitals that are degenerate,
turning into a filling of this orbital by charge electron transfer from the metal
valence band (“backdonation mechanism”). Since the 2" molecular orbitals
have an antibonding nature, a large filling of these orbitals upon chemisorption
weakens the C-O bond, yielding a lower frequency on the steps than on the
terraces.

Spectra following annealing of the Pt(211) surface previously dosed with CO
at 150 K is presented in Figure 3-12. Spectra were obtained after heating the
surface to the specified temperatures and cooled down to 150 K to measure a
spectrum. Up to Ts=180 K, the peak assigned to atop-CO bonded to the terrace
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increases its intensity and shifts to lower frequencies. This effect has been ob-
served before8> and attributed to ordering of the CO molecules bonded to the
terraces. After heating to 250-300 K, only the peaks assigned to atop- and
bridge-CO adsorbed on the steps are observed due to the desorption of the
more weakly bound CO on the terraces.
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Figure 3-12. RAIR spectra following annealing to different surface temperatures after
saturation of the Pt(211) surface with CO at Ts=150 K.

By heating the surface to Ts=400 K after CO saturation, I managed to prepare
the Pt(211) surface with the more reactive steps being passivated with CO yet
leaving the terraces clean. After this preparation, the surface was exposed to a
molecular beam of 3% CHa4 in He at Etrans=65 kJ/mol. Figure 3-13 shows the
spectrum obtained after 45 min deposition of the molecular beam of methane.
For comparison, a spectrum obtained after a deposition under the same mo-
lecular beam conditions but on a clean Pt(211) surface is displayed. The selec-
tive detection of the peak previously assigned to CH3 adsorbed on the terrace
sites confirms the frequency assignment for CHs on step and terrace sites.
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Figure 3-13. RAIR spectra following 45 min deposition of a 3% CH4 in He molecular
beam at Eqans=65 k] /mol at Ts=150 K: a) on the Pt(211) whose steps were previously
passivated with CO, b) on a clean Pt(211) surface.

As it is presented in Table 3-3, the symmetric C-H stretch of CH3(ads) on the
steps is blue-shifted by 17 cm-1 with respect to CHsz(ads) on the terraces. In the
case of CO, as it is mentioned above, the order in the frequencies for CO ad-
sorbed on the steps and on the terraces is the opposite to that observed for
CHs. Naively, one could expect the same order for CHs: if the carbon atom is
more strongly adsorbed to the step Pt atom that to the terrace Pt atom, the C-
H vibration would be expected to be weaker, yielding a lower C-H stretch fre-
quency for CHs(ads) on the steps than on the terraces.

The groups of Prof. Fabio Busnengo, Prof. Bret Jackson and Prof. Geert-Jan
Kroes have used DFT calculations to predict the vibrational frequencies for
CH3(ads) on steps and terraces. DFT predicts a lower vibrational frequency for
the symmetric C-H stretch mode of CHs(ads) adsorbed on the steps than for
adsorption on the terrace sites, opposite to what we observe in our experi-
ment. Moreover, Busnengo and coworkers predict CH3(ads) on the steps and
ridges of Pt(211) and Pt(110)-(1x2) to be less stable than CHs(ads) on the ter-
race sites with calculated dissociation barriers of 22 k] /mol and 80 kJ/mol for
CHs(ads) on step and terrace sites, respectively. Based on these results,
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Busnengo et al. suggest that CHz(ads) is the stable dissociation product of me-
thane on the steps and ridges at surface temperatures of Ts=120-150 K. The
instability of CH3(ads) could be due to rapid diffusion of the adsorbed methyl
species along the steps and ridges, allowing CH3 to reach bridge sites, where
they could dehydrogenate into CHz(ads) with an activation barrier of 16
k] /mol. This leads Busnengo et al. to suggest that the stable products of me-
thane dissocation on Pt(211) are CH3 adsorbed on the top-terrace sites and
CH2 adsorbed on the bridge-step sites. DFT predicts a higher symmetric C-H
stretch frequency for CHz(ads) on the steps than for CHs(ads) on the terrace
sites as long as there are two H atoms adjacent to the CHz(ads) on the steps.
While this seems like an interesting example of self-organization of molecular
species on a stepped single crystal surface, there are still some inconsistencies
between this hypothesis and our experimental results. Further theoretical and
experimental investigation are needed in order to arrive at a definite answer
why the observed RAIRS frequencies are not reproduced by DFT calculations.

3.3.2. Coverage dependence of the RAIRS spectra and uptake
curves

Since RAIRS does not interfere with the chemisorption reaction, it can be used
to monitor uptake curves for the methane dissociation products during the
molecular beam deposition. Figure 3-14 a) shows the evolution of the RAIR
spectra with increasing incident dose for a 3% CH4 in He molecular beam at 62
k] /mol incident energy on the Pt(211) surface. Each spectrum is an average of
1024 scans with 4 cm1 resolution which takes about 2.5 min to record.

Figure 3-14 b) shows the integrated peak area for the CH3 adsorbed on the step
and terrace sites of Pt(211) as a function of incident dose of CH4. From both
Figure 3-14 a) and b) we note a faster adsorption of methane on the steps than
on the terraces, indicating a higher reactivity on the lower coordinated step
sites. This is consistent with calculated barrier heights for dissociation of CH4
on steps and terraces of Pt(211) and thereby provides further confirmation of
our assignment of CHs(ads) vibrational frequencies on step and terraces sites.

The incident dose of CH4 on the Pt surface was calculated as the product of the
flux (equation (2.2)) and the exposure time. In order to express the dose in
monolayers (ML), the surface atom density of the different surfaces was taken
into account (1.5 101> Pt atoms/cm?2 on Pt(111), 1.59 10> Pt atoms/cm? on
Pt(211) and 1.84 1015 Pt atoms/cm?2 on Pt(110)-(1x2)).
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The data points in the uptake shown in Figure 3-14 b) were fit using a modified
Langmuir fitting model24. This model assumes that there is no interaction be-
tween the incident molecules and the surface adsorbates. Therefore, the prob-
ability that a molecule dissociately adsorbs on the surface is proportional to
the initial reaction probability (S,) multiplied by the number of available or
“free” sites on the surface:

do

= = So(1- ns0)* (3.2)
where 6 is the coverage, ¢ is the dose, ng is the number of sites blocked by each
adsorbate on the surface, and ¢ is the number of free sites that the new me-
thane molecule needs to dissociate. The initial sticking coefficient corresponds
to the initial slope of the uptake curve.

Previously, £ was considered equal to 2, since two surface sites are needed for
the dissociation of each methane molecule into adsorbed methyl and hydrogen
fragments. However, we found that § = 2 does not provide the best fitting for
the measured RAIRS uptake curves.

On the Pt(211), the fits on each site were done independently, assuming that
the CHs(ads) uptake on the steps was not influenced by the CHs(ads) on the
terraces and vice versa. On both step and terrace sites of Pt(211), as well as on
the ridges of Pt(110)-(1x2), the best fit was obtained for § = 1. The first expla-
nation that comes to mind is that it may be that the H(ads) does not adsorb on
any of those sites and therefore only one site is needed for the CH3(ads) to dis-
sociate. However, DFT calculations predict the most stable site for H(ads) on
Pt(211) to be the bridge site between two step atoms. Hence, either the
CHs(ads) on the step “kicks” the H(ads) out of the step during the reaction, or
the higher reactivity on the steps allows for having a step atom bonded to a H
atom and a CHs(ads).

On the Pt(111), the best fit was achieved when using § = ny (i.e. the number of
sites blocked by each adsorbate on the surface is the same as the number of
free sites that the new methane molecule needs to dissociate). By having n; as
the power, we account for the fact that whilst there may be two free adjacent
sites on the surface, the molecule may not adsorb. The molecule may need
more free sites on the surface due to, for example lateral repulsions between
CHs adsorbates. The number of free sites that the incident molecule needs to
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dissociate can also change with incident translational energy, leading to an in-
crease in saturation coverage with increasing translational energy?2>.

&
5
a) ;! b)
A 5 4.0E-04 FF T T T T =
0.02% 0% |~ E,....=62kJ/mol
| | S trans
WV 200 ML s
o < 3.0E-04|-
c 1 c
S N/ 100ML| D
g | ®
o I c
D P .0 04 |
2 ! som| = 2.0E-04
1 | —_
1 (@]
| (D]
y §
| 4OMLI "0 1 0E-04}-
(. T
- @)
‘/:\»/L 15 ML
L ] — 0.0E+00 P! ] ] ] ] ]
2800 2850 2900 2950 3000 0 40 80 120 160 200
Wavenumber (cm) Dose (ML)

Figure 3-14. a) RAIR spectra taken during exposure of the Pt(211) surface at different
incident doses of CHs at Ewrans=65 k] /mol and Ts=120 K. b) Uptake curves for CHz(ads)
on the steps (orange) and on the terraces (blue). The solid lines are fits to the data
obtained using eq. (3.2) with § = 1.

In order to test if CHs(ads) diffusion occurs at Ts=120 K on Pt(211) as pro-
posed by Papp et al. for Pt(533) and Pt(322)99, Pt(211) was exposed to a mo-
lecular beam with incident translational energy Etrans = 56 k] /mol. At this inci-
dent energy, CH3(ads) uptake is detected only on the steps, confirming the
lower barrier for methane dissociation on these sites. After 15 minutes depo-
sition at Etrans = 56 k] /mol and with the steps now saturated with CHs(ads), the
molecular beam deposition was stopped for 2 minutes. If dissociation would
also occur on the terraces at Etrans = 56 k] /mol but rapid diffusion causes the
CHs(ads) to move to the step sites as proposed by Papp et al.??, we would ex-
pect to detect an increase in terrace peak height once the steps are saturated.
This was not observed. As shown in Figure 3-15, the terrace peak only starts
to grow after the incident energy is raised to Etrans = 65 k] /mol. Therefore, this
experiment excludes the possibility for diffusion at Ts=120 K which is con-
sistent with a calculated barrier of 64 k]/mol1% by DFT for methyl diffusion
from the terraces to the steps.

73



Chapter 3. Influence of the surface atomic structure on the reactivity of methane on Pt

4E-04 —
- Etrans 56 kJ/mol . Etrans 65 kJ/mol
3‘ [l
S 3E-04 + : :
a [
C : : .
2 3E-04| o\
[l
S ¥ e
g_ 2E-04 g 0u®
@ =
Q [l o0
® 8E-05f o
o [l [ ]
5 ' e Steps
('Y
© OE+00 | ’.000.0. ..o it 4 e Terraces
0 5 10 15 20 25 30
Time (mins)

Figure 3-15. RAIRS uptake curve for methane dissociation on the terraces (blue) and
steps (orange) at Ts=120 K. During the first 15 min, the incident CH4 had an incident
energy Ewans=56 KkJ/mol and CHj3 is detected only on the steps. The molecular beam
was then stopped and the incident energy was increased to Eians=65 kJ/mol. At this
incident energy, CHs is observed also on the terraces.

3.3.3. Calibration of RAIRS intensities

An important aspect of RAIRS is that the measured absorption peak intensity
depends on the transition dipole moment of the detected vibration at the sur-
face. The surface dipole selection rules states that the absorption is propor-
tional to the component of the transition dipole moment normal to the surface.
For this reason, a determination of the coverage of a particular species on the
surface requires a calibration between the adsorbate coverage and the RAIR
absorption signal for the vibrational mode of interest. In this chapter, I focus
on the dissociative chemisorption of methane on different sites of platinum
surfaces. Thus, a calibration of the RAIRS absorption signal for the correspond-
ing methyl product CHs on each site is necessary in order to obtain the cover-
age from the RAIR spectra. Moreover, since the geometry of CHs adsorbed on
the different surface sites is likely to be different, the magnitude of the transi-
tion dipole moment of a particular vibration of CHs on different sites is differ-
ent.

The CH3 symmetric stretch vibration displayed in Figure 3-10 was chosen to
monitor the reaction since it is the most sensitive vibration of CHs(ads) de-
tected with RAIRS. Below, I present the calibration performed on the different
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sites of the surfaces individually as two different methods were used to obtain
the calibrations.

3.3.3.1. RAIRS calibration for CHz(ads) on Pt(111)

The calibration from CHs(ads) RAIRS absorption signal to C coverage on the
Pt(111) surface was performed using Auger Electron Spectroscopy (AES) de-
tection.

The main idea of this calibration is represented in Figure 3-16. First, the C/Pt
AES signal ratio was calibrated in terms of coverage with a known saturation
coverage of carbon on the Pt(111) surface. For this purpose, we used a self-
limiting reaction (Cz2H4 chemisorption on Pt(111)) which produces a well-
known saturation coverage of 0.5 monolayers (1 ML=1.5-1015 Pt atoms/cm?2)
of carbon on a Pt(111) surface at 140 K126, With the surface positioned in front
of the AES analyzer, we leaked C2H4 in the UHV chamber at a pressure of
3.3-10-8 mbar and recorded AES spectra every 15 s. After each AES scan, the
surface was moved with respect to the Auger electron beam in steps of 0.5 mm
to reduce the contribution from any carbon generated by the electron gun. Fi-
gure 3-17 shows how the C/Pt ratio increases with C2H4 dose until it reaches
a plateau at about 1.5 L dose. The C/Pt data points were fit using a modified-
Kisliuk model127. C2H4 is known to react on Pt(111) both via precursor-medi-
ated adsorption and Langmuir-type adsorption kinetics128129, From this fitting
function, we obtain a C/Pt AES signal ratio of 0.4 for the plateau, which corre-
sponds to the well-known 0.5 ML Carbon saturation coverage. Therefore, a
value of 0.80 * 0.01 is used to convert from C/Pt ratio to carbon (methyl) cov-
erage.

RAIRS AES N Absolute
(Absorption) (C/Pt)  known coverage seif— Coverage
Ilimiting reaction
(CoHy/PL(111))

Figure 3-16. Steps of the calibration needed to convert our RAIR signal to absolute
coverage.
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Figure 3-17. AES peak-to-peak ratio C(272 eV)/Pt(237 eV) as a function of C;H4 dose
on Pt(111) at Ts=140 K. The solid line is a fit of the data based on a modified-Kisliuk
model that gives a C/Pt at the plateau of 0.4 which corresponds with the known 0.5
ML carbon saturation coverage (right axis).

Once the AES signal was calibrated in terms of carbon coverage, we proceeded
to the RAIRS absorption signal calibration by recording the RAIR spectra and
the C/Pt Auger ratio in the same experiment. For this, we performed several
depositions of a molecular beam of CH4 each leading to a different carbon cov-
erage produced by different incident molecular beam energies.

Figure 3-18 shows the RAIR spectra (a)) and uptake curves (b)) as well as the
Auger carbon spots (c)) after several depositions performed at different inci-
dent energies and therefore leading to different amounts of CHs on the surface.
To determine the conversion factor from peak height to coverage, a straight
line was used for the fitting (Figure 3-18 d)). This linear dependence is justified
by the weak transition dipole of the symmetric C-H stretch mode of CHs. The
absorption peak height to coverage conversion factor is calculated as the linear
fit gradient divided by 0.80 to account for the conversion between C/Pt and
carbon coverage, yielding a factor of 249 + 28 that we need to multiply to the
peak height in order to get the coverage in ML.
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Figure 3-18. CHz RAIRS calibration on Pt(111): a) The final RAIR spectra for different
incident doses, each of them obtained by averaging 4096 scans; b) CHs uptake curves
recorded during the depositions; c) Auger scans taken after every deposition meas-
urement; d) C/Pt AES signal ratio vs RAIRs absorption peak signal for the CHz sym-
metric stretch peak at 2881 cm-1.
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3.3.3.2. RAIRS calibration for CHz(ads) on
Pt(110)- (1x2)

The calibration for the CHs RAIRS signal on the ridges was performed using
the K&W method. Figure 3-19 shows the K&W trace and the CH3(ads) uptake
curve measured on Pt(110)-(1x2) at Etrans = 62 kJ/mol and Ts = 120 K. Both
traces were measured simultaneously. Using the K& W method, we obtained
an absolute measurement of the initial sticking coefficient 6398, In the case of
RAIRS, the same value of the sticking coefficient should be extracted from the
initial slope of the Langmuir fitting model using equation (3.2). Therefore, us-
ing the absolute So obtained using K&W, the factor needed to convert the ab-
sorption signal into coverage can be extracted from the scale needed to bring
the initial slope of the RAIRS uptake to the actual absolute So obtained using
K&W. This procedure was repeated 4 times, and the average result was used
to convert from CHs absorption signal to coverage. The conversion factor is
presented in Table 3-4.
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Figure 3-19. The dissociation of CHa4 at Eans=62 kJ/mol on Pt(110)-(1x2) at Ts=120 K
was studied by K&W and RAIRS in the same experiment: a) shows the time depend-
ence trace of the Sticking coefficient measured by K&W. The dashed red line corre-
sponds to the fit to the data using a double exponential decay; b) RAIRS uptake curve
fit using equation (3.2).
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3.3.3.3. RAIRS calibration for CHz(ads) on Pt(211)

The CH3s(ads) RAIR signal on the step sites of Pt(211) was calibrated using
K&W following the same procedure as for Pt(110)-(1x2). Monitoring the dep-
osition by K&W and RAIRS simultaneously at Etrans=65 kJ/mol and Ts=150 K
and assuming that the contribution from dissociation on the terrace sites to
the So measured with K&W was negligible, the calibration factor was obtained.

The conversion factor for CH3(ads) on the terraces of the Pt(211) surface was
assumed to be the same as for CHsz adsorbed on the Pt(111) surface. However,
the energetics of methane chemisorption on the terraces of Pt(211) and
Pt(111) are different. Therefore, an error may be included in this calibration.
For this reason, I tried to improve the calibration for CHs on the terraces of
Pt(211) by using AES. However, the detection limit for AES was not good
enough to allow for a CHs calibration on the terrace sites.

The calibration factors used for Pt(111), Pt(211) and Pt(110)-(1x2) are shown
in Table 3-4. It can be seen that RAIRS is more sensitive to CH3 vibration on the
terrace sites in comparison with the step and ridge sites, indicating a smaller
component of the transition dipole moment perpendicular to the surface when
the CHs is adsorbed on the step and ridge atoms.

Surface Site Calibration factor
(ML/Absorption unit)
Pt(111) Terrace 248
Terrace 234
Pt(211) Step Cacs

Table 3-4. Conversion factors from CH3 absorption signal (using the peak height of the
CH3 symmetric stretch peak) to coverage (in ML, taking into account the different sur-
face atom densities of the different surfaces).

