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Abstract

The present thesis tackles the study of alkylidene modified molybdenum carbide as
catalyst for surface initiated metathesis polymerization under ultrahigh vacuum (UHV)
conditions. The surface science study was carried out using a multianalytical system
equipped with reflection absorption infrared spectroscopy (RAIRS), X-ray photoelectron
spectroscopy (XPS) and thermal desorption spectrometry (TDS). The first part of this thesis
is devoted to the description of the experimental system in terms of a guide for any new

student who intends to operate such kind of system.

The study of the characterization and catalytic activity of alkylidene modified
molybdenum carbide presented in this thesis is composed of two parts. The first part is
devoted to the preparation and characterization of new metal-alkylidene species on the
surface of B-Mo,C. Two new alkylidene species were studied, dimethyl alkylidene
((CH3):C=Mo), and vinyl alkylidene (CH,CHCH=Mo) species. Spectroscopic data for the
chemisorption of aliphatic ketones such as acetone, acetone-ds and acrolein, indicate that -
Mo,C induces carbonyl scission at room temperature under ultra high vacuum conditions to
form metal alkylidene and oxo species. This reaction also causes the formation of a layer of
undefined carbon on the surface which deactivates the otherwise reactive p-Mo,C towards

decomposition of the formed alkylidenes, conferring them with great thermal stability.

The main part of this thesis is dedicated to the study of alkylidenes as initiator
species for the surface initiated polymerization towards the formation of polyacetylene.
Two polymerization methods were tested. First the ring opening metathesis polymerization
of 1,3,5,7-cyclooctatetrarene (COT) was performed at cyclopentylidene and vinyl
alkylidene active sites. Then acetylene metathesis polymerization was carried out at
cyclopentylidene sites. The results of both methods are comparable, and small differences
in the conformation of the polymer are suggested by the vibrational data. Halogenation of
the obtained polymers was used as a marker to follow the reaction using X-ray

photoelectron spectroscopy.



The adsorption behaviour of the monomers on B-Mo,C is analyzed at the end of the
corresponding chapters. Vibrational data suggest that cyclooctatetraene adopts a planar
conformation which could favour the reaction by augmenting the strain of the molecule as
well as the residence time which allows the molecule to react at lower temperatures than
observed for norbornene and cyclopentene. Acetylene on the other hand undergoes
cyclization on the surface of molybdenum carbide at temperatures lower to those required
for the polymerization, and thus the formation of benzene and butadiene at the surface of
molybdenum carbide enters into competition with the formation of polyacetylene on the
alkylidene modified surface.
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Résumé

Cette these présentera I’étude d’un catalyseur de carbure de molybdéne modifié par
des alkylidénes dans le but de faire de la polymérisation par réaction de métathése induite

par la surface, le tout dans des conditions de ultra-haut vide (UHV).

Ce systéme catalytique a été caractérisé par différentes techniques d’analyse
utilisées en science des surfaces : la spectroscopie infrarouge par réflexion-adsorption
(RAIRS), la spectroscopie des photoélectrons par rayons X (XPS) et la spectrométrie de
masse par thermodésorption (TDS). La premiére partie de la theése décrira le systéme
expérimental a la maniére d’un guide pour les nouveaux utilisateurs de ce type de systéme

multi-analytique.

La caractérisation et I’étude de D’activité catalytique du carbure de molybdéne
modifié par des alkylidénes sera présentée en deux parties. La premiére partie sera dédiée a
la préparation et a la caractérisation de nouvelles espéces métal-alkylidéne sur la surface
du B-Mo;C. Deux nouvelles espéces ont été¢ étudiées, soient le diméthyle alkylidéne
((CH3)2C=Mo) et le vinyl alkylidéne (CH,CHCH=Mo). Des données spectroscopiques sur
la chimisorption de cétones aliphatiques telles que ’acétone, 1’acétone-ds et 1’acroléine
indiquent que le B-Mo,C induit un bris du lien carbonyle a température ambiante dans des
conditions d’ultra-haut vide pour former les espéces métal-alkylidéne et métal-oxo. Cette
réaction produit aussi une couche superficielle de carbone de nature indéfinie qui diminue
la réactivité de la surface de B-Mo,C face a la décomposition moléculaire conférant ainsi

une trés haute stabilité thermique aux espéces formées.