3.3.4. Site-specific sticking coefficients

Due to the site-specific detection capabilities of RAIRS, the “site-specific initial
sticking coefficients (S3:¢)” were measured for the terrace sites on Pt(111)
and Pt(211) as well as the steps of the Pt(211) surface and the ridges of the
reconstructed Pt(110)-(1x2) surface. We define the site-specific sticking coef-
ficient as the reaction probability for a molecule incident on a specific site of
the surface. Therefore, when converting the total measured sticking coefficient
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to the site-specific sticking coefficient one needs to take into account the frac-
tional density of the specific type of surface site (step, terrace, ridge...). For ex-
ample, while on Pt(111), the fractional area of terrace sites is 1, on Pt(211) the
fractional area of the terrace sites is only 1/3 because there are also an equal
number of step and corner sites. The total sticking coefficient can be expressed
as:

So(total) = Z p; S (3.3)
i

where p; is the fractional density of the i surface site and S¢ the site-specific
initial sticking coefficient on that site.

The definition of site-specific initial sticking coefficients allows for comparison
of the specific reactivity of different surface sites. In order to determine the
surface-site-specific sticking coefficients from the site-specific RAIRS uptake
curves, the fractional incident dose on each of the different surface sites was
taken into account. To do so, the total incident dose on the surface calculated
from equation (2.2) was converted to the fractional dose on each site. On the
Pt(211) surface, the fractional dose on each site (step, terrace and corner) was
assumed to be 1/3 of the total incident dose since the surface layer consists of
these three types of atoms in equal proportion. On the Pt(110)-(1x2) surface,
the incident dose on the ridge atoms was assumed to be 1/4 of the total inci-
dent dose.

Figure 3-20 shows a comparison of the S§**¢ values for the different sites on

the three different Pt surfaces as a function of incident translational energy. To
better visualize the trend in So as a function of incident energy, the So points
were fit using equation (3.1).

For all the incident energies studied, we observed the highest reactivity for the
lowest coordinated step and ridge sites. On Pt(211), DFT studies predicted a
barrier for CH4 dissociation on the terraces of 84 k] /mol, while on the step sites
the lowest barrier for dissociation was found to be 42 kJ/mol, result that
agrees very well with these experimental observations105,
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Figure 3-20. Site-specific initial sticking coefficient So vs. incident translational energy
(Etrans): terrace sites of Pt(111) (Ts=150 K, green), the ridges of the Pt(110)-(1x2) sur-
face (Ts=120 K, red), and the steps (orange) and terraces (blue) of the Pt(211) surface
(Ts=120 K). The solid symbols are Sy as a function Egans measured normal to the mac-
roscopic surfaces. The open symbol Sy vs. Etans normal to the (111) terrace of the
Pt(211) surface which are tilted by 19.5° relative to the 211 crystal plane. The solid

lines corresponds to the fit to the experimental data points obtained using equation
(3.1)

We find the Pt(110)-(1x2) ridge sites to have a slightly lower sticking coeffi-
cient than the step sites on Pt(211), being the reactivity a factor of ~2 higher
on the step sites, while both have the same coordination number CN=7. This is
in qualitative agreement with theoretical results previously reported#>.104.105,
By fitting the measured kinetic energy dependence of the site-specific sticking
coefficients So both for the steps and the ridges using equation (3.1) with a
constant asymptote A and width W for the distribution of barrier heights (0.17
and 15 respectively), we obtain an average Eo activation barrier height of
about 3 kJ/mol higher for the ridges than for the steps. This difference in the
average barrier height obtained experimentally is smaller than the difference
in the minimum barriers for dissociation on the steps and ridges calculated by
DFT. Chadwick et al.1%% predicted a 10 k] /mol higher barrier for CHD3 dissoci-
ation on the ridges than on the steps. Jackson and coworkers have reported
higher minimum PBE barriers on the ridges by 21.7 kJ/mol than on the
Steps45:105,
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At the beginning of this chapter, I reported a comparison between the experi-
mental sticking coefficients for CHD3 on Pt(110)-(1x2) measured at Ts=650 K
using the K&W method and the ones predicted by ab initio quasi-classical tra-
jectory calculations. Both experiment and theory agree very well at high inci-
dent energies but disagree for incident energies lower than 110 k]J/mol. Good
agreement was found between the calculated and measured reactivities at the
low energies as long as some contribution to the dissociation from molecules
trapped on the surface was included in the theoretical sticking coefficients.

This trapping mediated channel on Pt(110)-(1x2) could explain why the meas-
ured reactivities on this surface are larger than predicted by theory and why
the difference between the sticking coefficients for the steps and the ridges is
smaller than that predicted by DFT. However, the existence of trapping medi-
ated dissociation could not be confirmed by our experiments. The lifetime of
physisorbed CH4 on Pt(110)-(1x2) at Ts=120 K is around 32 ms1%4, Taking into
account the flux of incident molecules on the surface, we expect to have less
than 0.8% of a ML of CH4 on the surface at any given second, assuming that all
the CH4 in the molecular beam would physisorb on the surface, which is not
realistic. Assuming that only a small fraction of the indicent CH4 would trap on
the surface, most probably the limits of detection of our RAIRS setup would
not allow us to observe CH4 as the precursor for CHs dissociation on the
Pt(110)-(1x2) surface.

Another interesting feature visible in Figure 3-20 is the different reactivity of
the terraces of the flat Pt(111) surface and the terraces of Pt(211) which was
assumed to be the same in previous studies®”.99. Although the coordination
number is the same for the terraces on both surfaces, the Pt(111) terraces
show a higher reactivity. A possible reason for this discrepancy is the different
normal incident energies onto the terraces of Pt(111) and Pt(211) surfaces.
Since the (111) microfacets of the Pt(211) surface are tilted with respect to the
macroscopic (211) surface plane by 19.5°, the incident normal energy onto the
211 terraces is lower by a factor of cos?(19.5°) = 0.63 compared to the 111
terraces for a molecular beam incident normal the macroscopic surface plane.
Using this correction for the local normal incident energy, | obtained the open
symbols shown in Figure 3-20, which bring the So on the terraces of the
Pt(211) surface closer to the So on the terraces of Pt(111). The remaining hor-
izontal offset between the data points for Pt(111) and the corrected So values
for the terraces of Pt(211) is approximately 5 k] /mol.
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A higher barrier for dissociation on the terraces of the Pt(211) has been also
predicted by DFT calculations: Jackson and coworkers10> predicted a 17
k]J/mol higher barrier on the terraces of Pt(211) while Busnengo et al.19¢ ob-
tained a difference between both barriers of 3 kJ]/mol. Moreover, Busnengo
suggests that the relatively small difference between the activation energies
that he finds on the two terrace sites is likely due to a compressive strain effect.
The average distance between the terrace atoms and their nearest neighbors
on Pt(211) is 2% smaller than for the terrace atoms on Pt(111), due to the
stepped (211) surface relaxation. According to the d-band model, which I will
explain below, such a compressive strain produces a downshift of the d-band
center for metal atoms with more than half-filling of the d-band like Pt which
in turn causes a decrease of reactivity.

Overall, these results demonstrate that the coordination number of the surface
atoms where adsorption takes place is not the only factor which determines
the site-specific reactivity and that the local environment surrounding the sur-
face site also plays a role. Calle-Vallejo et al.13% proposed the use of the gener-
alized coordination number (CN) that takes into account the coordination
number of the nearest neighbor atoms. Therefore, this number can take into
account the main difference between the (111) terrace of the stepped and the
flat surfaces as well as the difference between the steps on Pt(211) and the
ridges of Pt(110)-(1x2). However, the generalized coordination number is
higher on the terraces of the Pt(111) surface (CN =7.5) than on the terraces of
the Pt(211) (CN =7.33), and it is also higher on the steps of Pt(211) (CN =5.5)
than on the ridges of the Pt(110)-(1x2) (CN =5.16). Therefore, a higher reac-
tivity would be expected on the terrace sites of the Pt(211) than on the terrace
sites of Pt(111), and a higher reactivity would be expected on the ridges of
Pt(110)-(1x2) than on the steps of Pt(211) opposite to the experimental re-
sults observed here.
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3.4 The electronic structure factor: d-band theory

This section is meant to explain in a very concise and simple way the
d-band theory that can be used to explain the results observed in this chapter
in a qualitative way.

The effective medium model!3! approximates the interaction between the ad-
sorbate and the surface as the sum of three components: the core-core repul-
sion, the interaction of the adsorbate with the s- and p-bands of the metal and
the interaction of the adsorbate with the d-band of the metal. The first term
can be accurately approximated by a core-core potential. In their model, Ham-
mer and Ngrskov132 consider that the s and p states would lead to a broadening
and a shift of the atomic level to lower energies. They considered that the con-
tribution from these states can be modelled by the interaction of the adsorbate
with an uniform electron gas (jellium model). They predict that the trends in
the reactivities can be understood by looking at the interaction between the
molecule energy levels and the metal d-bands of the surface. In particular, the
d-band model suggests considering the interaction between the molecule en-
ergy levels and the center of the d-band of the surface.

Figure 3-21 shows a schematic drawing of the interaction between a molecule
and a surface using their d-band model. The interaction with the d-band of the
metal splits the atomic level into a bonding and anti-bonding state with respect
to the surface-molecule bond. If the bonding and anti-bonding states are occu-
pied, the total energy is raised and the interaction would be repulsive. On the
other hand, if the Fermi level is below the anti-bonding state, this state won'’t
be (fully) occupied, resulting in an attractive molecule-surface interaction. It is
therefore the position of the Fermi energy level that dictates if the anti-bond-
ing state is fully, partially occupied or empty and so if the reaction is repulsive
or attractive.
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Figure 3-21. Schematic drawing of the interaction of an atomic level with the metallic
states of a transition metal surface. The atomic level is broadened and shifted down
due to the interaction with the s and p states (jellium model). The interaction with the
center of the d-band splits the atomic level into a molecule-surface bonding and anti-
bonding contributions. Reproduced with permission from!33.

The d-band model can be also applied to justify the differences in reactivity
observed on stepped surfaces134135, In a simple tight-binding picture, the effect
of having low coordination sites on the surface is to decrease the width of the
d-band. Let us then imagine the implication of this reduction in the bandwith
of the d-band for a late transition metal with a more than half-filled d-band like
platinum. If the center of the d-band is kept fixed, the occupation of the d-band
increases due to the reduction of the bandwidth that brings the whole band
below the Fermi energy level. However, the number of d-electrons must be
conserved obeying the charge conservation. Therefore, the center of the d-
band needs to shift up so the number of occupied states is constant, as it is
shown in Figure 3-22.

The shift-up of the center of the d-band yields a higher anti-bonding molecule-
surface orbital, which will be less occupied that in the case of a flat surface
whose d-band center is lower. Hence, adding lower coordinated sites on the
surface of a late-transition metal is predicted by the d-band model to increase
the binding energy of the adsorbates on these sites. According to the Brgnsted-
Evans-Polanyi relationship36.137, this increase in the binding energy of the ad-
sorbates on the low coordinated sites causes a decrease in the barrier height
for dissociation on these sites.
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On platinum, the binding energies of several undercoordinated Ptx atoms de-
posited on a Pt(111) surface were measured using high energy resolution core
level photoelectron spectroscopy!38. The lower the coordination of the Pt at-
oms, the lower the binding energy measured relative to the bulk core energy
position on Pt(111). By combining these experimental binding energies with
DFT calculations, the authors showed a linear relation between the d-band
center shift and the atomic coordination number for the different undercoor-
dinated Ptx atoms.
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Figure 3-22. Schematic illustration of the effect of reducing the coordination of the
surface atoms. From the right to the left: a) a more than half-filled d-band; b) the re-
duced width of the d-band due to the lower coordination of the surface atoms; c) up-
shift of the d-band because of charge conservation; d) the molecule-surface bonding
and anti-bonding orbitals; e) a free molecule orbital.

Interestingly, on early transition metal surfaces with a less than half-filled d-
band, the opposite effect is predicted!35. A narrowing of the d-band due to low
coordinated sites would induce a shift-down of the center of the d-band be-
cause of charge conservation. This would induce a lowering in the anti-bond-
ing molecule-surface orbital and therefore a filling of this orbital that would
turn into a more repulsive interaction than on the flat surface.

This model has been used to qualitatively understand the trends in the reac-
tivity of transition metal surfaces. However, there are some cases where the

86



Chapter 3. Influence of the surface atomic structure on the reactivity of methane on Pt

position of the center of the band does not correlate with the reactivity of the
surface as it was found recently for the interaction of H2 on a Cu(211) surface
where the steps were found to be less reactive than the terraces49,

Here we can use it to explain in a qualitative way why the reactivity on the less-
coordinated ridges or steps is higher than on the more coordinated terraces.
An interesting experiment that we could perform in the future in our lab is the
comparison of the reactivity of low and high coordinated sites on an early tran-
sition metal such as tungsten, where the low coordinated sites are expected to
be less reactive than the high coordinated sites.

3.5 Quantum state- and surface-site-specific sticking coeffi-
cients for CHs(v3)/Pt

In this section, | present state- and site-resolved initial sticking coeffi-
cients for the dissociative chemisorption of CH4 on Pt(110)-(1x2) and I com-
pare the role of rovibrational laser excitation of the incident methane on the
chemisorption on different surface sites of Pt(111), Pt(211), and Pt(110)-
(1x2).

Previous quantum state resolved studies have investigated the effect of rovi-
brational excitation on the reactivity of CH4 on Ni(100)17.20139 Ni(110)31,
Ni(111)31140141 Pt(111)51.125141 and Pt(110)-(1x2)%! surfaces. Among these
studies, it has been demonstrated that the ability of vibrational energy to pro-
mote the dissociation of methane strongly depends on the vibrational mode in
which the molecules are excited (i.e. mode specificity). For instance, excitation
of the symmetric C-H stretch normal mode vi1 of CH4 has been shown to be
more efficient in promoting dissociation than excitation of the antisymmetric
C-H stretch normal mode v3 for the CH4 dissociation on Ni(100)71%, even
though the two modes contain nearly the same vibrational energy. This mode
specific CH4 reactivity was predicted by Halonen et al.1#? on the basis of a vi-
brationally adiabatic model that simulates the normal mode evolution of CHa
as a function of surface distance using a model potential for the molecule/sur-
face interaction. The vi symmetric C-H stretch normal mode far from the sur-
face transforms by the interaction with the surface into a localized stretch vi-
bration of the C-H bond that points toward the surface. On the other hand, CH4
initially excited to the antisymmetric stretch mode v3 evolves into a C-H stretch
vibration localized in the CH3 group pointing away from the surface. Based in
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such “surface-induced vibrationally adiabatic intramolecular vibrational energy
redistribution (IVR)”, the authors predicted that vi excitation of CH4 should
lead to a larger dissociation probability than excitation of vs.

The effect of excitation of 2vs, the first overtone of the antisymmetric C-H
stretch vibration of CH4, for promoting dissociation on Pt(111) and Ni(111)
was measured and compared for the two surfaces4l. The ground-state reac-
tivity on Ni(111) was found to be approximately 3 times lower than on Pt(111)
and the reactivity of CH4(2v3) was observed to be larger on Ni(111) than on
Pt(111). Previous experiments by Luntz and Bethune!10 also observed a higher
vibrational efficacy of thermally populated states in a hot nozzle on Ni(111)
than on Pt(111). These observations have been explained by the structure of
the transition state. The transition state for CH4 dissociation on Ni(111) shows
a more elongated reactive C-H bond than on Pt(111)143. By exciting the over-
tone of the stretch vibration and therefore elongating the C-H bonds, the vibra-
tional energy is placed very efficiently in the reaction coordinate for dissocia-
tion on Ni(111). This transition state geometry is typical from a late barrier18:
a later barrier for dissociation of CH4 on Ni(111) than on Pt(111) would ex-
plain why vibrational energy is more efficient than translation in promoting
dissociation on Ni(111).

Here, I report the first state resolved measurements of the CH4(v3) reactivity
on Pt(110)-(1x2). Figure 3-23 shows the state- and surface-site resolved stick-
ing coefficients So(v3) at Ts=120 K, as well as the laser-off sticking coefficient.

For the laser-on experiments, since not 100% of the incident molecules are
excited, one needs to take into account the excitation fraction in order to ex-
tract the state-resolved So using:

S(l)aser—on _ S(l)aser—off 4 gve0
0
foxe (3.4)

V3 __
S,” =

Where S{%¢7=°" and S,***"~°// are the sticking coefficients measured in the
experiments with and without laser excitation at the same incident transla-
tional and rotational energy. S¥=° is the vibrational ground state (v=0) reac-
tivity and f,,. is the vibrational excitation fraction of the molecular beam
measured using the pyroelectric detector as it is described in chapter 2.
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Séaser_of T is the contribution from the ground state population (v=0) and from

all the thermally excited vibrational states in the molecular beam. Therefore,

Se¥¢" % is an upper limit for SY=°. For all the translational energies pre-

sented here, the Séaser_offis less than 5% of Si*S¢"=°" Therefore, I assumed

that the contribution from S¥=° is negligible in equation (3.4).

As shown in Figure 3-23, excitation of the vs stretch mode enhances dramati-
cally the reactivity of CH4 on the Pt(110)-(1x2) surface. The experimental data
points were fit using S-shaped reactivity curves using equation (3.1). In order
to compare the extent to which this type of vibrational energy promotes reac-
tivity with respect to translational energy, I calculated the vibrational efficacy
using:

(Elaser—off _Ev3)
n(vs) = 2 .
Eyip(v3)

are the average activation barriers determined by

(3.5)

where Eéaser_off and Eg:“

the S-shaped fitting curves to the laser off and state-resolved sticking coeffi-
cients shown in Figure 3-23. The A and W parameters in equation (3.1) were

fixed to 0.2 and 16.2 k] /mol respectively. E.**" "'/ — Y corresponds to the
horizontal offset between the two S-shaped curves. Adding 17.3 k]J/mol of
translational energy promotes the reactivity by the same amount as adding 36
k] /molin the v; vibrational mode. The efficacy of this vibrational state is there-
fore n(v;) = 0.48.

Here it is worth mentioning that the fit shown in Figure 3-23 for the state-re-
solved data (in red) does not seem to capture the trend as well as it does for
the laser off data. This is due to the enforced curvature having A and W fixed
for both sets of data. Any difference in the effective barrier height distribution
for the state-resolved and the ground state due to the sampling of a different
part of the PES would lead to different shapes in the So curves and could ex-
plain this observation.
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Figure 3-23. State-resolved sticking coefficients for CHs prepared with a single quan-
tum of vz (red symbols) and under laser-off conditions (black symbols) for dissocia-
tion on the ridges of Pt(110)-(1x2).