Le principal sujet de cette thése concerne 1’étude de ces alkylidénes comme des
espeéces initiatrices pour la polymérisation de surface en vue de former le polyacétyléne.
Deux méthodes de polymérisation ont été testées. Premiérement, la polymérisation par
métathése par ouverture de cycle du 1,3,5,7-cyclooctatétraene (COT) a été effectuée sur des
sites actifs de cyclopentylidéne et de vinyl alkylidéne. Deuxiémement, la polymérisation
par métathése avec I’acétyléne a été effectuée sur des sites de cyclopentylidéne. Les

résultats de ces deux méthodes sont comparables malgré des différences mineures dans la
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conformation des polymeres, lesquelles sont suggérées par les données des spectres

vibrationnels.

Le comportement des monomeres adsorbés sur f-Mo,C est aussi analysé a la fin de
chaque chapitre. La spectroscopie vibrationnelle suggere que le cyclooctatétraéne adopte
une configuration plate qui pourrait favoriser sa réactivité en augmentant la tension
moléculaire ainsi que le temps de résidence de la molécule sur la surface. Ces effets
pourront étre responsables du faite que le cyclooctatétraéne réagisse a une plus basse
température face a la polymérisation par ouverture de cycle que le norbornéne et le
cyclopenténe. Pour ce qui concerne 1"acétyléne, il réagit avec lui-méme a température plus
basse qué la température de polymérisation pour donner du benzeéne et du butadiéne sur la
surface du carbure de molybdéne. Cette réaction est, alors, en compétition avec la

formation du polyacétyléne sur la surface modifiée avec des especes alkylidéne.
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1. Introduction

1.1 Motivation

1.1.1 Molecular electronics

Molecular transistors are gated three terminal devices in which a semiconducting
molecule is sandwiched between two electrodes. These molecular wires are the
fundamental building blocks for single-molecule electronics, and are expected to play an
important part in the future of technological components'~. Molecular electronics form part
of the so-called “bottom up” strategy to achieve nanometer scaled electronic devices as the

answer to the demand for smaller components and systems.

Two main challenges arise from this concept. One is the development of organic
molecules that possess the electrical, electronic, and optical properties of a metal while
retaining the mechanical properties commonly associated with conventional organic
components. Polymers with such characteristics are known as “intrinsically conducting
polymers”, and are based on an extended m-electron system skeleton®. The simplest of these
conjugated polymers is polyacetylene, which can be described as an unsubstituted (CH)y
molecule. Polyacetylene was first synthesized by Natta and co-workers® in 1958 from
acetylene, using a Ti(OBu)4-AlEt; catalyst. However, at the time it was not amenable to
most characterization methods and did not possess the interesting electrical properties that
were anticipated. Using the same catalyst employed by Natta, but different experimental
conditions, Shirakawa and co-workers™ succeeded in preparing free-standing
polyacetylene thin films of metallic lustre which upon doping become highly conducting,
with a concurrent rise of the room temperature conductivity up to 12 orders of magnitude
(Figure 1-1)'°. Pristine cis-polyacetylene can almost be considered an insulator, whereas
trans-polyacetylene has transport properties of a semiconductor, and heavily doped

polyacetylenes have metallic conductivities’.
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Figure 1-1 : Comparison of electrical conductivities of metals, semiconductors, and
insulators; d indicates doped material.

Since their discovery, back in the 1970’s, conjugated polymers have had a major
impact in the scientific community, culminating with the Nobel Prize in chemistry awarded
to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa in 2000. For almost 30
years now, these intrinsically conducting polymers (ICPs) have been under intensive
research and development as new functional materials for electronics, photonics, advanced
coatings, and related applications™'""'>. Some conjugated polymers such as polypyrrole and
polyaniline have already found practical applications in the construction of electronic

devices'.

The second challenge for creating single-molecule electronics is to create suitable
metal-molecule contacts. A lot of effort has been invested on the design and synthesis of

% 2 4,7.11- 4 :
conducting organic molecules*”'"""*. However, the creation of a suitable metal-molecule



junction is also a very challenging issue. These junctions should allow current to flow
effectively between the metal and the molecule, and should posses a good stability in terms
of temperature and ambient ‘.*.eg.radatio:)n3 1416 At the same time, a certain chemical activity
would allow the use of surface-initiated polymerization to directly grow molecular wires

from the surface'”".

A number of model surface grafting techniques have been used on planar surfaces
and particles. One of the most commonly reported methods involves adsorption of
functionalized homopolymers or block copolymers through a linker”2°. Commonly
conjugated dithiol molecules are used to test candidates for molecular conductor devices
when connected to gold electrodes” . However, discrepancies over the experimentally
‘determined conductivities originate from the lack of atomistic details of the multiple
possible gold-thiol adsorption modes®*?*. Other linker groups, such as amines on gold and
silanes on silicon or glass, face the same limitations in terms of lack of detailed atomic
structures, subsequent useful chemistry, and an essential conducting channel for electrons

1
and/or holes'®*"%,

1.1.2 Metal alkylidenes

The conducting characteristics of a molecular junction depend critically on the
delocalization of the molecular electronic orbitals. The use of well-defined metal
alkylidenes could be a versatile approach towards establishing an efficient electrical contact
from metallic surfaces to molecules. These contacts are robust and well-defined, whilst at
the same time serving as initiating and propagating sites for olefin metathesis, a powerful

134-38 39-44

synthetic too already used in the polymerization of ICPs

Theoretical calculations on the conductivity of metal alkylidene linked polyenes
have appeared lately. Tulevsky et al.” found that a 1,3-pentadiene chain forms Ru-to-C 7
bonding that is essentially continuous with the rest of the m-system on the molecule,
coupling smoothly with the  orbitals in the Ru metal. More recently Ning et al.** studied
the electron transport properties of 2,4,6-octatriene sandwiched between two Ru(0001)



surfaces, finding that the Ru=C double bonds at both ends of the molecule extend the =
states into the leads and couple strongly with the conducting states of the Ru surfaces. They
calculated the transmission coefficient for such a molecular junction to be 0.61 at the Fermi
level of the metal, confirming that metal carbon double bonds can indeed create an efficient

channel for charge carriers (Figure 1-2).

Molccular wire

Figure 1-2 : Molecular wire connected to metal electrodes in a sandwich configuration by
alkylidene junctions.

Metal alkylidene species have undergone extensive development during the past 30
years as a consequence of the discovery of the mechanism of metathesis reactions involving
metal alkylidenes as initiator sites (Scheme 1-1)*. However, this development has mainly
been achieved on homogeneous systems_23‘34'3g'46 due to the deep structural knowledge of
these systems through their study by nuclear magnetic resonance (NMR) and X-ray
diffraction spectroscopy (XRD). These techniques have allowed the study of the structure-
activity relationship, and thus led to a continuous improvement in these systems, whereas

heterogeneous systems are still for the most part ill-defined.
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Scheme 1-1 : Chauvin mechanism for olefin metathesis.

Although the metathesis reaction was first observed in heterogeneous systems*’, the
development of these systems has been outshone by the easier-to-study organometallic
complexes™*****_ The principal reason for this slow evolution is the complexity of the
heterogeneous systems and the special conditions required for their study. Moreover the
small number of active sites on these catalysts complicates the issue severely*®. Owing to
their technological relevance many unsuccessful attempts have been made to characterize

heterogeneous metal alkylidenes on pure metals*"

. The general outcome of these attempts
has been the formation of a bridge-bonded alkylidene (Figure 1-3 (b)), whereby the
molecule forms two o bonds with two metallic atoms, instead of a o and a & bond to a
single surface atom. However, recently surface science studies succeeded in synthesizing
and studying the reactivity of single site metal alkylidenes on the surface of molybdenum

carbide (Figure 1-3 (a)) under ultra high vacuum (UHV) conditions'™'*%¢,

@ ®
R:
R
'I\C/

Figure 1-3: a) Metal alkylidene bonded on a surface single site on the surface of
molybdenum carbide. b) Typical bridge bonded alkylidene on the surface of a pure metal.



The formation of molybdenum alkylidenes (Mo=C) from the dissociative adsorption
of carbonyl molecules on the surface of molybdenum carbide was first reported by Zahidi
et al.*® They succeeded in characterizing these species for a series of cyclic ketones at 300
K. These surface alkylidene species turned out to be thermally stable, suffering
recombination only at temperatures around 1000 K (Scheme 1-2). Siaj et al.>* then reported
the dissociation of acetaldehyde on the same material to yield ethylidene and oxo surface
groups, proving that not only cyclic ketones were able to undergo such dissociative

adsorption.