Previously in our group, Bisson et al.191 reported the effect of 2v3 excitation on
the dissociative chemisorption of CHs4 on Pt(110)-(1x2). An efficacy of
n(2v3) = 0.47 was found for the overtone of the antisymmetric stretch of me-
thane. A lower efficacy for the overtone with respect to the fundamental
stretch vibration vz was observed before for Ni(111)140.141 and Pt(111)51141,
This observation was rationalize by the fact that the total energy of 2v; ex-
ceeds the reaction barrier and thus its vibrational efficacy decreases. In other
words, promotion of reactivity by rovibrational excitation is expected to be
more efficient at energies below the barrier for dissociation. However, for
Pt(110)-(1x2) I observe a similar efficacy for the fundamental stretch v; than
that measured before for the overtone 2v;.

Following the same procedure explained below for Pt(110)-(1x2), Chadwick
measured the v3-efficacy on the step and terrace sites of Pt(211)105, Table 3-5
shows a comparison of the experimentally obtained efficacies on the different
surface sites. As it is explained below, this comparison of the effect of v3 exci-
tation on the dissociation on different surface sites yields very valuable infor-
mation about the transition state geometry and barrier height for methane dis-
sociation on each site.
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The general trend is for the efficacy to decrease with decreasing coordination
number of the surface site. One possible interpretation for this difference in
efficacy is the lower barrier height on the low coordinated sites. For example,
at 60 kJ/mol, the addition of 36 kJ/mol of vibrational energy to the molecule
makes a big difference in the reactivity for the terraces because the reaction
on the terraces is “starving for energy”. However, on the steps or ridges, the
addition of vibrational energy is not so important because the translational
energy is enough to overcome the barrier for dissociation.

Another interpretation is based on the transition state structure. On the
Pt(211), DFT calculations of the transition state structure performed by the
group of Bret Jackson10? show that the reactive C-H bond is more stretched for
dissociation on the terrace site (1.525 A) than on the step site (1.480 A). There-
fore, adding energy into the vs vibration can be expected to be more efficient
for dissociation on the terrace than on the step site, since this vibrational mode
places energy into the reaction coordinate by stretching the reactive C-H bond.

Using the sudden vector projection modell44, theoretical efficacies for several
vibrational modes of CH4 on different surfaces were calculated2. The theoret-
ical efficacy was calculated as the squared ratio between the overlap of the in-
itial vibrational mode vector with that of the molecule at the TS and the overlap
of translation vector normal to the surface with the molecule at the TS. Even
though the agreement between the experimental and theoretical efficacies is
poor, the SVP model predicts a lower efficacy for v on the Pt(110)-(1x2) than
on the Pt(111) surface, in agreement with our results.

Surface Site n(v3)
Pt(111) Terrace 0.68
Terrace 0.59

Pe(211) Step 0.45
Pt(110)-(1x2) Ridge 0.48

Table 3-5. Vibrational efficacies of v5 vibration for the dissociation of CH4 on dif-
ferent surface sites of Pt(111), Pt(211) and Pt(110)-(1x2) surfaces.

3.6 Summary

The influence of the surface structure on the dissociative chemisorp-
tion of methane on Pt surfaces has been investigated experimentally, by meas-
uring both the averaged surface reactivity by the K&W method and by surface-

91



Chapter 3. Influence of the surface atomic structure on the reactivity of methane on Pt

site-specific reactivity measurements using site-specific RAIRS detection. Me-
thane dissociation was studied on the Pt(111), Pt(211), Pt(110)-(1x2), and
Pt(210), surfaces that expose different sites such as terraces, steps, corners,
ridges, valleys, and kinks.

Using the K&W method, the total CHD3 dissociation probability, summed over
all the sites present on a particular surface was measured on the different sur-
faces. The experimental results were compared to calculations perfomed using
AIMD by Kroes and coworkers in order to test the ability of AIMD to predict
the methane reactivity with chemical accuracy. Atincident energies below 100
k]/mol, the reactivity of the more corrugated surfaces was higher
(Pt(210)>Pt(211)>Pt(110)-(1x2)>Pt(111)); this order is reversed at incident
energies higher than 100 kJ/mol (Pt(111)=Pt(210)>Pt(211)>Pt(110)-(1x2)).
The less coordinated kinks, steps and ridges dominate the reactivity at low in-
cident energies, with the kinks and the steps being more reactive than the
ridge atoms, in accordance with theory predictions. At high energies, the “ac-
tive area” of the surface dominates the reactivity. For example, the Pt(211)
surface consists of steps, terraces and corners, being the corner sites hardly
reactive, with a barrier for dissociation predicted by DFT of 184 k]/mol1%5. On
the Pt(110)-(1x2) surface, the same effect happens with the valley atoms.
Therefore, 1/3 of the surface area in the case of Pt(211) and 1/4 in the case of
Pt(110)-(1x2) is not expected to be “active” for the methane to dissociate.
However, the Pt(111) surface presents 100% of the sites as terraces, whose
barrier for dissociation is higher than on kinks, steps or ridges, but much lower
than for the corners or valleys. Hence the Pt(111) shows a higher reactivity at
the highest incident energies studied here.

The reactivity of CHD3 on Pt(211) was studied as a function of incident polar
angle. The sticking coefficient was seen to decrease sharply when the angle of
incidence was changed from normal incidence to the surface toward normal
incidence to the terraces of the surface. The results are explained by a small
shadowing effect from the more exposed steps to the terraces together with a
distribution of different activation barriers around the step atom.

In the second part of the chapter, I introduce RAIRS as a site-specific detection
technique able to distinguish between CH4 dissociation on the different sites
of the Pt(111), Pt(211) and Pt(110)-(1x2) surfaces. Following the assignment
of the various peaks observed in the RAIR spectra and calibration of their tran-
sition dipole moment, the CHa reactivity on the different sites was quantified.
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The order in the site-specific reactivity measured with RAIRS is S,

Spiage PIL0) o, glerr PLALY) o, glerr PL2IL) 4 agreement with theoretical cal-

culations. The reactivity does not scale with the coordination number since the
terraces of Pt(111) and Pt(211), and the steps and ridges of the Pt(211) and
Pt(110)-(1x2) do not present the same reactivity. Neither the generalized co-
ordination number can explain the trends observed in the reactivity. The d-
band model is shortly presented as a model that predicts in a qualitative way
why the low coordinated sites of late-transition metals like Pt decrease the
barrier for dissociation.

step Pt(211
s p Pt( )>

Finally, I present state-resolved sticking coefficients for CH4(v3) on Pt(110)-
(1x2) and I compare the efficacy of v3 excitation on the reaction of CH4 on the
different sites of Pt(111), Pt(211) and Pt(110)-(1x2). Even though the excita-
tion of the antisymmetric stretch of CH4 enhances dramatically the reaction,
the translational energy is found to be more efficient in promoting the dissoci-

ation of CH4 on all different sites. The efficacy of v3 excitation scales on the dif-
ferent sites as: niirr Pt(111) > ml;irr Pt(211) > nzidge Pt(110) > nizep Pt(211)' The
difference between the efficacy of v3 excitation on the different sites is ex-
plained by the differences in the barrier height and the geometry of the transi-

tion state.
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Chapter4 Bond selective dissocia-
tion of methane isotopologues on

Pt(111) and Pt(211)

4.1 Introduction

Being able to control the branching ratio of a chemical reaction with
several possible channels has been a long-standing goal in chemistry both for
practical reasons and due to the theoretical insight that the study of bond se-
lectivity can offer!4>. Different methods for achieving bond selectivity in chem-
ical reactions using laser radiation have been proposed and demonstrated in-
cluding femtosecond pulse timing4¢, phase control via interfering excitation
pathways!47, and vibrational mediated reaction control148. In this thesis, I will
focus on the last strategy, which has been used to achieve bond selective chem-
istry in unimolecular dissociation!4?, bi-molecular reactions in the gas
phasel50-157 and in gas-surface reactions?228.29,

The basic idea of bond selectivity via vibrational excitation consists on depos-
iting vibrational energy in a particular bond of a polyatomic molecule so only
that specific bond of the molecule breaks and thus alters the outcome of the
chemical reaction. A simple sketch of the definition of bond selectivity is de-
picted in Figure 4-1. However, as it was already published in 1991 by the
group of Richard N. Zare?>1, three factors conspire against bond selectivity:

1) “The difficulty of preparing a molecule in a selected vibrational level.

2) The time scale that vibrational energy remains localized in a well-de-
fined motion (vibrational mode) once the molecule is excited.

3) The efficacy with which vibrational motion of a polyatomic molecule
promotes bond-specific bimolecular reaction.”
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\ LR
S <E mLe

Figure 4-1. Schematic of a bond selective bimolecular reaction. A particular bond of
the polyatomic reactant molecule is vibrationally excited. This localized excitation
leads to the breaking of that particular excited bond during the reaction, inhibiting
the other channel of the reaction to occur.

Overcoming these three factors, Crim and coworkers published in 1989 the
first evidence for a vibrational mediated photodissociation reaction4°. By se-
lectively exciting the O-H stretching vibration in HOD before its photodissoci-
ation induced by a second laser, they observed a preferential production of the
OD product upon photolysis. Full O-H bond selectivity was observed by excit-
ing the water molecule to an overtone of the O-H stretching vibration.

Soon after, they expanded bond selectivity to studies of gas-phase chemical re-
actions. Sinha et al.150 reported vibrational bond selectivity for the bimolecular
gas-phase reaction of HOD molecules with H atoms. Their results, together
with experiments performed by Bronikowski et al.1>1, showed that vibrational
excitation of the O-H bond in HOD leads almost exclusively to the H2+0D prod-
uct channel, while excitation of the O-D stretch produced mainly HD+OH prod-
ucts.

In subsequent work, these two groups broadened the bond selective studies to
the reaction between methane isotopologues with chlorine atoms and they re-
ported bond selectivity for both C-H and C-D cleavage channels for CH3D152-154
and CH2D2155156 as well as an enchanced cleavage of the C-H bond for CHD3156,
These results were interpreted with a simple spectator model in which every
bond of the reactant behaves as an isolated oscillator: vibrational excitation of
the reactive bond increases its probability for dissociation but leaves the un-
reactive bond unaffected. Therefore, this model does not account for intramo-
lecular vibrational redistribution (IVR) in the molecule because the bonds are
supposed to be local and uncoupled. However, this model has been shown to
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break down in the reaction between CHD3 and Cl, in which IVR was ob-
served!>7, In particular, a comparison between the H+CHD3 and Cl+CHD3 reac-
tions showed that energy redistribution is more pronounced in the chlorine
reaction, where the incident atom approaches slower and couples more
strongly during the course of the reaction. The detection of CHD2 products in
their ground state after the interaction between C-H excited CHD3 molecules
and Cl atoms suggested that vibrational energy must flow from the C-H bond
into translation of the escaping product fragments or into vibrational excita-
tion of the DCI product. IVR can therefore prevent bond selectivity since the
extra energy deposited in an initial bond (C-H in this case) can flow into other
degrees of freedom, including the C-D bonds.

Studies of vibrational bond selectivity were subsequently extended to gas-sur-
face reactions for methane chemisorption on nickel and platinum surfaces.
One might expect that bond selectivity is more difficult to achieve at the gas-
surface interface because of its increased complexity (many more degree of
freedom are available for energy to flow into) compared to an isolated atom-
molecule system. In addition to surface induced IVR1%8, the metal provides
phonon and electron-mediated quenching channels that can compete with the
reaction and may prevent bond selectivity5°. Therefore, the length of time that
the molecule spends close to the surface, the IVR rate and the rate of quenching
by the surface determines the extent of energy flow prior to reaction.

Despite these complications, bond selectivity has been observed in gas-surface
reactions, with the first evidence reported by Killelea et al. in 200828. They
demonstrated bond selectivity in the dissociation of CHD3 on Ni(111) by com-
bining bond selective vibrational excitation with isotope-resolved detection.
Their method, illustrated in Figure 4-2, consists of titrating the surface-bound
methyl species with subsurface D atoms prepared prior to the CHD3 deposition
and the quantification of the CD4:CHD3 product ratio using a mass spectrome-
ter. By selectively exciting the vi1 C-H stretch vibration of the molecule, they
observed a CD4:CHD3 product ratio of >30:1, in contrast with the 1:3 product
ratio obtained when no laser excitation was used and an isoenergetic ensem-
ble of CHD3 was studied.

97



Chapter 4. Bond selective dissociation of methane isotopologues on Pt(111) and Pt(211)

Clean Ni(111) surface Dosing D atoms CIRD with Xe atoms

CHD3 molecular beam

Figure 4-2. Illustration of subsurface D titration method for quantifying bond selec-
tivity. 1) clean Ni(111) surface (side view), 2) D atoms occupy surface and subsurface
sites, 3) Xe atoms induce recombinative desorption of surface-bound D leaving a clean
surface, 4) CHD3 impinges on the surface and some CHD3; molecules dissociative
chemisorb, 5) Temperature Programmed Desorption measurement of deuterated ad-
sorbed methyl species. Reproduced with permission from 169,

However, their titration method is limited to a small range of surface samples
due to the subsurface atom preparation. Also, it cannot be applied to the rest
of the partially deuterated methane isotopologues. For example, in the case of
the dissociation of CH2D2, detection of m/z=18 in the TPD could come from
two different sources: CH2D2 as a result of the recombination of the C-D cleav-
age product (CH2D) with a D atom, and also from CD3 because of fragmentation
in the mass spectrometer of the CHD3 formed by recombination of the C-H
cleavage product (CHD2) with a D atom. In order to overcome these limitations,
Li Chen, a former member of our group implemented Reflection Absorption
Infrared Spectroscopy (RAIRS) for the detection of surface adsorbates, a more
general technique that allows the study of a wide range of molecule-surface
systems>0:51,

Using RAIRS detection of the methyl products, Chen et al. demonstrated that a
single quantum of C-H stretch excitation is sufficient to make the dissociation
reaction of the partially deuterated methane isotopologues (CHsD, CH2D2 and
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CHD:3) fully bond selective2®. While a combination of incident translational en-
ergy and thermal vibrational excitation produced a nearly statistical distribu-
tion of C-H and C-D bond cleavage, he observed that laser excitation of the in-
cident molecules to an infrared active C-H normal mode (v4 for CHsD, ve for
CH2D2 and vi1 for CHD3) leads exclusively to C-H bond cleavage products. The
same amount of total energy was available in both the laser-off and laser-on
experiments by reducing the incident kinetic energy in the laser-on experi-
ments to ensure that any difference in reactivity was not due to a different total
energy but because of the nature of the energy. Figure 4-3 shows the RAIR
spectra measured after 80 minutes molecular beam deposition on Pt(111) at
150 K for CH3D, CH2D2 and CHD3. The reaction of C-H stretch excited methane
isotopologues (in red) is characterized by a complete absence of C-D bond
cleavage products, while in the laser-off deposition (in black), surface methyl
products from both channels are detected.

Two of those systems (CH3D and CH2Dz on Pt(111)) were revisited by Hundt
et al.?2 who in addition to the antisymmetric C-H stretch normal modes (v4 for
CHsD, ve for CH2D2) investigated previously by Chen et al, excited also the sym-
metric C-H stretch normal modes (v1 for CHsD, vi for CH2D2) and reported the
simultaneous observation of both bond selectivity and mode specificity. Hundt
demonstrated that excitation of the symmetric stretches again yields full bond
selectivity, which agrees with theoretical calculations done by Guo et al. using
the sudden vector projection model (SVP)?24.
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Figure 4-3. RAIR spectra measured after 80 minutes molecular beam deposition on
Pt(111) at Ts 150 K for CH3D, CH2D, and CHD3. The black lines correspond to mole-
cules with high kinetic energies (but without laser excitation) and the red lines to C-
H stretch vibrationally excited molecules. Adapted from?50,
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The results shown in this chapter build on this previous reviewed work and
their presentation is divided in two parts:

1) A extended study of the bond selectivity of CHsD, CH2D2 and CHD3
on a Pt(111) surface over a range of kinetic energies is presented.
Also, a comparison of the reactivities of the three isotopologues for
molecules both without laser excitation and prepared with a single
quantum of C-H stretch vibration was studied as a follow-up to the
results already presented by Li Chen in his dissertation>°,

2) In the second part of this chapter, I report the first combined study
of bond- and surface-site selective dissociation of methane chemi-
sorption. As it has been introduced, bond selectivity has been previ-
ously studied on flat surfaces (Ni(111) and Pt(111)). Here, I used
the ability of RAIRS to distinguish between methyl products ad-
sorbed on different sites of the Pt(211) surface to investigate the
degree of bond selectivity on the steps and terraces of this surface
as a function of translational energy.

The study described in the second part of this chapter has been pub-
lished¢! in the Journal of Chemical Physics.

4.2 Bond selective chemisorption of methane isotopologues
on Pt(111)

As described in the introduction, Chen was able to show how a single
quantum of C-H stretch excitation is sufficient to make the dissociation of all
three methane isotopologues fully bond selective on a Pt(111) surface2®. How-
ever, Chen’s bond selectivity study was performed only at a single kinetic en-
ergy of the incident molecules. As far as [ know, there is no experimental report
of the dependence of the translational energy on the bond selectivity on a gas-
surface system. Shen et al.37:38 have reported a theoretical study which predicts
a loss of bond selectivity as a function of increasing kinetic energy of the inci-
dent molecule. By performing quasi-classical trajectory (QCT) calculations,
they also predict changes in the reactivity of methane due to the successive
replacement of H atoms by D atoms in the CH4 molecule both in the ground
state and for vibrationally excited molecules. In this context, Chen showed in
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his dissertation a preliminary study of the relative reactivity of the four me-
thane isotopologues. As he wrote in his thesis, he left as a future experiment a
complete and more detailed study of the dependence of the sticking coefficient
on kinetic energy for both molecules in the ground state and vibrationally excited
molecules. For this reason, this section builds on his previous work.