Adsorption O Recombination

-, 2y

O
Dissociation Mo
Mo, C >

Scheme 1-2 : [llustration of the reversible cleavage of the cyclobutanone carbonyl bond
mediated by alkylidene-Mo-oxo species™.

Subsequent surface science studies on this system helped to deeply characterize

these surface molybdenum alkylidene species. Oudghiri-Hassani et al.>*”’ 1»

, and Siaj et a
found that the relatively high reactivity of a clean B-Mo,C surface permits both carbonyl
bond scission and other less selective processes involving C-C and C-H bond cleavage of
adsorbed ketones. These combined processes lead to the deposition of excess carbon and
high-coordination oxygen on the surface to form an inert surface on which alkylidenes are
thermally stable. Siaj et al.”> went on to perform extensive studies to fully characterize

adsorbed cyclobutanone on the surface of molybdenum carbide and the species resulting

from the carbonyl bond scission at temperatures ranging from 300 to 500 K.



The reactivity of the well characterized alkylidene-modified surface of molybdenum
carbide was then tested for metathesis reaction by Siaj et al.'”"’. A series of reflection
adsorption infrared spectroscopy (RAIRS) and thermally programmed reaction (TPR)
studies under UHV conditions were used to characterize the products of the cross
metathesis reaction of surface cyclopentylidene species with short acyclic olefins, and the

ring opening metathesis polymerization of strained cyclic olefins (Scheme 1-3).

@

Scheme 1-3 : Cyclopentylidene initiated cross metathesis reactions with a) 1,3-butadiene,
b) propene, c) ethylene, and ring opening metathesis polymerization of d) norbornene, and
e) cyclopentene.

Recently Nuckolls and co-workers™*®

succeeded in preparing ruthenium
alkylidenes from the dissociative adsorption of diazomethane molecules in solution at room
temperature. They performed cross metathesis reactions on an alkylidene-modified thin
film surface of Ru with vinyl-trimethylsilane, detecting the corresponding products by gas
chromatography (GC)™. They subsequently performed ring opening metathesis
polymerization of strained cyclic olefins (dicyclopentadiene, norbornene, and trimeric
cyclophane) with Ru nanoparticles activated by the alkylidene speciesss. The products of
these reactions were characterized by nuclear magnetic resonance (NMR) and transmission
electron microscopy (TEM). Although these nanoparticles showed limited reactivity,

failing to perform the metathesis reaction with cyclooctatetraene, acetylene and vinyl-



trimethylsilane, they showed the potential of metal alkylidenes to react at ambient

conditions.
1.1.3 Molybdenum carbide

Transition metal carbides are produced by dissolving carbon atoms into the metal

%63 These carbide materials have unique tribological properties®, since they

lattice
demonstrate extreme hardness, high melting temperature, at the same time that they have
electronic and magnetic properties similar to their parent transition metals. This
combination of characteristics makes them good candidates for various applications in
materials science. Moreover, these materials often demonstrate catalytic advantages over
their parent metals in activity, selectivity and resistance to poisoning, and have been found

to be active for a number of heterogeneous catalytic processes such as

76 68-71

hydrodenitrogenation’*”®, aromatization®®’, deshydrogenation®’', hydrogenation®, and

72,713

hydrodesulfurization

The catalytic performance of transition metal carbides could be considered as
tuneable, as it can vary with the nature of the transition metal used, the C/M ratio, and the
surface orientation of the carbide’”””. Oyama et al.** reported that carbide structures suffer
an enlargement of metal-metal distances with carbon insertion that can induce an increase
in the density of states close to the Fermi level®’. This electronic effect is known as the
ligand effect, and is accompanied by a geometric effect since carbon atoms limit the

. 7
number of metallic atoms at the surface’ " %!

. These two effects may play an important role_
in the reactivity of B-Mo,C to create single site metal alkylidenes from the dissociative
adsorption of carbonyl compounds as reported by McBreen and collaborators'***°, The
ligand effect can be noticed in that carbon deposition from molecular cracking on the
surface lowers the activity of the surface protecting the alkylidene species from

decomposition to very high temperatures® >0 82,



1.2 Overview of results

The study presented in this thesis intends to develop the knowledge on the
characterization and reactivity of metal alkylidenes and oxo groups on the surface of
molybdenum carbide. In order to do so, the generation of new aliphatic alkylidenes, and the
capability of alkylidenes to perform surface initiated polymerization of conjugated
molecules were investigated. These studies have been carried out using surface science
techniques. Measurements of the formation of alkylidenes and the reaction products were
performed using reflection adsorption infrared spectroscopy (RAIRS), thermal desorption
spectrometry (TDS) and X-ray photoelectron spectroscopy (XPS). Chapter 2 will introduce
the methodology for the surface science studies, paying special attention to the
characteristics of the multianalytical system used in this study. Chapter 2 strives to be a
complete guide for anyone who needs to use this or any other UHYV system of the surface

science laboratory.

The preparation and characterization of new aliphatic alkylidene species on the
surface of molybdenum carbide is presented in Chapter 3. Evidence of the formation of
dimethyl alkylidene and vinyl alkylidene from the dissociative adsorption of acetone and
acrolein will be presented (Scheme 1-4). The characterization of these products is
supported by previous studies made on the dissociative adsorption of cyclic ketones and
acetaldehyde performed by Zahidi et al.*®, Oudghiri-Hassani et al.**, and Siaj et al.'”!%**%%

on the same catalytic system.

CH,. CH,
Y CH,. CH,
0

0
) O

PP — GO T

Scheme 1-4 : Formation of dimethyl alkylidene and vinyl alkylidene from the dissociative
adsorption of acetone and acrolein respectively.

nc




Chapter 4 presents a new strategy to perform surface initiated polymerization of
1,3,5,7-cyclooctatetraene from metal-alkylidene junctions (Scheme 1-5). Ring opening
metathesis polymerization (ROMP) from cyclopentylidene and vinyl alkylidene sites will
be discussed and characterized using RAIRS and XPS data, following the example
presented by Siaj et al.'® of the ROMP of strained cycloolefins. The in-situ halogenation of
the surface polymer will serve as a further characterization technique, in which the progress
of this reaction is followed by XPS using the C-Br bond as a marker. An extensive analysis
on the conformational properties of polyacetylene formed by ROMP will be made from
data acquired using the conformational sensitive RAIRS technique. Cyclooctatetraene
adsorption on molybdenum carbide will be discussed as well in order to analyze its
behaviour on the surface and its reactivity in comparison to the ROMP reaction at

alkylidene initiator sites.
O
& @

Scheme 1-5 : ROMP of cyclooctatetraene at alkylidene sites and subsequent in-situ
bromination of the formed polyacetylene.

An alternative route to surface initiated ring opening metathesis polymerization of
cyclooctatetraene to form polyacetylene will be presented in Chapter 5. Acetylene
metathesis polymerization was characterized at surface cyclopentylidene sites. The
products of this reaction were analyzed using surface science techniques, as well as the
products of the halogenation of the formed polyacetylene. A novel reaction on the surface
of molybdenum carbide was discovered during the study of the acetylene polymerization,
the competitive cyclotrimerization of acetylene. This reaction has been observed in the
literature for a number of heterogeneous catalysts®** and will be analyzed by TPD

measurements and discussed with respect to the literature.
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2. Experimental

2.1 Introduction: Surface chemistry and catalysis

2.1.1 Surface science

Many chemical reactions are activated or accelerated by the use of heterogeneous
catalysts'. These reactions occur in systems in which two, or more, phases are present,
precisely at the interface between the phases. Liquid-solid and gas-solid interfaces where
the solid is the catalyst are of particular interest because they can ensure that the catalyst is
not washed away and lost in the stream of products. The surface of a solid is inherently
different than the rest of the solid (the bulk) since surface atoms simply cannot satisfy their
bonding requirements in the same way as bulk atoms. Therefore, surface atoms will always
want to react in some way, either with each other or with foreign atoms, to satisfy their
bonding requirements, and therefore, we should expect the chemistry of the surface to be

unique’.