4.2.1. RAIRS detection of isotopologues of methyl species.

When a partially deuterated methane isotopologue (CH3D, CH2D2 or CHD3) dis-
sociatively chemisorbs on a platinum surface, there are two possibilities for
the reaction: either the C-H or the C-D bond can break. Previously in our group,
RAIRS was demonstrated to be a powerful technique to distinguish between
the different products on the surface225051, Confirming the capabilities of
RAIRS, spectra following deposition of the four methane isotopologues on
Pt(111) were re-measured. Figure 4-4 shows the products of the dissociation
in the RAIR spectra for several methane isotopologues and gives the peak as-
signments for the different methyl products species. The results shown in Fig.
4-4 agree well with the spectra previously reported by Li Chen. For further
details about the peak assignments, please refer to Table 4-4 and Chen's the-
sis0.

As we can see in Figure 4-4, CO adsorption is observed on the Pt(111) surface
due to a CO impurity in the molecular beam and from the UHV background. In
all the measurements presented here the contamination was less than 1% of a
monolayer at the end of the deposition experiments.
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Figure 4-4. RAIRS of methane isotopologues on Pt(111) at Ts=150 K. All the spectra
were taken after 60 min deposition at Ty=700 K. The kinetic energies for the different
species were: 57 k] /mol (CH4), 60 k]J/mol (CH3D), 58 k]J/mol (CH2D;) and 66 kJ/mol
(CHD3).

4.2.2. A new strategy for the calibration of RAIRS intensities.

In order to quantify the extent of bond selectivity and calculate sticking coeffi-
cients for the different methane isotopologues, a calibration for the corre-
sponding methyl products (CHs, CH2D, CHD2 and CD3) on the surface was
needed.

Chen presents in his thesis>? a calibration for the RAIR peak signal in terms of
surface coverage for different methyl isotopologues. His method consisted on
first getting a calibration factor for the CH3 peak intensity after CH4 molecular
beam depositions by using AES following the procedure explained in section
3.3.3.1. Then, following deposition of CH3D, where both CHs(ads) and
CH2D(ads) methyl products are chemisorbed on the surface, he obtained the
calibration factor for CHz2D(ads). For that, he recorded RAIR spectra and meas-
ured the C/Pt Auger ratio after several CH3D depositions. Since in the first step
of his calibration he had already obtained the calibration factor for CHs(ads)
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he calculated the fraction of C coming from CHs(ads) after deposition of CHsD.
The remainder C measured with AES was therefore coming from CH2D(ads).
By comparing the CH2D peak intensity and the C coverage associated with
CHzD(ads), he obtained the calibration factor for CH2D(ads). In this way, fol-
lowing depositions for the rest of the isotopologues, he determined the RAIRS
calibration factors for all the methyl products.

However, following this procedure, any error introduced in the calibration of
CHz3 is added to the calibration of CH2D, and the error in both CH3z and CH2D
calibration are both introduced in the CHD: calibration, etc. In order to reduce
those errors, we performed a “laser-on” calibration. The main idea is to deposit
only one methyl product on the surface at a time to get the calibration for each
specific product independently. Using the laser to excite the C-H bond of CH3D,
CHz2D2 and CHD3 and measuring RAIR spectra for each deposition, we can con-
firm that the deposition of C-H stretch excited CH3D, CH2D2 and CHD3 yields
only adsorbed CH2D, CHD2 and CD3 products respectively. In this way, we used
the C-H bond selectivity observed before2? as a tool for the calibration.

As an example of the calibration for a particular methyl species on the surface,
Figure 4-5 shows the calibration obtained for the CH2D RAIRS peak at 2918
cm1, which corresponds to the C-H stretch vibration of the adsorbate on the
surface. For this calibration, CH3D molecules in the incident beam were excited
to the v4 antisymmetric C-H stretch vibration, yielding only CH2D products on
the surface. The resulting coverage was varied by performing experiments at
different incident translational energies and by performing experiments for
different incident doses.

Figure 4-5 a) shows RAIR spectra after several depositions of stretch excited
CH3D(v4) on the Pt(111) surface. I detected four bands assigned to C-D stretch
(peaks at 2172 and 2191 cm1), the first overtone of the C-H bend (2731 cm1)
and the C-H stretch (at 2917 cm1). I chose the C-H stretch at 2917 cm! as rep-
resentative of the CHzD(ads) on the surface because it has the highest transi-
tion dipole moment of the four bands. The peak height was obtained using
function ] from the Bruker software OPUS.

Figure 4-5 c) shows the AES C/Pt profiles following each deposition. The C/Pt
ratio was plotted as a function of RAIRS absorption, as we can see in Figure 4-5
d). To determine the conversion from peak height to coverage, a straight line
was used for the fitting. Absorption peak height to coverage conversion factors
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for the different methyls are shown in Table 4-1. The given values are
calculated as the linear fit gradient divided by 0.8 to account for the conversion
between C/Pt and carbon coverage.
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Figure 4-5. CH;D RAIRS calibration measurements: a) The final RAIRS spectra for dif-
ferent incident doses, each obtained by averaging 4096 scans; b) CH2D uptake curves
recorded during the deposition following the growth of the C-H stretch; c) Auger
scans taken after every deposition measurement; d) C/Pt AES signal ratio vs RAIRs
absorption peak signal for the C-H stretch peak at 2917 cm-! peak.

105



Chapter 4. Bond selective dissociation of methane isotopologues on Pt(111) and Pt(211)

Calibration factor Chen’s calibration factor
(ML/absorption unit) (ML/absorption unit)
CHs (C-H sym stretch) 248 242
CH2D (C-H stretch) 360 362
CHD2 (C-D stretch) 455 406
CDs3 (C-D sym stretch) 268 226

Table 4-1. Measured absorption peak height to coverage factors obtained from the
calibration measurements. The calibration factors obtained previously by Li Chen are
also shown, being both calibrations in agreement with a maximum deviation of 18%
for the CDs3 calibration factor.

4.2.3. Laser-off results

The dissociative chemisorption of the three partially deuterated methanes
(CHsD, CH2D2 and CHD3) was studied for a range of translational energies (47-
66 k]/mol). The incident translational energy of the molecules was increased
by raising the nozzle temperature which also increases the thermal vibrational
energy of the molecules. C-H and C-D cleavage are observed at all the transla-
tional energies studied for the laser-off depositions. Examples of spectra fol-
lowing deposition of the three partially deuterated methanes and CH4 are dis-
played in Figure 4-4.

4.2.3.1. Branching ratios

By measuring RAIR spectra during the deposition of the methane molecules on
the Pt(111) surface, it is possible to record uptake curves for the C-H and C-D
cleavage channels by integrating the peaks of interest. Examples of uptake
curves are shown in Figure 4-6. The absorption peak heights were converted
to carbon coverage by using the calibration presented above. The analysis of
the CD3 peak was slightly more complicate due to the spectral overlap with the
CO peak in the RAIR spectra due to a CO contamination. In order to remove the
influence from the CO adsorption, the two peaks where fit by Gaussians in the
region between 2040 and 2120 cm-l. As mentioned above, the contribution
from the CO contamination was less than 1% of a monolayer at the end of all
of these measurements and therefore it should not significantly perturb the
uptake of the methyl species of interest through site blocking.

The uptake curves for the total coverage shown in Figure 4-6 were fit using a
modified Langmuir model for dissociative adsorption using:
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Z—z = So(1 — ns0)"s (4.1)
where 6 is the methyl coverage, ¢ is the incident dose of molecules, S, is the
initial sticking coefficient and 1/ng is the saturation coverage. The exponent is
taken as ng to account for the change in the number of sites that the adsorbed
methyl blocks on the surface with incident translational energies, which leads
to an increase in saturation coverage with increasing translational energy2>.
After fitting the total coverage, the C-H and C-D cleavage channel uptakes were
fit as a fraction of the total uptake to get a saturation coverage of each species.
The branching ratio was then calculated as the ratio between the saturation
coverages of the two dissociation channels.
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Figure 4-6. RAIRS uptakes for the dissociation of CHzD, CH:D2 and CHD3 measured at
60, 58 and 66 kJ/mol of translational energy respectively. The open triangles show
the uptake for the C-D cleavage product and the filled triangles the one for the C-H
cleavage product.
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Figure 4-7 shows the branching ratios for C-H and C-D cleavage as a function
of incident translational energy for the three partially deuterated methanes.
For the three methane species, the relative yield of C-H cleavage asymptoti-
cally approaches the statistical ratio (25% for CHD3, 50% for CH2D2 and 75%
for CH3D) with a slight preference for the C-H bond cleavage that is more pro-
nounced at low incident energies. This effect can be attributed to the differ-
ences in the Zero Point Energies (ZPE) of the C-H and C-D bonds. The higher
ZPE for the C-H bond leads to a lower barrier for C-H cleavage than for C-D
cleavage, yielding a preferential cleavage for the C-H channel. At higher trans-
lational energies, steric factors dominate: in the case of CHDs3, the C-H bond has
25% chances to impinge the surface with its C-H bond towards the surface,
while the C-D bonds have 75% of being one of the bonds placed towards the
surface when the reaction occurs. This is why the branching ratio for this mol-
ecule approaches C-H/C-D=0.25. The same argument applies for the other two
deuterated methanes.
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Figure 4-7. Branching ratios as a function of translational energy for CHzD, CH,D, and
CHDs. The dashed lines in each plot show the values that correspond to the statistical
branching ratio.

This result agrees well with previous experimental results for the reaction be-
tween CHD3 and Ni(111) where Killelea et al.?8 found an enhancement of the
C-H cleavage at low energies. For the same system, using their Reaction Path
Hamiltonian (RPH) model3¢, Jackson and coworkers predicted a ZPE-corrected
barrier for C-H cleavage 0.05 eV lower than for C-D cleavagel62. Thus, the C-H
bond is predicted to be more reactive than the C-D bond and they expected the
ratio of C-H:C-D cleavage to be higher than statistical at low kinetic energies.
Their predictions for the ground state and three different vibrationally excited
states are shown as the solid lines in Figure 4-8. In the same figure, in circles,
we can see the branching ratios reported by Guo and coworkers?25. Contrary to
what we observed, the quasi-classical approach followed by Guo predicts a
slight preference toward the C-D bond cleavage at lower incident energies.
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This prediction, still not understood at present, contradicts the energetic bal-
ance. On the other hand, QCT calculations by Nattino et al.*3 for the dissociation
of CHD3 on Pt(111) and by Shen et al.38 and Lozano et al.37 for all the partially
deuterated isotopologues of methane on Pt(111) predicted an enhancement of
C-D cleavage over the C-H at high energies where the branching ratio would be

expected to be statistical.
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Figure 4-8. C-H:C-D branching ratio for CHD3 molecules in either the ground state (gs)
or one of the vibrational states indicated. vi is the C-H symmetric stretch normal
mode, v, the C-D symmetric stretch and vs4 corresponds to the C-D antisymmetric
stretch. The lines correspond to a quantum approach3é while circles are results from
quasi-classical calculations?s. Figure adapted with permission from?4s.

4.2.3.2. Sticking coefficients

From the uptake experiments presented in the previous paragraphs, the initial
reactivities were obtained as the initial slope of the uptake curves fit using
equation (4.1). In Figure 4-9, So is plotted as a function of incident translational
energy for CH4, CH3D, CH2D2 and CHDs. To better visualize the trend in So as a
function of inicident translational energy, the data So points were fit using S-
shaped reactivity curves. Figure 4-9 shows how the reactivity of the isotopo-
logues decreases with increasing deuteration due to the difference in zero
point energies of the C-H and C-D bonds leading to a preferential cleavage of

the C-H bond.
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Figure 4-9. Sticking coefficients obtained for laser-off experiments for CHs (black),
CH3D (blue), CH2D; (green) and CHD3 (red) on Pt(111) at Ts=150 K.

The ratio of the initial sticking probabilities So(CH4)/So(CHD3) is approxi-
mately 2. This result agrees with previous measurements done by Luntz et
al.110 who measured a sticking coefficient a factor 2.5 lower for CD4 than CH4
at a surface temperature of 800K. A larger difference was measured by Win-
ters!2, who reported a sticking coefficient 4.5 larger for CH4 than for CD4. QCT
calculations by Shen et al38 also predicted the reactivity of the deuterated
isotopologues to decrease with increasing deuteration. Figure 4-10 shows the
predicted So for all the isotopologues as a function of initial translational en-
ergy. In order to confirm that the reason for the reactivities to decrease with
further deuteration is the different ZPE, they calculated the reactivities for an
artificial CD4 molecule that they referred to as CD4* whose ZPE was set equal
to that of CHa. As it is shown in the inset of Figure 4-10, the So calculated for
this artificial CD4* is the same as for CHs, showing that the difference between
ZPE for CH4 and CD4 is responsible for this isotope effect observed in the reac-
tivities.
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Figure 4-10. Initial sticking probability S, of the isotopologues of methane in the vi-
brational ground state (GS) on Pt(111) as a function of initial incident energy. Inset:
ratios So(CH4)/So(CD4) and So(CH4)/So(CD4*) as a function of energy, being CD4 an ar-
tificial molecule CD4 molecule wose ZPE is set equal to that of CHs. Reproduced with
permission from Ref38,

4.2.4. Laser-on results

4.2.4.1. Branching ratios

RAIR spectra recorded after 60 minute depositions are shown in Figure 4-11
for CH3D (left panel), CH2D2 (middle panel) and CHDs3 (right panel). The lower
black spectrum in each panel corresponds to those recorded without laser ex-
citation, with the peaks observed above 2700 cm! being due to C-H vibrations
and those below 2250 cm! to C-D vibrations. For all partially deuterated
isotopologues both C-H and C-D cleavage are observed at all the translational
energies in the present study when there is no laser excitation. The laser-on
spectra (show in red) where one quantum of C-H stretch vibration was added
to v4 in CHsD, to ve in CH2D2 and to vi in CHDs. The spectrum presented for
each of the isotopologues corresponds to the highest translational energy
studied for each respective species. This confirms that the C-H bond selectivity
measured previously at lower incident translational energies (~25 k]J/mol) is
also seen at higher incident kinetic energies up to ~33-38 kJ/mol, demonstrat-
ing that the additional translational energy added in these experiments is in-
sufficient to surmount the activation barrier to dissociative chemisorption.
Otherwise, if it was, both C-H and C-D bond cleavage would be seen due to the
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non-selective nature of translational energy, as shown by the spectra obtained
without laser excitation.

/L ryi

17 7/
CH;D CH,D,
— Ejrans= 33kJ/mol, v, | —— Ejans= 33kJ/mol, vg |
— Ejans= 60kJ/mol, laser off —— Eyans= 58kJ/imol, lasgr of

| ER—

Absorption
Absorption

1}

1 1
CHD, CH2D CH,D CHD,

7,
7

1 /L

2100 2200 '~ 2700 2800 2900 3000 2100 2200
Wavenumber (cm™) Wavenumber (cm™)

" 2700 2800 2900 3000

CHD,
‘|  ——Eyane= 38kJ/mol, v,
1 —— Eyans= 66kJ/mol, laser off
|
1

:|:0.02%

W\’\M

il

1
cD, cp,HP2 CHD,

Absorption

/L
7/

1 1 1 1 1
2000 2100 2200 2700 2800 2900 3000

Wavenumber (cm™)

Figure 4-11. RAIR spectra following dissociation of CHzD (left), CH,D, (middle) and
CHD3 (right) for laser off measurements (black) and with one quantum of C-H stretch
vibration (red).

A loss of bond selectivity has been predicted by QCT calculations performed by
Shen et al.38. As it can be observed in Figure 4-12, the predicted C-H branching
ratio as a function of incident translational energy for the three partially deu-
terated methanes in ground state (black), C-H stretch excited (red) and C-D
stretch excitation (blue). For the range of kinetic energies that we studied, they
also predict full C-H bond selectivity when exciting the molecules to v4 in CHsD,
to ve in CH2D2 and to v1 in CHDs. Further increase of the translational energy is
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expected to lead a loss of this bond selectivity due to the nonselective nature
of the translational energy and by the decreasing role of the initial vibrational
energy when the kinetic energy increases.
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Figure 4-12. C-H branching ratio as a function of incident translational energy for the
three partially deuterated methanes on Pt(111) for various initial vibrational states
(ground state in black, C-H stretch excitated in red and C-D stretch excited in blue).
Reproduced with permission from 38,

4.2.4.2. Sticking coefficients

The effect of C-H vibrational excitation on the reactivities of the methane
isotopologues on Pt(111) was studied. Figure 4-13 shows So as a function of
incident translational energy for CH4 (v3), CH3D (v4), CH2D2 (ve) and CHD3 (v1).
Although the differences in reactivity fall within experimental error, the gen-
eral tendency indicated that CH2D2 (ve) is most reactive isotopologue while
CHD3(v1) is found to be the least reactive one.

Several factors such as steric effects, different localization of the C-H stretch
amplitude, mode specificity or isotope effects can contribute to the different
reactivities of the C-H stretch excited methane reactivities. Localization of the
C-H stretch excitation was shown to play an important role in the dissociation
of CH2D2 on Ni(111)20. In this study, the reactivity of the vi+ve vibration was
found to be greater than that for 2ve even though these two vibrations are
nearly isoenergetic. In a local mode basis, these two states resemble the mole-
cule having two quanta of vibration in a single C-H bond in the case of vi+vs
vibration, while the 2ve vibration would resemble the molecule having a single
quantum of C-H stretch in each of the C-H bonds. The experimental results
showed that localizing both C-H stretch quanta in a single C-H bond leads to a
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higher reactivity of CHz2D2 than if nearly the same total vibrational is distrib-
uted over the two C-H bonds. Following this result, one would expect the C-H
stretch excited CHDs3 to be the most reactive as the vibrational energy is local-
ized in a single bond, and CH4 the least reactive as the vibrational energy is
distributed over four bonds. However, the orientation of the C-H stretch ex-
cited bonds with respect to the surface can also have an effect on the reactivity.
Calculations have shown that the transition state corresponds to the dissoci-
ating bond being oriented towards the surface3?4345, During the single surface
collision, a C-H bond (which is the one that contains most energy) is most likely
to be in the correct geometry to dissociate in CH4 and least likely in CHD3
simply because the last has only % chances of impinging the surface with its
unique C-H bond. Therefore, following steric effects, one would expect the CH4
molecule to be most reactive and CHD3 the least reactive. The influence of
these two effects together with mode specificity compensates and leads to the
small difference in reactivity that is observed in the experiments.

Laser on
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Figure 4-13. Sticking coefficients obtained for laser-on experiments for CH4 (black),
CH3D (blue), CH2D: (green) and CHD3 (red). The solid lines are fits to the data obtained
using equation (4.2).