In a surface catalytic process, the reaction occurs repeatedly by a sequence of
elementary steps that includes adsorption, surface diffusion, chemical rearrangements
(bond breaking, bond forming, molecular rearrangement) of the adsorbed reaction
intermediates, and desorption of the formed producté. The characterization of a solid
surface on an atomic level implies unambiguously that the surface composition remains
essentially unchanged over the duration of an experiment. In order to study atomically
clean surfaces, we must then work under so-called ultrahigh vacuum (UHV) conditions’, a
region between 10 and 10" Torr. This region has its sense of being in the following
rough calculation: For a bulk density of 1 g/em’ (such as ice or water), the molecular
density p is = 5x10” molecules/cm’. The surface concentration of molecules o
(molecules/cm®) is proportional to p>°, assuming a cube-like packing, and is thus on the
order of 10"° molecules/cm’. Because the densities of most solids or liquids are all within a
factor of 10 or so of each other, 10'° molecules/cm? is a good order-of-magnitude estimate

of the surface concentration of atoms or molecules for most solids or liquids. Of course, the



surface atom concentration of crystalline solids may vary by a factor of two or three,

depending on the type of packing of atoms at a particular crystal face.

This is a very weak concentration if we compare it with the 10> molecules/cm® for
liquids, which can help to imagine the complexity of extracting any information on these
types of systems. Especially if we consider that chemical processes take place at the
monolayer scale. This fact forces us to study atomically clean surfaces (< 1% of a
monolayer), because contaminants not only reduce catalytic activity, but mask information
as well. Agreeing then that the density of atoms on the surface of a solid is on the order of
10" cm?, to keep the surface clean for 1 second, the flux of molecules incident on the
initially clean surface must therefore be less than ~10'° molecules/cm?/s assuming that each
incident gas molecule “sticks”, the worst scenario possible, the pressure in the chamber to
keep the surface clean for a second should be 10 Torr. At pressures on the order of 107
Torr it may take thus 10 seconds to complete monolayer coverage, at 10”* 100 seconds, and
so on. Thus, ultrahigh vacuum conditions (< 10? Torr) are required to maintain a clean
surface for about 1 h, the time usually needed to perform experiments on clean surfaces.
However our base pressure is usually on the order of 10™"' Torr, so we can work on a wide
margin of utilisation. Working under these conditions, a 10 Torr second' exposure, which
is called langmuir (L), will cover a surface with a monolayer amount of gas molecules,
again assuming a sticking coefficient of unity. This is the exposure or dosing unit used in

surface science.

A large number of techniques have been developed to study various surface
properties under UHV conditions"’s, including structure, composition, oxidation states, and
changes of chemical, electronic, and mechanical properties. The frontiers of surface
instrumentation are constantly being pushed toward detection of finer detail: atomic spatial
resolution, ever smaller energy resolution, and shorter time scales. Because no one
‘technique provides all the necessary information about surface atoms, the tendency is to use
a combination of techniques. In this thesis X-ray photoelectron spectroscopy (XPS),
thermal desorption spectrometry (TDS), and reflection adsorption infrared spectroscopy
(RAIRS) are used to analyze the behaviour of surface atoms and adsorbed molecules on -

MOzC.
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2.1.2 Ultra-High Vacuum Technology

Conducting experiments in ultra-high vacuum conditions necessitates special
instrumentation®®. Any UHV system for surface science experiments integrates a chamber
(or several interconnected chambers), a pumping stack, valves, process equipment (such as
load lock facilities, sample manipulators, heaters, and dosers), and facilities for surface

analysis. The experimental system used in this study is shown in Figure 2-1.

UHV systems are built with very specific materials that have to fulfil special
requirements such as low vapour pressure and the ability to endure bake-out, alongside
with the use of non-magnetic materials when low-energy electrons are employed as
analytical probes. The most common material for vacuum chambers and associated
components is 304 stainless steel due to its low gas permeability, resistance to corrosion,
and ability to t.ake a high polish (since the less roughness, the easier a system can be
pumped). Other commonly used materials are copper (especially for gaskets), aluminium,
and refractory metals like tantalum, tungsten, and molybdenum, especially used for the
construction of evaporators and sample holders. Glass is also a common material used in
UHYV, as many types of glass hawve low permeability (except for helium) and good vacuum
characteristics. However, glass is more susceptible to damage, and its use should be
reduced to minimum. For electrical insulation inside the UHV chamber various types of

ceramics are employed.
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Figure 2-1 : General view of the multianalytical UHV system used in this study.