Figure 4-14 shows the sticking coefficients predicted by QCT37 as a function of
translational energy for the C-H stretch excited methane isotopologues. The
predicted reactivities are also very close to each other as happens to be exper-
imentally, although CH4 (v3) is predicted to be the most reactive one.
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Figure 4-14. Reactive sticking probability, So, as a function of the molecular transla-
tional energy for CHa (v3) (blue), CHsD (v4) (orange), CH2D: (vs) (green) and CHD3 (v4)
(red). Reproduced with permission froms37.

4.2.4.3. Vibrational efficacies

The vibrational efficacy for each particular vibrational mode vi was calculated
using:

(E,(laser-off) — Ey(laser-on))
Eviv(vy)

where E,;, (v;) is the vibrational energy of mode vi and Eo is the barrier height
for the dissociation for laser-on and laser-off obtained by fitting the experi-
mental data using equation (3.1). The efficacies for the C-H stretch vibrations
in each of the isotopologues of methane are given in Table 4-2.

n(vy) = (4.2)

All the efficacies are lower than unity, indicating that vibrational energy is less
efficient in promoting the dissociation of the methane isotopologues on
Pt(111) than the translational energy. The value for CH4(v3) from the current
study is in excellent agreement with the value of 0.71 obtained previously!2>
and lower than on Ni(111)140 where the efficacy for CH,(v3) is 1.25, in agree-
ment with the already predicted earlier barrier for Pt(111) than for Ni(111)141,
The order for the efficacies obtained is CHzD2 (ve)> CHD3 (v1)> CH3D (v4)> CHa
(v3). The efficacy of CH2D2 (veé) was predicted to be higher than that of CH3sD
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(v4) on Pt(111) using the SVP model?2 in agreement with the results presented
here.

Molecule (mode) AEy(v;) E,ipn (Vi) n(v;)
CHa4 (v3) 24.7 36.4 0.68
CHsD (v,) 26.4 36.3 0.73
CH2D2 (vg) 28.8 36.2 0.80
CHD3 (v4) 26.9 36 0.75

Table 4-2. Vibrational efficacies for CH4 (v3), CH3D (v4), CH2D2 (vs) and CHD3 (v1) on
Pt(111).

4.3 Bond and site selective dissociation of CH3D on Pt(211)

4.3.1. RAIRS detection of methyl isotopologues on the steps
and terraces of Pt(211)

Previous RAIRS measurements (see Ref?? and Figure 4-4) showed that me-
thane isotopologues (CH4, CH3D, CH2D2, and CHDs3) dissociate on the terrace
sites of Pt(111) resulting in the nascent products CDs3(ads), CHD2z(ads),
CH2D(ads), and CHs(ads) which can readily be distinguished by RAIRS. The
Pt(211) surface comprises three different types of surface atoms which we
designate as step, terrace, and corner sites, as shown in Figure 2-9. As | have
shown in chapter 3, the dissociation product CH3(ads) can be detected using
RAIRS with surface site selectivity on both the step and terrace sites.

Here, I combined both the abilities of RAIRS to distinguish between different
dissociation products on the surface with its site-specific detection. Figure
4-15 shows RAIR spectra following dissociation of the five different methane
isotopologues on Pt(211). Table 4-3 shows the molecular beam energies used
in these experiments. At the incident energies used to get the spectra in Figure
4-15 and following the results presented for CH4 on Pt(211) in chapter 3, the
methane molecules are expected to dissociate on both the steps and the ter-
races of the Pt(211) surface but not on the corner sites due to the much higher
barrier for dissociation predicted on these sites105,

By comparing the peaks that appear in the different spectra, I identified the
products corresponding to each peak. However, as we can see from the assign-
ment at the top of Figure 4-15, overlap of some of the vibrations is observed.
On one hand, in the C-D stretch region of the spectrum, there is a peak at 2131
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cm! that is assigned to CDs(ads) since it appears after the dissociation of
CD4(ads) on the surface, but it is also assigned to CHD2z(ads) since we also de-
tect it after the dissociation of CH2D2 (but not of CH3D). On the other hand, at
2948 cm1, a slightly broad feature appears to come from both CHzD(ads) and
CHDz(ads).

Mixture Tn(K) | Etrans (k]/mol) | <Evib> (kJ/mol) | Eror (k]/mol)
306 CHain He [—>03 . 5 731
306 CHsD in He Zgg 2: §j§ §§j§
4% CH2Dzin He ggg zi 38 :;28
3% CHDs in He Zgg gg 121'?9 14076?9
2% CDa in He ggg £ 133'_54 Zé:i

Table 4-3. Energy (k]/mol) contents of the molecular beams used for the experiments
shown in Figure 4-15 and Figure 4-16.

The assignment of the vibrations associated to the methyl isotopologues ad-
sorbed on the step and terrace sites was obtained by comparison of the spectra
after dissociation of every methane isotopologue on Pt(211) with the corre-
sponding spectrum after the dissociation of the same isotopologue on the flat
Pt(111) surface where there are only terrace sites. The peaks that appear at
similar frequencies on both spectra were assigned to methyl products chemi-
sorbed on the terrace sites. This assignment is confirmed by the site-specific
reactivity demonstrated in chapter 3: performing experiments at low incident
energies, we expect the reactant molecules to dissociate exclusively on the
more reactive steps of the surface.
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Figure 4-15. RAIRS after deposition of methane isotopologues on Pt(211) at Ts=150
K. All the spectra were taken after 80 min deposition at Tx=800 K. The kinetic energies
for the different species are shown in Table 4-3.

Figure 4-16 shows spectra measured after depositions of CD4, CHD3 and CH2D>
on Pt(111) and on Pt(211) at two incident energies, allowing for the identifi-
cation of all the peaks. Table 4-4 lists all the observed vibrational frequencies
and the mode assignments for all the nascent dissociation methyl products of
the five different methane isotopologues on Pt(211). However, due to the over-
lap of some of the bands, [ decided to continue performing the bond selectivity
study on Pt(211) for the dissociation of CH3D, where all the products are read-
ily identified.
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Figure 4-16. RAIR spectra following dissociation of CD4, CHD3 and CH:D; on a) the
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Figure 4-17 a) displays a RAIR spectrum of the nascent chemisorption prod-
ucts of CHsD on Pt(211). Comparison with the spectra for CH3sD/Pt(111),
CH4/Pt(211) and CH4/Pt(111) is also shown. We note that in the C-H stretch
region, the absorption due to CH2D(ads) on the step sites is split into a doublet
separate by 11 cm-L In the C-D stretch region both the step and the terrace
peaks due to CH2D(ads) are split and only partially resolved. Figure 4-18
shows the uptake curves for the two peaks associated to the C-H stretch vibra-
tion of CH2D on the steps (at 2936 and 2948 cm-1). As we can see, both peaks
grow in the spectrum at the same rate, confirming their assignment to CHz2D
adsorbed on the same surface site. Although the precise origin of the observed
splitting is not fully understood, the most likely explanation is that it is due to
an anharmonic coupling of CHz2D(ads) vibrations. We exclude any orientation
effects of the CH2D(ads) on the steps with the C-H or the C-D bond pointing
toward the step from being responsible for the observed splitting based on
DFT calculations that predict the methyl groups to be freely rotating on the
surface at Ts=150 K.

Frequency (cm-1)

Methyl Pt(111) Pt(211) Mode assignment
terraces  terraces steps
2881 2886 2903 Symmetric C-H stretch
CHs(ads) First overtone of anti-
2754 2752 ) symmetric C-H bend
2936 &
2915 2921 2948 C-H stretch
CH2D (ads) 2733 2730 ) First overtone of C-H
bend
2171 & 2173 & | 2178 &
2191 2194 | 2187 C-D stretch
2941 2948 ? C-H stretch
CHD:(ads) =779 2132 2135 C-D stretch
2094 2097 2132 Symmetric C-D stretch
CD3(ads) 2027 2026 ] First overtone of C-D
bend

Table 4-4 RAIRS band assignments of all the nascent dissociation methyl products of
the five different methane isotopologues on Pt(211) at Ts=150 K. Peak frequencies
are taken from comparison of spectra in Figure 4-15, Figure 4-16 and Figure 4-17.
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Figure 4-17. RAIR spectra taken at Ts=150 K following deposition of a) CHsD on
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4.3.2. Bond selectivity on Pt(211)

To probe the extent of translational and vibrational activation of CH3D disso-
ciation on Pt(211), I performed deposition experiments at different transla-
tional energies, with and without laser excitation of the C-H stretch mode va.
Figure 4-19 a) shows a series of laser-off RAIR spectra, each taken following
deposition of a molecular beam of CHsD at different translational energies
(Etrans). As we can see, dissociation via C-H and C-D cleavage occurs exclusively
on the steps of the surface when the translational energy of the molecular
beam is between 25 and 53 k]/mol. At translational energies Etrans 258 k] /mol,
the molecules dissociate via both channels on both the steps and the terraces
of the surface. This result agrees with the previously shown in chapter 3 lower
barrier for dissociation on the steps than on the terraces of the Pt(211) surface.

Figure 4-19 b) shows RAIR spectra obtained after deposition of the CH3D at
the same Etans than on Figure 4-19 a) but using the laser to excite the C-H
bonds of the molecule. The CH3D molecules were excited with one quantum of
C-H antisymmetric stretch vibration (v4) before reaching the surface. There-
fore, in the laser-on experiments, the molecules contained three sources of en-
ergy: translational energy, thermal vibrational energy due to the heating of the
nozzle, and the extra quantum of vibrational energy (36.3 kJ/mol) added by
the laser specifically on the C-H bonds. Since the two first sources of energy
are common in the laser-off and laser-on experiments, any difference between
the spectra shown in Figure 4-19 a) and b) is due to the effect of v4 excitation
of the molecules on the dissociation.

As we can see, at the lowest translational energy Etrans =10 kJ/mol, where no
chemisorbed products were detected after the laser-off deposition, fully bond-
and site-specific dissociation occurs for the vs-excited CH3D molecules yielding
exclusively the CHz2D(ads) product on the steps of the surface. By increasing
the translational energy of the incident molecules (Etrans 225 k]/mol), C-D
cleavage starts to occur on the steps although an enhancement of the C-H over
C-D cleavage is still observable. The full C-H bond selectivity that we observed
at 10 kJ/mol on the steps is switched to the terraces of the surface at Etrans =39-
53 k] /mol. In this range of translational energies, we only detect the C-H cleav-
age product CH2D(ads) on the terraces of the surface (as well as the CH3(ads)
and CH2D(ads) on the steps). At incident translational energies higher than 53
kJ/mol, both C-H and C-D cleavage products are observed on both, step and
terrace sites.
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Figure 4-19. Dissociation of CH3D on the Pt(211) surface at different translational en-
ergies (Ewans) without (a) left panel) and with (b) right panel) state specific laser exci-
tation of the incident molecules.

4.3.3. Degree of bond selectivity

In Figure 4-19 b) we can see how full bond selectivity is reached either on the
step or on the terrace sites of the surface by controlling the translational and
state specific vibrational energy. However, since we do not excite 100% of the
incident molecules, in all the laser-on experiments we have a contribution
from the molecules that are excited to vs, and from the non-excited ones.
Therefore, the following question arises: is the fraction of vs-excited molecules
dissociating exclusively by C-H cleavage at all the translational energies that we
studied?

If the answer is positive, we would say that we have “full-bond selectivity”, and
the C-D cleavage products that we detect in Figure 4-19 b) would be just com-
ing exclusively from dissociation of the fraction of non-excited molecules. In
other words, the initial reactivity for the C-D cleavage channel (CH3) would be
the same for the laser-on and laser-off experiments taking into account the dif-
ferent fluxes.
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SOCH3 laser ON _ SOCH3 laser OFF(l _ fexc) (4.3)

If equation (4.3) is fulfilled, the reaction is C-H full bond selective and the frac-
tion of excited molecules dissociate only via C-H cleavage (as it clearly happens
at Etrans =10 k] /mol on the step sites).

However, if a fraction of the laser-excited molecules dissociate also via C-D
cleavage, the initial sticking coefficient for CHsz will have the contribution from
the non-excited molecules and from the laser-excited ones that dissociate via
C-D cleavage. Therefore, the sticking coefficient for CHs would be larger in the
laser-on than in the laser-off experiment (taking into account again the differ-
ent fluxes):

l l
SOCH3 aser ON > SOCH3 aser OFF(l _ ﬁexc) (4.4)

laser ON laser OFF(l _

Figure 4-20 shows the difference between S, CH, and S, CH,

fexc) as a function of translational energy for the steps. As we can see, for en-
ergies below 30 kJ/mol, the reaction is full-bond selective since the laser does
not induce any increment in the reactivity for the C-D cleavage channel. For
energies higher than 30 kJ/mol, the difference between the sticking coeffi-
cients becomes positive, meaning that equation (4.4) is fulfilled and full C-H
bond selectivity is lost. Even though there may be an enhancement for the C-H
cleavage channel, it becomes clear that a fraction of the laser-excited mole-
cules dissociate via C-D cleavage at high energies.
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Figure 4-20. Difference between the Sy (steps) for the C-D cleavage channel in the la-
ser on and the laser off experiment. The dashed line corresponds to the full-bond se-
lectivity condition (eq. 4.3).

A sketch of the energetics for this reaction is shown in Figure 4-21. Without
state-specific C-H stretch excitation of the molecules, only translational energy
and thermal vibrational energy are available for dissociation of the incident
CH3D molecules. This is the case shown in black in Figure 4-21. If the available
energy (ET) is enough to overcome the barrier for dissociation on a particular
site, both C-H and C-D cleavage products are detected with a nearly statistical
product branching ratio. A small preference for C-H cleavage at low energies
due to the higher ZPE can also be observed, as it was shown in Section 4.2.3.
on Pt(111).

Full bond selectivity can easily be observed at translational energies that are
well-below the barrier for dissociation when we excite the molecules prior to
dissociation. Since by exciting the molecules with one quantum of v4 vibration
we are selectively adding energy to the C-H bonds of the molecule, only these
C-H bonds have sufficient energy to break at the gas-surface interface. If there
is no scrambling of the initial C-H vibrational energy in the molecule, the C-D
bond only has translational energy and thermal vibrational energy, which is
not enough to dissociate. This case is observed on the steps at Etrans =10 k] /mol
and on the terraces between Etrans =39-53 k] /mol. When the contribution from
the translational energy and thermal energy is sufficient to overcome the bar-
rier on a particular site, the effect of C-H excitation and the degree of bond se-
lectivity decreases. Full bond selectivity is therefore lost at higher translational
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energies where the incident translational energy is enough for the bond in the
most favoured geometry to dissociate, irrespective of whether it is vibration-
ally excited or not.

Step Sites E (kJ/mol) Terrace Sites
80+ v
I < —F —
60+
VcH 4
- —F —

404+
Ey T

CH3;+D CH3D CH,D +H CH3; +D CH3D CH,D +H

[ I I

* * * *

Figure 4-21. Schematics of energetics and dissociation pathways for CH3D chemisorp-
tion on the steps (left) and terraces (right) of Pt(211). For laser-off depositions, the
sum of incident translational energy and thermal vibrational energy is indicated in
back as Er. Once Er exceeds the reaction barrier, both C-H and C-D cleavage are ob-
served with a near statistical branching ratio. State specific laser excitation of the v,
C-H antisymmetric stretch normal mode adds Ev=36 kJ/mol selectively to the C-H
bonds which enables bond selective C-H cleavage if the dissociation barrier cannot be
overcome by Er alone.

This loss of bond selectivity with increasing translational energy has been pre-
dicted theoretically by Lozano et al.37 for the reaction between the three par-
tially deuterated methanes on Pt(111) as it was presented in Figure 4-12. The
authors attributed this decrease in bond selectivity to the non-selective char-
acter of the translational energy together with the decreasing role of vibra-
tional energy when the translational energy increases.

4.4 Implications of bond selectivity

The implication of bond selectivity has been discussed in detail else-
where?.2850.158 Here I just briefly discuss it to emphasize the important piece
of information that these bond selectivity studies provide about the dynamics
of the gas-surface reaction.
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In our experiments, excitation of the reactant molecules with single mode in-
frared radiation with a frequency bandwidth of less than <1 MHz, allows the
preparation of the incident molecule in a single rovibrational eigenstate. These
eigenstates of the isolated molecule can be obtained by diagonalization of the
Hj, Hamiltonian. Due to anharmonic couplings and vibration-rotation interac-
tion terms, zero-order state mixing can happen and the vibrational eigenstates
that we excite are not necessarily identical to the normal mode vibrations ob-
tained for a harmonic intramolecular potential.

As an eigenstate of the isolated molecule, without any perturbation, it does not
evolve in time. Hence, it does not show intramolecular vibrational redistribu-
tion (IVR). Moreover, the radiative lifetimes of the states prepared in this the-
sis are on the scale of milliseconds, longer than the flight time for the molecules
to reach the surface from the point of excitation, which is in the order of 100
us. Therefore, the excited molecule approaches the surface prepared in the vi-
brational state that we selected. However, once the molecule approaches the
surface, the interaction between the molecule and the surface induces a per-
turbation Vs on the Hamiltonian of the isolated molecule yielding a new Ham-
iltonian Hy,_g = Hy + AVs. The rovibrational state that was initially prepared
by the laser is no longer an eigenstate of the new system characterized by
Hy,_s, and it can be expressed as a linear combination of the new set of eigen-
functions of Hy,_s. Thus, the state prepared with the laser starts to evolve in
time. This time-evolution of the excited state can induce scrambling of the en-
ergy that in the isolated system was localized on the C-H bond(s). This phe-
nomenon, surface-induced intramolecular energy redistribution (IVR), may
induce a flowing of energy from the initially excited C-H bonds to the C-D
bonds and therefore cause a break-down of the bond selectivity.

The fact that bond selectivity can be observed on the Pt(111) and Pt(211)
means that the time that the molecule spends at the interface with the surface
is short compared to the time needed for the energy to flow (IVR) between the
different bonds. In other words, IVR must be incomplete on the timescale of
the collision, and the vibrational amplitude must stay localized in the C-H bond
without being transferred to the C-D bonds.

IVR is usually described using the “tier model”163: first, the vibrational energy
flows from the initial prepared states into the intermediate “doorway” states
resulting in a rapid IVR; and then, complete redistribution of the energy to a
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statistical energy distribution happens when the energy flows from the door-
way states to the dense bath of states of the molecule. The first and rapid IVR
happens via strong low-order anharmonic interactions with a few almost-de-
generate basis set. It has been shown to depend mostly on the molecule itself
and not on the chemical environment, being therefore the initial rates of IVR
very similar if the molecule is in gas-phase or in solution!64165. However, the
long-term IVR strongly depends on the chemical environment.

In the experiments described in this chapter, the lowest incident velocity used
was about 1000 m/s. Since the molecules start to experience the perturbation
from the surface some A away from the surfacel%8, they have some 100’s of fs
for IVR to happen and scramble the initially localized vibrational energy. How-
ever, the C-H vibrational states prepared in this chapter present a big mis-
match to the C-D stretching. Therefore, there are not close doorway states that
involve vibration of the C-D bonds to which the energy can flow.

The second component or tier of IVR happens from these doorway states into
other tiers to which these doorway states are coupled. Here, the surface can
also offer additional bath of vibrations where energy can flow. However,
quenching to the surface is expected to be very slow for these systems due to
the large mismatch with the surface phonon bath which is in the order of 200
cm-l. For these reasons but mostly due to the inefficiency of the first and fast
IVR, IVR does not happen or is incomplete in our experiments. Thus allowing
bond selectivity to occur.

The loss of bond selectivity found at high translational energies for Pt(211) is
however not related with IVR. If not, we would expect it to happen more
strongly at low incident translational energies when more time is spent ap-
proaching the surface and therefore more time is available for the energy
scrambling into the C-D bonds. The loss of bond selectivity at high incident en-
ergies is attributed to the non-selective character of the incident translational
energy.
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4.5 Summary

The dissociative chemisorption of partially deuterated methanes on
Pt(111) and Pt(211) surfaces was studied by quantum state resolved methods
using RAIRS detection of the dissociation products. The ability of this tech-
nique to distinguish between different dissociation products on different sites
of the surface allows to follow the dissociation of the incident molecules as a
function of incident translational energies and measure the site- and state-se-
lective reactivity.

On the Pt(111) surface, we observed how CH3D, CH2D2 and CHD3 dissociate via
C-H and C-D cleavage when no laser excitation was used. The branching ratio
between the two channels was shown to be nearly statistical, with a slight pref-
erence for the C-H cleavage channel at low incident energies. The reactivity of
the molecules without laser excitation was found to decrease with deuteration
due to the higher ZPE of the C-H bond.

Full-bond selectivity was observed at all energies studied when the molecules
were excited with one quantum of C-H vibrational energy. A comparison of the
reactivities of the excited molecules (CHa4(vs), CH3D(v4), CH2Dz2(ves) and
CHD3(v1)) was presented. Factors including the localization of the vibrational
energy and steric effects can be used to explain the small difference between
the reactivities of the excited methane molecules.

Bond selectivity was also studied for the first time on a stepped surface. The
dissociation of CH3D on a Pt(211) was studied both laser-off and laser-on.
Agreeing with the previous results shown in chapter 3, the step sites were
found to be more reactive than the terrace sites.

C-H bond selectivity was studied for incident energies in the range of 10-62
kJ/mol. The degree of bond selectivity was shown to decrease with increasing
translational energy. The results presented here indicate that once the trans-
lational and thermal vibrational energy is above the barrier for dissociation on
a particular site, the promotion of bond selectivity on that site decreases.
Therefore, the control of a particular bond cleavage on a specific site of the
surface is possible by careful tuning of the incident translational energy and
the vibrational state of the incoming molecules.
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pendence of methane activation on Pt
surfaces

51 Introduction

The importance of the surface reaction site has been addressed in the
previous two chapters. This last chapter of results also focuses on the surface,
but in this case, I will concentrate on its temperature. We find in the literature
many experiments concerning the role of the translational and vibrational en-
ergy of the incident gas-phase methane, but less attention has been paid to
how vibrational energy of the surface (in the form of phonons) influences the
reaction between methane and a metal catalyst. This in part because there is
no such surface temperature dependence expected for a direct dissociation,
since the reaction is very fast and there is no time for the molecules to equili-
brate with the surface.

Raising the surface temperature increases the average vibrational energy of
the surface due to the excitation of the lattice vibrations (phonons) and elec-
tron-hole pairs. Previous studies have reported an increase in the sticking co-
efficient with increasing surface temperatures for methane reactions on
Ni(100)166, Ni(111)111, Pt(111)110167 and Ir(111)168 among others. Initial at-
tempts to rationalize a strong surface temperature dependence of the sticking
coefficient invoked a reaction mechanism through a tunnelling process via a
thermally accommodated molecular precursorl2. Such a mechanism would be
very sensitive to surface temperature because the dissociation rate is limited
by the lifetime of the precursor state and this lifetime depends strongly on the
surface temperature. However, surface temperature effects were also ob-
served on chemisorption reactions that happen via a direct mechanism, such
as CH4 on Pt(111)110, Here, thermally assisted tunneling was used to explain the
dramatic enhancement of So with Ts%9. In this model, thermal motion of the
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substrate influences the tunnelling probability by reducing the tunneling
length of the barrier.

Using quantum state resolved experiments, the group of Utz has investigated
the effect of surface temperature for the dissociation of methane on
Ni(111)124170, CH4 molecules were excited to v3 C-H stretch vibration and the
incident translational energy was varied such that the total energy of the inci-
dent molecules was near the energy threshold for reaction. Figure 5-1 shows
So as a function of incident translational energy for four different surface tem-
peratures. The authors observed a strong increase in the reactivity with in-
creasing surface temperature from 90-475 K at low incident translational en-
ergies of the molecular beam. The effect of the surface temperature was seen
to decrease with increasing translational energy of the incident methane.
These experimental observations were attributed to an increase in the ther-
mally induced surface corrugation with surface temperature predicted by the-
oretical calculations3647.170, [n their model, Jackson and coworkers predict a
change in the dissociation barrier height with lattice motion. In a manner, this
surface induced corrugation can be pictured as a change in the coordination of
the surface atoms, and hence has certain connection with the studies shown in
chapters 3 and 4.
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Figure 5-1. State-resolved Sy for CH4 (v3) dissociation on Ni(111) as a function of inci-
dent translational energies for different surface temperatures. Reproduced with per-
mission from179.
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In this chapter 5, I explore the surface temperature dependence for methane
dissociation on platinum surfaces. This chapter is divided into two parts de-
pending on the range of incident translational energies studied and the tech-
nique used for the detection:

1. A similar experiment to that of Utz’s on Ni(111)124 was per-
formed on Pt(111). The state resolved sticking coefficient of
CHa(v3) was studied as a function of surface temperature for a
range of energies between 21 kJ/mol and 34 k]J/mol. AES and
RAIRS were used as detection techniques.

2. A study of the effect of surface temperature at high incident en-
ergies between 50 kJ/mol and 120 k] /mol and high surface tem-
peratures for the reaction of methane on Pt(111) and Pt(110)-
(1x2) is presented. The K&W method was used as detection
technique.

The experiments presented in the second part of this chapter are
continuation of a study published in the Journal of Chemical
Physics®.

5.2 Lowincident energy regime - Ts dependence on So
(CH4 (v3))/ Pt(111)

The effect of surface temperature on the dissociation of CH4 (v3) on
Pt(111) was studied for a range of surface temperatures between 90 Kand 800
K for incident translational energies between 21 kJ/mol and 34 kJ/mol. The
incident molecules were prepared with one quantum of antisymmetric C-H
stretch vibration (v3). By doing so, we access total energies (Etrans + Evib) near
the threshold energy for dissociation (where the effect of surface temperature
is expected to be strongest) using low nozzle temperatures, thus limiting the
population of thermally vibrationally excited molecules in the incident molec-
ular beam.

Two different techniques were used for the detection of methane chemisorp-
tion. For surface temperatures between 90 K and 180 K, RAIRS was used to
detect the nascent chemisorption product CH3(ads) on the surface by its infra-
red absorption. At higher surface temperatures, CHs(ads) becomes unstable
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and dehydrogenates, first to CH(ads), and eventually leading to adsorbed car-
bon atoms C(ads) for Ts> 500 K. The CH(ads) product on the surface is stable
up to Ts=500 K171, Figure 5-2 shows RAIR spectra following deposition of CHs
on Pt(111) at Ts=100 K, 200 Kand 300 K. At Ts=200 K, the CH3(ads) has almost
dehydrogenated completely into CH(ads). The intermediate dissociation prod-
uct CHz(ads) was not detected, in accordance with previous studies that pre-
dict that these species are unstable on the Pt(111) surface at Ts>130 K171, In
principle, we could record the CH(ads) uptake to measure the sticking coeffi-
cient of CH4 at 180 K <Ts< 500 K. However, this would require a calibration of
the CH(ads) RAIRS absorption signal in terms of surface coverage. Instead, AES
was used to measure the coverage of adsorbed C-atoms (either as CH(ads) or
C(ads)) as a result of CHs dissociation for surface temperatures between
Ts=200-800 K.
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Figure 5-2. RAIR spectra after CHs4 deposition on the Pt(111) surface at 100 K, 200 K,
and 300 K.

The state-resolved sticking coefficients for CH4 (v3) were obtained using equa-

tion (3.4). The sticking coefficient without laser excitation, S;***" /7, was

measured at the highest translational energy (34 kJ/mol) and highest surface
temperature (Ts=800 K) used in this study. Under these conditions, the
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Séaser_offwas (2.3%£0.7) -10-%. This value contributes 0.3% ML to the measured
carbon coverage at laser-on conditions and it is below the sensitivity of our
AES setup, which is approximately 1.5% of a ML of C. For the rest of transla-

tional energies and surface temperatures studied here, the contribution from

the laser-off molecules would be even smaller. For this reason, S***" =/ wa

S
neglected in equation (3.4) and only laser-on experiments were performed for

the rest of Etrans.

The initial sticking coefficients obtained by RAIRS were calculated following
the same procedure explained in chapters 3 and 4: after the correspondent
calibration of CHs(ads) RAIR adsorption signal to coverage, the uptake curves
(CHs(ads) coverage vs incident CH4 dose) were fit by a modified Langmuir up-
take curve using equation (4.1) and the So was obtained as the initial slope of
the fitting. As an example, Figure 5-3 shows the uptake curves obtained at
Ts=90 K for different translational energies.
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Figure 5-3. RAIRS CH3z(ads) uptake curves obtained at Ts=90 K for different transla-
tional energies of the incident CH4(vs) beam. The solid lines show the Langmuir up-
take fitting to the experimental data points.

At Ts=200 K, AES was used to obtain the carbon footprints on the surface after
the depositions. An example of an Auger profile measured after 60 s deposition
of CH4 (v3) at 34 kJ/mol and Ts=200 K is presented in Figure 5-4 a). The C/Pt
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measured with Auger was converted into carbon coverage using the calibra-
tion presented in chapter 3.3.3.1. The Auger data shows the carbon footprint
of the molecular beam on the surface to be about 7 mm in diameter. The points
taken at the edges of the crystal and outside the carbon footprint were used to
determine a carbon baseline (red dashed line) due to C adsorption from the
chamber background and during the AES analysis. The baseline was sub-
tracted from the profile to give the carbon profile due to the incident molecular
beam, as shown in Figure 5-4 b). The carbon coverage was taken as the average
of the plateau points in the footprint (those in between the two blue dashed
lines in Figure 5-4 b). The sticking coefficient was determined as the ratio be-
tween the carbon coverage and the incident dose of state prepared molecules.
A disadvantage of AES detection compared to RAIRS detection is the fact that
with RAIRS we get the whole uptake curve in a single experiment and we can
then fit it with the Langmuir model to extrapolate the initial reactivity. Using
AES we only get a single point of the uptake in one experiment. Therefore,
since here we wanted to calculate the initial sticking coefficient, it was neces-
sary to work at low carbon coverages where the sticking coefficient is still in-
dependent of the coverage (in the linear part of the uptake). For this reason,
the final carbon coverage was kept below 8% of a ML in these measurements.

a) b)
0.08 0.08 10
0.07 | 0.07
—48
0.06 | 0.06
S
0.05 | 0.05 le E
o | a o
5 0.04 ) 0.04 %
0.03 | 0.03 14
<
0.02 |- 0.02 25
0.01 |-= - 0.01
0.00 L L L L L 0.00 a_10
20 22 24 26 28 30 20 22 24 26 28 30
Crystal position (mm) Crystal position (mm)

Figure 5-4. a) Auger profile measured following a 60 second deposition of CHa(v3)
with Egans=34 kJ/mol and Ts=200 K. The red dashed line shows the carbon back-
ground. b) Auger profile obtained after background subtraction of the AES profile
shown in a). The blue dashed lines show the region of the profile used to determine
the average carbon coverage.
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Figure 5-5 a) shows the initial sticking coefficients So for CH4 (v3) on Pt(111)
as a function of surface temperature for different incident translational ener-
gies. At Ts=90 K, So was measured using RAIRS and AES, showing excellent
agreement between the values obtained by both techniques. Figure 5-5 b)
shows the same set of So for CH4 (v3) but as a function of incident translational
energy for the different surface temperatures.
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Figure 5-5. So (CH4(v3)) on Pt(111) as a function of: a) surface temperature for differ-
ent incident translational energies of the molecular beam. The open symbols corre-
spond to sticking coefficients measured using RAIRS and the filled symbols those
measured using AES. b) As a function of incident translational energy for different
surface temperatures. Only sticking coefficients determined from AES measurements
are shown.

The general trend observed in Figure 5-5 is an increasing reactivity with in-
creasing surface temperature, except for Ts=90-200 K where we do not ob-
serve a measurable Ts dependence except for the lowest incident energy of 21
kJ/mol. For Ts=200-800 K, the dependence of So with Ts is more important at
the lowest incident translational energy: at Etrans=21 k]/mol, the So increases
by a factor of 30 raising the temperature from 90 K to 800 K, while it only in-
creases by a factor of 4 for Etrans=34 k] /mol.
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Using ab initio quantum reaction dynamics, Jackson and cowork-
ers364547,170,172173 hayve been able to explain the surface temperature depend-
ence in terms of lattice motion, obtaining excellent agreement with experi-
mental studies on the surface temperature dependence on the dissociation of
CH4(v3) on Ni(111)170. Here, I will give a short overview of their model, which
will help in explaining the results presented in Figure 5-5. An increase in the
surface temperature causes the surface atoms to be displaced from their equi-
librium position due to their vibrational motion. Since this lattice vibration is
relatively slow (phonon frequency of approximately 200 cm1) in comparison
with the timescale of methane-surface collision interaction101, the authors pro-
pose that lattice motion can be treated with a sudden approximation73. There-
fore, the methane molecules encounter the surface atoms at randomly chosen
positions as a result of their vibration motion with respect to the surface plane.
This sudden approximation has been further proved in quasi-classical molec-
ular dynamics studies by Lozano et al.3” Computing the sticking coefficients for
CH4 on Pt(111), the authors found no difference when they included the sur-
face atom motion and when they treated the surface atoms as static in a set of
distorted configurations determined by the surface temperature.

In their model, Jackson et al. account for two different effects of this molecule-
lattice coupling#’. On the one hand, they consider the so-called mechanical cou-
pling, which accounts for a shift in the location of the barrier along the axis
perpendicular to the surface as the lattice moves. This coupling is a modified
form of the surface mass model developed by Harris and Luntz34. This mechan-
ical coupling mimics the effects of energy transfer from the surface to the me-
thane molecule and vice versa that cannot happen in a sudden approximation.
At low incident energies of the incident molecule, So tends to increase with
surface temperature because the reaction can be “thermally assisted” (i.e. the
surface could transfer some of its vibrational energy to the molecule)16. At
high incident energies of the molecule, the reactant can actually make the sur-
face atom to recoil into the bulk when impinging, losing part of its energy due
to this “lattice recoil”174. Therefore, the So is expected to decrease with increas-
ing incident kinetic energies.

On the other hand, the electronic coupling, which Jackson and coworkers claim
is a more important effect, induces a modulation of the barrier height with lat-
tice motion. The dissociation barrier height depends on the surface atom posi-
tion relative the surface plane. Moving a surface atom above the surface plane
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(Q>0) reduces the dissociation barrier and vice versa. This effect is plot in Fi-
gure 5-6, where the calculated total energy along the minimum-energy path
for CH4 dissociation on Ni(111) is shown for three values of Q, which is the
displacement of the surface atom perpendicular to the plane of the surface.
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Figure 5-6. Total energy along the minimum-energy path for dissociative chemisorp-
tion of methane on Ni(111) for three values of Q, the displacement perpendicular to
the plane of the surface, of the Ni atom over which the methane dissociates. Repro-
duced with permission from*s.

The effect of this modulation of the minimum dissociation barrier is most im-
portant at incident energies of the methane reagent near the threshold for dis-
sociation. A methane molecule whose incident translational energy is below
the threshold energy for dissociation would not react if it encounters a flat sur-
face. However, if the surface temperature is increased and the methane mole-
cule encounters a surface atom that is displaced above the surface plane (and
therefore showing a slightly lower barrier for dissociation), the chances that
the methane molecule dissociate increase. On the contrary, if it encounters a
surface atom that is below the plane and shows a slightly higher barrier for
dissociation, it will not dissociate. But since the methane molecule would not
dissociate on the flat surface, the net effect of increasing the surface tempera-
ture is to increase the reaction probability. This explains why in Figure 5-5 we
observe a more pronounced enhancement of the So with Ts at low incident en-
ergies.

At incident energies above the minimum dissociation barrier, we could think
at first that the effect of Ts would be the opposite and that So would decrease
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with increasing Ts due to the increase in the barrier for atoms that are dis-
placed into the bulk. However, this effect is not observed, in part because of
the anharmonicity of the potential: DFT calculations show that it requires less
energy to displace a surface atom away from the bulk than into the bulk4’.
Therefore the molecules are more likely to hit a surface atom that has been
displaced away from the surface, which shows a lower barrier for dissociation
than the flat surface.

This explanation for the surface temperature dependence of So does not in-
clude tunnelling as it was proposed previously in the literaturel234, Jackson
claims that adding tunnelling in their model does not change significantly the
reactivity36. Most of the trajectories are predicted to happen “over the barrier”
for methane molecules colliding very near the top sites and when the surface
atoms pucker out of the surface plane. It is only at very low incident energies
and very low Ts when tunnelling becomes the only possible mechanism for
dissociation.

Even though the general effect of the surface temperature is the same for me-
thane reacting on Pt(111) and Ni(111), the Ts dependence observed here for
CHa4/Pt(111) is weaker than the one observed on Ni(111)124170, This result can
be rationalized as being due to the large mass difference between Ni and Pt
and the fact that the Ni(111) surface is stiffer, leading to Ni lattice vibrations
with higher frequencies than those of Pt. Furthermore, calculations performed
by Nave et al.*> show a weaker electronic coupling between barrier height and
Pt atom displacement (0.996 eV/A) in comparison with Ni (1.158 eV/A). How-
ever, these differences do not explain why we do not observe a measurable Ts
dependence for the range between Ts=90-200 K in Figure 5-5 when on Ni, So
was observed to increase with increasing Ts for the whole range between
Ts=90-475 K124,

Trying to understand this behaviour, the fractional phonon populations for dif-
ferent Ts on the two surfaces, Ni(111) and Pt(111) were calculated assuming
the surfaces behave as harmonic oscillators with masses Mni and Mpt oscillat-
ing with the surface Debye frequency wp(Ni(111)) and wp(Pt(111)) respec-
tively. The fractional phonon population can be estimated from Boltzmann dis-
tribution69:
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e -n0p/Ts

P = Y., e nop/Ts

(5.1
where 0, is the Debye temperature, which is in the range of 222 Kto 250 K for
Ni(111)175 and between 110 K and 143 K for Pt(111)175-177, For each surface,
the average surface Debye temperature was used in equation (5.1).

As shown in Figure 5-7, the range of Ts=90-475 K, covered in the study of Utz
et al.124170 includes temperatures well below and well above the Debye tem-
perature. However, in our study for Pt(111), at Ts=90 K, the lowest surface
temperature studied and close to the Debye temperature of the surface, the
n=1 phonon state is already populated. This could explain why we do not ob-
serve a sharp increase in the So at Ts=90 K as they did on Ni(111). At 90 K, the
lattice motions on Pt(111) are not frozen as it happens on Ni(111). Therefore,
one would need to work at lower Ts on Pt(111) to make a fair comparison be-
tween both studies. However, at Ts<80 K, CH4 starts to physisorb on Pt(111)178
and we expect that CH4 passivates the surface sites for dissociative chemisorp-
tion. Nevertheless, Utz et al.170 calculated a higher efficacy in promoting So for
the first quantum of surface excitation (n=1) than for the subsequent excited
states, and this result seems to be in contradiction with our observation for
Pt(111). A more pronounced dependence of the So with Ts is observed at
Ts>200 K, temperature at which the n>1 higher vibrational modes start to be
populated. Therefore, it seems from our observations that the efficacy of
higher vibrational phonon modes is more efficient in promoting the dissocia-
tion of CH4 on Pt. However, this observation is not fully understood yet and
more experiments and/or theoretical calculations are needed to clarify the
non-dependence of So with Ts at Ts=90-200 K.
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Figure 5-7. Fractional phonon populations as a function of surface temperature for a)
Pt(111) and b) Ni(111). n=0 corresponds to the ground state, n=1 with the first ex-
cited state, etc. and the fractional populations are calculated using equation (5.1).

For future experiments, it would be interesting to study how the effect of lat-
tice motion affects surfaces with steps or ridges as Pt(211), Pt(110)-(1x2) or
for Ni(211) for example and compare with the theoretical predictions#4179,
The advantage of working with Ni is its lower reactivity and its higher Debye
temperature that offers the possibility to work at temperatures below and
above the Debye temperature without having CH4 physisorbing on the surface.

5.3 High incidence energy regime & surface carbon
migration at high Ts

In this second part, I will discuss the effect of surface temperature at
high incident energies, well above the barrier for dissociation. For these exper-
iments, the K&W method was used, because the initial sticking coefficients at
these high Etrans are greater than 1%, above the detection limit of the K&W
method in our current setup. Sticking coefficient measurements by the K&W
technique have the advantage that they are self-calibrating. A gas mixture of
1%CHz4 in H2 was used to access incident translational energies between 50
and 130 kJ/mol. In order to prevent the adsorption and site blocking by chem-
isorbed hydrogen atoms, the surface temperature was kept Ts>500 K. At these
high Ts, the hydrogen atoms quickly leave the surface by recombinative de-
sorption as Hz(g).
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On Pt(111), we have reported previously®3 that So for Etrans >90 k] /mol is inde-
pendent of surface temperature in the range between Ts=500-800 K. This re-
sult agrees well with the results presented in the previous section. At Etrans>90
k] /mol, the energy is much greater than the minimum barrier height for disso-
ciation, and so the surface temperature is not expected to affect the initial
sticking coefficient (So). However, it is interesting to see how the time depend-
ent sticking coefficient S(t), depends on the surface temperature.

Figure 5-8 shows three K&W traces for CH4 dissociation on Pt(111) at
Etrans=120 k] /mol for three different surface temperatures. The initial sticking
coefficients S(t=0) are the same within experimental error for the three sur-
face temperatures, and for t< 2s S(t) decreases at a similar rate as the carbon
atoms product of CH4 dissociation block vacant sites on the surface. However,
for t>2 s, the time evolution S(t) differs significantly for the different Ts.
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Figure 5-8. Time dependence of the K&W trace for the dissociative chemisorption of
CHson Pt(111) at E¢rans=120 k] /mol and three surface temperatures (Ts=500 K in blue,
Ts=650 K in green, Ts=800 K in purple).

Several possibilities were considered as possible explanations for the behav-
iour shown in Figure 5-8. One alternative includes recombination of carbon
atoms on the surface with CH4 in the molecular beam or possible contaminants
on the surface. Such a process could lead to the desorption of the products of
the recombination creating vacant sites for dissociation. One possibility is the
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formation of CO from the recombination of C(ads) with oxygen contaminant in
the UHV chamber. However, no detection of mass 28 amu in the QMS during
the measurements indicate that this process is not happening. Another possi-
ble product from recombination of the surface carbon atoms could involve the
formation of C2Ha, yet this product was also not observed in the QMS.

The second alternative involves mobility of the C(ads) on the surface that hap-
pens more efficiently at high surface temperatures. Carbon migration into the
bulk was discarded since it is well-known that happens at Ts>1150 K189, Also,
carbon migration to the edges of the carbon spot was eliminated since AES
probed that the carbon remained on the surface after depositions at high sur-
face temperatures.

The most plausible explanation for the observed behaviour is the surface mo-
bility of C(s) that can lead to the formation of carbon particles on the surface.
In this surface temperature range, three-dimensional carbon agglomerates
were observed using scanning tunnelling microscopy (STM) by Land et al.181
In their study, they followed the dehydrogenation of ethylidyne on the Pt(111)
surface after deposition of ethylene. In the range of Ts=430-700 K, they ob-
served the formation of three dimensional carbonaceous particles on the sur-
face. The size of the carbon particles was observed to increase with increasing
surface temperature, consistent with the higher mobility of carbon at high sur-
face temperatures. At Ts>800 K, LEED measurements182183 show the for-
mation of graphite through the detection of graphite rings in addition to the
(111) spots.

In order to account for these two different processes that happen on the sur-
face during the measurement of the K&W trace (i.e. the CH4 dissociation and
the mobility of the C products on the surface), all the K&W traces were fit with
a double exponential using (2.4), as it was shown in Figure 2-10.

In order to check whether the carbon particle formation depends on the sur-
face structure, a similar experiment to the one for Pt(111) shown in Figure 5-8
was performed on Pt(110)-(1x2). Figure 5-9 plots the time dependence of the
K&W trace for the dissociation of CH4 on the more corrugated surface for dif-
ferent surface temperatures and for two incident translational energies (72
kJ/mol in Figure 5-9 a) and 129 k]J/mol in Figure 5-9 b)). As shown in Fig 5-9,
So is independent of surface temperature for both incident translational ener-
gies. The minimum activation barrier for CH4 dissociation on the ridges of
Pt(110)-(1x2) was calculated by Han et al.#* to be 57.5 kJ/mol. Therefore, at
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79 kJ/mol, the CH4 molecules should have enough energy to surpass the mini-
mum barrier for dissociation and the surface temperature is expected to play
a minor role on So.
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Figure 5-9. Time dependence of the K&W trace for the dissociative chemisorption of
CH4 on Pt(110)-(1x2) at a) Ewans=72 k] /mol and b) Erans=129 k] /mol for different tem-
peratures (Ts=550 K in blue, Ts=650 K in green, Ts=800 K in purple).

In general, the effect observed for S(t) on Pt(110)-(1x2) as a function of surface
temperature is the same as the one observed for Pt(111). By comparing the
traces shown in Figure 5-9 measured at different incident energies and surface
temperatures, one can see how two processes play a role in the decay of the
sticking coefficient trace. On the one hand, for a specific incident translational
energy, the S(t) trace is seen to decay more slowly at high surface tempera-
tures because of the more efficient diffusion of the carbon on the surface that
frees up vacant sites for dissociation. On the other hand, for a specific surface
temperature, the S(t) trace is observed to decay more slowly at lower incident
energies. At low incident energies, the sticking coefficient is low, generating
less carbon on the surface and so more vacant sites for new methane molecules
to dissociate. At high incident energy, the surface is rapidly covered by carbon
due to the high initial reactivity of the incident CHa.

Carbon segregation on the Pt(110)-(1x2) surface into subsurface layers of
platinum was observed at Ts>470 K by angle-resolved XPS (ARXPS) at the
same time as a complex phase of (1x2)-type was detected by LEED184, The
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most likely explanation for this observation is that carbon atoms accumulate
on the valleys of this corrugated surface forming a (1x2) structure since carbon
diffusion into the bulk of Pt(110)-(1x2) does not happen at temperatures be-
low 1100 K. Also, the formation of graphite islands has been reported to occur
at Ts>700 K184185,

5.4 Summary

In this chapter, the effect of surface temperature on the dissociative
chemisorption of CH4 on Pt surfaces has been studied.

At low incident energies, close to the minimum barrier for dissociation, the
surface temperature was shown to play a role on the So for CH4(v3) on Pt(111).
The initial reactivity was seen to increase with increasing the surface temper-
atures for Ts=200-800 K. This effect was observed to be more important at low
energies, and explained by a modulation of the dissociation barrier height due
to the displacement of surface atoms out of the surface plane with increasing
surface temperature (thermally induced corrugation). This modulation of the
barrier for atoms moving away for the surface plane mimics in a way a surface
with atoms with different coordination, as it was studied in chapters 3 and 4.
Surface atoms puckering out would be similar to steps or kinks, while surface
atoms moving into the bulk would resemble corner or valley atoms.

A weaker dependence of the surface temperature on the CH4 reactivity was
seen on Pt(111) compared to Ni(111)124170, For Ts=90-200 K, a negligible ef-
fect of Ts was observed on So for all the incident energies studied. A possible
explanation for this behavior is a higher efficacy of higher excited phonon
states on promoting the dissociation on Pt(111), although this idea contradicts
previously theoretical predictions!’0 and it remains to be established.

At high incident energies, the effect of surface temperature (Ts=500-800 K) on
the initial reactivity on Pt(111) and Pt(110)-(1x2) is negligible for Etrans=90
k] /mol and Etrans=79 kJ /mol respectively. However, the time-dependent stick-
ing coefficient measured with K&W is observed to depend on Ts on both sur-
faces. A slower decay of the sticking coefficient as a function of incident dose
was measured at high surface temperatures. This observation was rationalized
by a higher mobility of the carbon product of the dissociation on the surface
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that tends to form carbon particles on the surface and thus continuously create
vacant sites for methane dissociation.
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Chapter 6 Summary and outlook

This thesis reports an experimental investigation of the dissociative
chemisorption of methane on several Pt single crystal surfaces. In all experi-
ments, I used a molecular beam/surface-science apparatus which combines
AES, K&W and RAIRS detection with the possibility to perform quantum-state
resolved experiments using continuous infrared lasers to prepare the reactant
molecules in a specific rovibrational quantum state.

In 2008, Vattuone, Savio and Rocca’! raised the following question:

“Do defects play any role for direct dissociative chemisorption, i.e. when the mol-
ecules dissociate on impact with the surface without having the chance to find a
lower energy path by diffusing in search of more active sites?”

At the time, only two experimental studies had investigated the role of low Pt
coordinated sites on the dissociation of methane using single crystal surfaces,
and both disagreed: while Gee et al.?7 suggested a higher reactivity on the steps
than on the terraces of Pt(533), Papp et al?? concluded that the steps are
equally reactive as the terraces on the direct CH4 chemisorption channel for
Pt(355) and Pt(322).

[ believe that this question is now answered in the third chapter of my thesis.
“Defects”, or more appropriately, low-coordinated sites such as steps, ridges,
or kinks can play an important role in a direct dissociative chemisorption re-
action. The determination of the site-specific initial sticking coefficients on the
different surface sites allowed for direct comparison of the reactivity of CH4 on
the low- and high- coordinated sites. The experimental sticking coefficients
show the highest reactivity on the least coordinated steps (CN=7) and ridges
(CN=7) in comparison with the terraces (CN=9). However, the results pre-
sented here demonstrate that the coordination number of the surface atoms is
not the only factor that determines the site-specific reactivity. This conclusion
relies on the different site-specific reactivity found for CH4 on the steps and on
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the ridges, being approximately a factor of 2 higher on the step sites. Likewise,
the terraces of the Pt(211) were found to be less reactive than the terrace at-
oms on the flat Pt(111) surface.

On all sites, the dissociation is observed to happen via a direct chemisorption
mechanism. Diffusion of CHs adsorbed on the terrace sites to the step sites at
Ts<150 K as previously proposed by Papp et al.?® can be excluded in our ex-
periments. This is in accordance with DFT calculations, which predict a high
barrier for CHs diffusion from the terraces to the steps and vice versa. Hence,
this absence of diffusion reaffirms the direct chemisorption mechanism: when
the CH4 molecule impinges on a particular surface site, it dissociates on direct
impact if it contains sufficient energy to overcome the barrier for dissociation
on that specific site.

On Pt(211), dissociation on the highly coordinated corner atoms (CN=10) is
not observed in the range of energies studied, again in agreement with DFT
calculations predicting a much higher activation barrier for those sites. On the
Pt(110)-(1x2) surface, methyl is only detected on the ridge sites. The experi-
mental results show that dissociation does not occur on the facet (CN=9) sites
of Pt(110)-(1x2), at least for incident energies lower than 80 k] /mol. Dissoci-
ation in the valleys (CN=11) of Pt(110)-(1x2) was also not observed experi-
mentally, in agreement with AIMD calculations that predict 90% of the reac-
tivity on the ridge atoms and no dissociation on the valleys for incident ener-
gies between 70-130 kJ/mol104,

The presence of these non-reactive sites on the Pt(211), Pt(210), and Pt(110)-
(1x2), reduce the “active cross-section” of a particular sample containing sev-
eral different surface sites. Thus, when comparing the site averaged sticking
coefficients for surfaces comprising different surface sites with the reactivity
of a Pt(111) surface made up of identical surface atoms, the incident energy
plays an important role. At high incident energies of the reactant molecule,
Pt(111) is more reactive than the corrugated surfaces because of its larger ac-
tive cross-section. While the terrace atoms on Pt(111) are less reactive than
the steps, kinks and ridges, Pt(111) presents the largest active area of the four
studied surfaces. A compromise between low-coordinated sites and their
abundance needs to be taken into account in the design of a good catalyst.

Furthermore, I explored the effect of rovibrational excitation of the incident
methane on the chemisorption on different surface sites in chapter 3. By excit-
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ing the antisymmetric C-H stretch vibration (vs3) of CH4 and detecting the me-
thyl product of the dissociation using RAIRS, I report in this thesis for the first
time quantum state- and surface-site-specific sticking coefficients of CH4 on
corrugated Pt surfaces. Excitation of the reactant molecules with one quantum
of vz was found to be less efficient than an equivalent amount of translational
energy normal to the surface for promoting the dissociation on all the surface
sites studied. In addition, the vibrational efficacy is lower for dissociation on
the low coordinated step and ridge sites in comparison with the terraces. This
observation is rationalized based on the different barrier heights for methane
dissociation on each surface site, and on the different transition state geome-
tries. As previously reported in a comparison of the efficacy of CH4(v3) on
Ni(111) and Pt(111), the efficacy is higher in a system that is “starved for en-
ergy”141, Here, the reaction on the terraces with its higher barrier clearly needs
more energy than the reaction on the steps or ridges. Moreover, transition
state geometry calculations predict the C-H reactive bond to be more stretched
at the TS for dissociation on the steps than on the terraces0s.

The effect of rovibrational excitation of the incident molecules is also reported
in chapter 4. In this chapter, the rovibrational energy is used to control the
outcome of the methane chemisorption reaction. In particular, bond selectivity
for methane isotopologues on Pt(111) and Pt(211) is presented.

CHsD, CHz2D2 and CHDs3 are shown to dissociate on the Pt(111) surface yielding
C-H and C-D cleavage products in a nearly statistical product branching ratio.
A small preference for the C-H bond cleavage is observed at low energies due
to the higher zero point energy of the C-H bond. This isotope effect decreases
the barrier to break a C-H bond compared to a C-D bond, and is also responsi-
ble for the higher sticking coefficient observed when decreasing deuteration
of the incident methane molecules. Excitation of the C-H stretch bond(s) prior
to the chemisorption reaction is shown to induce a strong preference for C-H
cleavage, yielding bond selectivity on the Pt(111) at all incident translational
energies studied.

On Pt(211), a combined study of bond selectivity and surface-site-specificity is
reported. The ability of RAIRS to distinguish between C-H and C-D cleavage
products adsorbed on step and terrace sites allowed me to study the dissocia-
tion of CH3D on Pt(211) as a function of translational energy. When the inci-
dent reagent CH3D was prepared with one quantum of antisymmetric C-H
stretch excitation, an enhancement of the C-H cleavage was observed. Full

151



Chapter 6. Summary and outlook

bond selectivity is reported on the steps and on the terraces of the surface,
although at different ranges of energy, in accordance with the different activa-
tion barriers on both surface sites. Using a slow molecular beam of C-H stretch
excited CHsD, I obtained both bond- and site-specific methane chemisorption
where only the steps are covered by the C-H cleavage product CH2D(ads). The
bond selectivity decreases with incident translational energy, as previously
predicted by quasi-classical trajectory calculations3’. When the incident trans-
lational energy is below the activation barrier for dissociation on a particular
site, the vibrational energy added in the quantum of C-H stretch excitation pro-
vides the extra amount of energy to the C-H bonds needed for the molecule to
dissociate on that specific site. Once the translational energy alone becomes
sufficient to overcome the dissociation barrier, the effect of C-H excitation and
therefore the degree of bond selectivity is reduced.

Chapter 5 focuses on the effect of surface temperature on the reactivity of CH4
on Pt(111). Since the dissociation of methane requires the crossing of a large
energy barrier and the reaction is known to be direct, the question was
whether such a barrier could be lowered by increasing the surface tempera-
ture. At low incident energies, close to the minimum barrier for dissociation, I
observed a strong effect of surface temperature on the dissociation probability
where the sticking coefficient increases with increasing surface temperature.
This observation could be rationalized as being due to a thermally induced cor-
rugation. Increasing the surface temperature increases the vibrational ampli-
tude of the Pt surface atoms, resulting in atoms being temporally displaced
above and below the surface plane. DFT calculations show that a methane mol-
ecule which collides with a Pt atom displaced above the surface plane experi-
ences a lower barrier than for an atom in or below the surface plane. This ther-
mally induced puckering of the surface atoms out of the surface plane results
in a transient reduction of the coordination number decreasing the dissocia-
tion barrier. There seems to be a connection between the surface temperature
dependence and surface site dependence of the methane reactivity: in the
same way that step sites have a lower activation barrier than the terraces, the
atoms puckering out of the surface plane are predicted and observed to be
more reactive than atoms in or below the surface plane. Consistent with this
interpretations of the surface temperature effect, I observe that at high inci-
dent energy, significantly above the minimum barrier, the surface temperature
dependence of the reactivity is reduced and finally disappears.
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King and Wells data for surface temperatures higher than 500 K indicates that
the carbon atoms on the surface product of the dissociation of CH4 on Pt(111)
and Pt(110)-(1x2) are mobile. This diffusion of the carbon atoms has been re-
ported before, and the carbon atoms were observed to agglomerate forming
particles of 10-40 atoms/particle depending on the surface temperature. This
agglomeration of the carbon atoms in three dimensional particles frees up va-
cant sites on the surface for more methane to dissociate.

Taken together, the experimental results shown in this thesis are highly valu-
able for testing the validity of current dynamical models. In particular, the new
quantum state and surface-site resolved sticking coefficients contribute to ad-
vancing the understanding of methane dissociation toward surfaces that re-
semble the catalysts used in industry, where defects and atoms with different
terminations are used.

Future experiments

The ability of RAIRS to distinguish between dissociation of methane on differ-
ent surface sites opens a range for possible future experiments that could
make use of the site-specific detection of this technique. Here I will suggest and
discuss some promising future experiments:

CH4 dissociation on stepped Ni surfaces

Until now we have used RAIRS to study the dissociation of methane on Pt sur-
faces. However, Ni based catalysts remain the most feasible, economically.
Therefore, exploring how the rates of methane dissociation on Ni are affected
by the coordination of the surface atom is very interesting since its relevance
in catalysis. For this reason, a Ni(211) surface is now being under investigation
in our RAIRS setup. Previous attempts to detect methane dissociation on
Ni(111) by RAIRS were unsuccessful, presumably because on Ni(111) the me-
thyl groups adsorbs in the three-fold hollow sites instead of the terrace top site
as is the case for Pt(111). Nevertheless, very recent theoretical calculations
predict the CH3 product of CH4 dissociation to adsorb on the step edge top
sites179, so it may still be possible to detect the chemisorbed methyl species on
the steps a Ni(211) surface by RAIRS. Moreover, these calculations predict the
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steps of the surface to be much more reactive than the terraces, with a contri-
bution of the terraces to the sticking coefficient of only 3% at incident energies
of 96 kJ/mol.

Exploring steric effects in the chemisorption of methane on stepped
surfaces

Using linearly polarized infrared light one can align methane’s angular mo-
mentum and vibrational transition dipole moment in the laboratory frame.
Yoder et al.3% observed an initial sticking coefficient that was 60% higher when
the laser polarization was parallel rather than normal to the surface. The au-
thors attributed this steric effect to the alignment of the transition dipole mo-
ment of the incident methane with respect to the surface. Using such laser in-
duced alignment of the incident methane one could probe for steric effects on
a stepped Pt surface. From the site-specific experiments reported in this thesis,
we know that, at low incident energies, methane dissociates exclusively on the
step sites of Pt(211). At these energies, one can investigate if there are any dif-
ferences in the reactivity for molecules whose vibrational transition dipole
moment is parallel or perpendicular to the step edges revealing further infor-
mation about the reactive potential energy surface.

CH4 dissociation on early transition metal surfaces

As mentioned in chapter 3, the d-band model predicts low coordinated sites
such as steps or kinks on early transition metal surfaces to be less reactive than
terrace sites. In order to check if this theory holds, one could study site-specific
reactivities for CH4 on a stepped W surface by RAIRS, and compare with the
results presented in this thesis.

CO2 reaction on stepped surfaces

Other gas-surface systems can be potentially studied in our setup. One of them
is the adsorption of CO2 on solid surfaces. Removal of CO2 from the atmosphere
to limit greenhouse emissions, and the conversion of CO2 into useful chemicals
such as methanol or small hydrocarbons are two good motivations to study
this reaction. CO2 chemisorption on transition metal surfaces has been shown
to be structure dependent86, Dissociative chemisorption of CO2 has been ob-
served on stepped Cu surfaces!8” while no such dissociation happened on flat
Cu surfaces. This reaction was believed to be “strictly site dependent” due to
the special electronic properties of the step sites. On Ni and Fe metal surfaces,
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the chemisorption reaction was also observed to be structure sensitivel86.188,
Our surface-site selective detection method together with the ability to per-
form quantum state resolved studies would provide highly detailed reactivity
measurements for this important reaction.

Gas surface reactions on model catalysts

As a future goal or direction of this thesis research, I would also propose the
study of reactions between gas phase molecules and metal nanoparticles in-
stead of metal single crystals. These experiments would definitely help us clos-
ing the “structure gap” between atomically smooth single crystals and real cat-
alysts by the use of model catalysts’2. Typical model catalysts are based on a
thin oxide support material film (for example SiO2 or Al203) onto which metal
particles of few nanometers are deposited in UHV. For the growth of metal na-
noparticles on the surface, either physical vapor deposition (PVD) or chemical
vapor deposition (CVD) can be used in the UHV chamber.

The state-of-the-art of molecular beam studies on model catalysts has been re-
viewed by Libuda and Freund?2. RAIRS studies on CO adsorption and oxidation
on Pt or Pd nanoparticles, adsorption of methanol on Pd nanoparticles, or NO
adsorption and dissociation on model catalysts are some examples of reactions
that have been investigated on model catalysts. Hence, it has been demon-
strated that RAIRS is a powerful technique to study reactions on metal nano-
particles when the oxide film is very thin and relatively high reflected signal is
obtained due to the optical properties of the metal.

We could potentially study the reaction between methane and Pt nanoparti-
cles, and compare the behaviors observed on the nanoparticles with the re-
sults we do have on different Pt single crystals. By doing so, we would be able
to study site-specific properties of particles in the nanometer size regime that
are not always observed using stepped single crystals.

Unresolved observations during this thesis work

Furthermore, this thesis work leaves also some issues unresolved. Due to time
restrictions, these observations or results could not be investigated in more
detail. However, I would like to mention them here for possible future experi-
ments:
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1. CHs(ads) formation on the steps of Pt(211)

After a 30 min deposition of a methane molecular beam at incident energy of
22 k] /mol, no dissociation was observed on the steps or terraces of the Pt(211)
surface using RAIRS. This result is in agreement with the barriers for dissocia-
tion predicted on the steps (42 kJ/mol) and terraces (84 kJ/mol)1%> and the
results presented in chapters 3 and 4. The only species observed on the surface
after the methane deposition is CO(ads) from contamination in the molecular
beam and the UHV chamber. However, after having stopped the molecular
beam deposition, I followed the spectra on the surface for three more hours.
Surprisingly, the peak associated to CH3(ads) on the steps, grows at a slow rate,
as it is presented in Figure 6-1. At the same time as the CHs(ads) on the steps
grows, the CO adsorbed on the top sites of the step edges decreases and dif-
fuses to the bridge sites on the steps. Moreover, the rate at which the CHs(ads)
grows after the molecular beam has been stopped was found to decrease with
decreasing surface temperature.
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Figure 6-1. a) Comparison of a spectrum taken after a 30 min deposition of CH, at
Ewans= 65 k] /mol (black) on Pt(211), and a spectrum measured 90 min after the mo-
lecular beam has been turned off once CHs was deposited at Egans= 22 k]/mol (or-
ange). b) Uptake measured for CHz(ads) on the step sites for a CH4 deposition at Egrans=
22 kJ/mol. During the deposition (MB ON}), no CH3(ads) was observed on the surface.
After the molecular beam deposition has been stopped (MB OFF), CH3z adsorbed on
the steps was observed.
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At first, we thought that a precursor mediated pathway could be responsible
for this observation. However, physisorbed CH4 was not detected on the sur-
face. Moreover, if there was a precursor mediated pathway for CH4 dissocia-
tion on the steps of the surface, at lower incident energies this channel should
be favored. Instead, I did not observe CH3(ads) on the step sites when exposing
the Pt(211) to a CH4 static gas.

This result has not been yet understood. A more complete report with the ex-
periments that I have tried to investigate the origin of this CHs(ads) on the
steps can be found in (Z:\Surface\Ana\Reports\Not resolved issues).

One of the possibilities that we currently consider is that the reverse reaction
of the steam reforming process could be happening on the step sites of the sur-
face:

CO + 3H, - CH, + H,0 6.1)

A sequence of breaking CO and H: followed by hydrogenation of the surface
carbon to produce methyl. Even though CO is generally unable to dissociate on
low Miller indices faces of Pt under UHV conditions, few studies have shown
that CO can dissociate on Pt surfaces that present low coordinated sites such
as steps or kinks189-191, The ability of low coordinated sites to break the CO
molecule is related to the strong weakening of the intramolecular CO bond on
those sites due to the filling of the 2" antibonding orbital caused by an in-
duced lateral Stark effect on the surfacel?2. On the other hand, surface hydro-
carbon (CH(ads)) formation from hydrogenation of carbon on the surface has
been observed on a Pt(111) surfacel’1,

To prove if this possibility is feasibly happening, more experiments would be
needed. First of all, one would need to check if CO can dissociate on the step
sites of Pt(211). For that, Auger could be used to detect C after CO depositions
on the surface at different surface temperatures. Also, hydrogenation of sur-
face carbon on the surface should be tested by dosing Hz in the UHV chamber
with the surface partially covered with C(ads).

2. RAIRS on Pt(210)/Pt(531)

As shown in chapters 3 and 4, RAIRS is able to distinguish between CHa4 disso-
ciation on the steps, terraces and ridges. However, RAIR spectra following dep-
osition of CH4 on Pt(210) and Pt(531) surfaces, both surfaces presenting kink
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atoms, present a broad band in the CH stretch region, instead of well-defined
and sharp peaks as it happened for Pt(111), Pt(110)-(1x2) and Pt(211). Spec-
tra following deposition on the different surfaces is shown in Figure 6-2.
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Figure 6-2. RAIR spectra following CH4 deposition at Etrans~65 kJ/mol on P(111),
Pt(211), Pt(210), and Pt(531) at Ts=150 K.

On both Pt(531) and Pt(210) the broad band was observed at different inci-
dent energies of the beam. As an example, Figure 6-3 presents a comparison of
spectra taken after 30 min deposition of CH4 on Pt(531) at different incident
energies. This observation excludes the possibility of being CH3s(ads) on the
different sites of the surfaces, since we would expect the CH4 to dissociate only
on the kinks of the surface at the lowest incident energy.

The explanation for this broad band observed on the two kinked surfaces is
missing. On the Pt(531), we justified the broad band with possible roughening
of the surface. Due to this roughening, the Pt(531) surface could consist of
kinks formed at different length steps and terraces. Having the CH3 adsorbed
on the different atoms could lead to slightly different CHs stretch frequencies,
which altogether form the broad band that we observe. However, on the
Pt(210), LEED indicates no faceting or roughening of the surface. Therefore,
the broad feature seen by RAIRS is still not understood.
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Figure 6-3. RAIR spectra following CH4 deposition at three different incident transla-
tional energies on Pt(531).

3. Stability of CH3 on the ridges of Pt(110)-(1x2)

Deposition of CH4 on the Pt(110)-(1x2) at Ts=120 K led to a single peak as-
signed to CHs(ads) on the ridge sites, as it presented in Figure 3-10. Dehydro-
genation of CHs(ads) on the ridge sites was seen to happen at Ts>180 K by in-
creasing the surface temperature and measuring RAIR spectra. However,
when the deposition was performed at Ts=150 K, no CH3(ads) was detected on
the surface using RAIRS.

At the moment it is not understood why the CH3s(ads) on the ridge sites was
not observed at Ts=150 K. Several possible explanations for this observation
were tested and summarized in a report that can be found in Z:\Sur-
face\Ana\Reports\Not resolved issues.
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Appendix

During my thesis work a new separation valve was designed and installed be-
tween the second and third chambers in order to the UHV chambers from mo-
lecular beam source in the first and second chambers. The original separation
valve which was part of the commercial molecular beam source manufactured
by Thermionics was unreliable. The valve did not properly seal between the
second and third stage during venting of the molecular beam source because a
pressure difference was need to properly compress the O-ring seal. Also the
mechanical actuator for the separation valve consisting of a rotation motion
feedthrough and several gears with unreliable. Therefore, we decided to re-
place the original separation valve with an improved version which is actuated
by stepper motor. All the Solidworks designs can be found on the server of our
group in the following address:

Z:\Surface\all data\Equipment Solidworks Design\RAIRS machine\Separation
valve (Ana)

A schematic of the separation valve is shown in Figure. A stainless steel sliding
sheet (1) is translated in the vertical axis in a linear guide that is defined by
two guides (2). The movement is provided by a stepper motor (UDB11-12V)
with areducing gear (UGM20CNN) that is attached to the axis (3) that connects
with the sheet through a mechanical joint (4).

The separation valve has two well-defined positions that are fixed by the
length of two slots (5) in the sliding sheet. Four bronze bolts (6) screwed
trough the guides (2) act as mechanical end stops for the translation of the
sheet. Moreover, the bottom of the slots has been designed with two small
ramps (7), so that in the closed position the sheet is pressed against the wall
of the chamber with an o-ring made of PTFE.

A limit switch is installed to indicate when the motor has reached the closed
position. The motor controller (trinamic TMCM-1141) sits outside the vacuum
chamber and it has two input buttons: “open” and “close”. When the limit
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switch is active, a LED light turns on indicating that the valve is in the close
position.

valve in OPEN position

ramps at the
— bottom of the
g slots (7)

mechanical joint (4)

l sliding sheet (1)

s

axis connecting

with motor (3) BHlHesI(2] — T }

—5

chamber wall

Figure A-1. Schematic of the separation valve from the Solidworks assembly.
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Figure 1-1. Cartoon of a CHs molecule striking a Pt(211) surface that is composed of
different types of surface atoms. Some of the parameters that influence the
probability of adsorption are indicated: the translational energy (Etans), the
rotational and vibrational quantum number (v, J), the angle of incidence (6), or the
SUITACE LEMPETATUTE ([T75).curvrurerrmemerreesessessssssesssssessssssssssssssssssssssssessssssssssssssssssssssssssssssssssssassssssaes 2

Figure 1-2. Schematic contour plots of the PES for the A + BC — AB + C reactionas a
function of the interatomic distance of the reagent BC and the product AB. The
saddle points are represented by solid green circles. The initial and final states are
indicated in the bottom right plot. Adapted from 9. ... 5

Figure 1-3. Frequencies of the 9 vibrational modes of CHs (the triply degenerate
antisymmetric stretch, vs, the symmetric stretch, vi, the doubly degenerate bend,
vy, and the triply degenerate bend, v4) and other five modes corresponding to
rotational and translational motion along the reaction path (s). s=0 corresponds to
the transition state. Reproduced with permission from#9..........connnnneenecnneenneens 11

Figure 2-1. SolidWorks 3-D model of the molecular beam/surface-science apparatus.
B 1023 10 ) oo TP 15

Figure 2-2. Schematic overview of the molecular beam/surface-science apparatus. In
the first chamber, P1, the supersonic jet expansion is produced and skimmed. In
the second chamber, P2, a chopper wheel modulates the molecular beam for TOF
measurements using the on-axis QMS (1). In the third chamber, P3, a pyroelectric
detector that can be translated into the molecular beam to measure the excited
fraction of molecules by the OPO light source. Finally, the molecular beam enters
into the UHV chamber and collides with the sample surface where the adsorbed
dissociation products can be detected by RAIRS, AES, K&W (using QMS(2) in
combination with the flag) or TPD (using QMS(2)). .oueeeermeesreersmermeesseessseseessesssessees 17

Figure 2-3. QMS signal calibration in terms of CH4 partial pressure using a pure CH4
molecular beam. The slope of the linear regression (56 mbar/A) is used to convert
between the QMS signal and CHa partial preSSure. ... necseensesseensessseseeseenns 21

Figure 2-4. Measurement of the pump-out time for CHi QMS signal decays
exponentially as a function of time once the molecular beam is turned off. Inset
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shows the linear fitting for the In(QMS) vs time. The inverse of the slope, 85 ms, is
the PUMP-0UL LN ... sssss s sss s sssssss s sssssssssssasesanes 22

Figure 2-5. Photograph of the sample mount inside the UHV chamber (a)), and of the
sample glowing when it is being heated at a surface temperature of 1100 K
(0 ) OO 23

Figure 2-6. LEED images of the Pt(210) sample at different electron energies: a) 53
€V, D) 65 eV, and €) 95 EV. . s 25

Figure 2-7. Sketch of a fcc conventional cubic cell. “a” refers to the conventional lattice
parameter, which for Pt is 3.92 59, e eeeeeseeese e s sesseesseseenen 25

Figure 2-8. Sketches of different planes along which Pt was cut to obtain the Pt(111),
Pt(110), Pt(211) and Pt(210) surfaces. On the second layer, only the atoms that are
centered on the specified planes are ShOWN. ... 26

Figure 2-9. Models of the a) Pt(111), b) Pt(211), c) Pt(110)-(1x2), and d) Pt(210) with
the different surface sites labeled in the side view of the surfaces with the
corresponding coordination NUIMDETS. ... eereeeneeeeseesssesssessseesseesseesssssesssessssesssees 27

Figure 2-10. a) King and Wells QMS trace for the dissociative chemisorption of CHD3
on Pt(110)-(1x2) at 123 k]J/mol and a surface temperature of 650K. b) Time
dependence of the sticking coefficient. The dashed blue corresponds to the fit to
the data with a double exponential using equation (2.4). .....ceereereeeseerssessseennes 30

Figure 2-11. Auger electron spectra measured on Pt(211). In red, AES spectrum taken
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