The analysis chamber is usually the central part of the vacuum system, precisely
where the UHV experiments are conducted. It is typically made of stainless steel and has a
number of ports with different sizes to attach the other chambers (preparation or load-lock),
analytical instruments, deposition systems, sample manipulators, windows and so on. Each
port has a flange also made of stainless steel (metal seal flanges as shown in Figure 2-2).
Standard copper gaskets are made from high purity and oxygen-free copper and are for one-
time use only. These flanges are usually referred to as Conflat (CF) flanges and are the
most widely used for applications, though Viton sealed flanges can be used in some
external parts of the system as well. The CF sealing mechanism is suitable for pressures
from atmosphere to 10" Torr, and can be baked to 450° C and cooled to -200° C. Modular
design of UHV systems and compatibility of UHV components give the possibility of easy
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exchange of the different parts and permits versatile upgrading. Likewise, worn or damaged

components may be replaced easily and quickly.

Figure 2-2 : Cross-section of a pair of Conflat flanges used in UHV equipment. The seal is
made by bolting together two identical flanges with a flat metal ring gasket between the
knife edges. The knife edges press annular grooves in each side of the copper gasket, filling
all voids and defects and producing a leak-tight seal.

2.2 XPS/RAIRS /MS system

2.2.1 General characteristics

The ultra high vacuum system used in this work is built up from a compact central
chamber with different parts connected to this central piece. The multianalytical
experimental system is fitted with three surface analysis techniques, reflection absorption
infrared spectroscopy (RAIRS), X-ray photoelectron spectroscopy (XPS), and thermal
desorption spectrometry (TDS). The system is also fitted with an ion gun to sputter clean
the surface, an ion gauge to measure the pressure, as well as a dosing system consisting of
three leak valves connected to three gas-handling ramps. The dosing system is also used to

eliminate surface impurities via chemical treatment.
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The system is able to produce and hold a vacuum in the range of ~10"" Torr. Such a
low base pressure is reached after a day of full power pumping followed by 1-2 days of
bake-out at temperatures around 140 K, and then allowing for another 2-3 days of pumping
after degassing all internal components including the sample. This base pressure assures
fine control of surface conditions, and allows one to work without taking into consideration
possible contaminations coming from the surroundings. It also allows dosing of the sample
in a very accurate way, since an introduction of less than 1 monolayer (habitually 2-3
langmuirs) can be achieved at pressures 100-1000 times higher than the base pressure in an
useful scale of time (usually between 100 and 1000 seconds). It also provides an excellent
control of the quality of the gas introduced in the chamber by using the quadrupole mass

spectrometer.

2.2.2 Pumping system

A number of pumps are responsible for reaching and maintaining the low pressure
on the system. The main turbomolecular pump (pump number 1 in Figure 2-3) is
responsible for pumping down the system and maintaining the pressure. It is backed up by
a rotary vane pump (number 2) which evacuates the gases pumped by the main
turbomolecular pump. Diffusion pump (pump number 3) and the auxiliary rotary vane
pump (number 4) are responsible for the two stage differential pumping of the rotary part of
the sample manipulator, along with rotary pump (number 5) which pumps the outer part. A
smaller turbomolecular pump (number 6) assisted by a rotary vane pump (number 7) is
used to pump the gas-handling ramps. Additionally, another rotary vane pump (number 8)
has been added to this pumping system through a three-way valve to protect the

turbomolecular pump in case of over pressure of the in-let system.
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Figure 2-3 : Photographs of the pumping system from below the UHV chamber and from
the back of it.

The combined action of these pumps is to obtain and maintain the vacuum in the
chamber. This process has to be done through a sequence of steps since the transition from
atmospheric pressure (760 Torr) to UHV (~10""" Torr) means changing the pressure value
by ~13-14 orders of magnitude, which is well beyond the pumping characteristics of any
single pump. That is the reason why two or more different types of pumps are needed.
Preliminary pumping is effected in this system by the rotary vane pumps whereas those

used to reach the UHV level are turbomolecular pumps and diffusion pumps.

Rotary vane pumps (pumps 2, 4, 5, 7 and 8) are employed for pumping from
atmospheric pressure down to about 10” Torr, as well as for backing the turbomolecular
and diffusion pumps. The principle of operation of a rotary vane pump is illustrated in
Figure 2-4 (a). Gas enters the inlet port and becomes trapped in the volume between the

rotor vanes and the stator. Upon rotation of the eccentrically mounted rotor, the gas is



compressed and then expelled into atmosphere through the exhaust discharge valve. The

pumps usually employ vacuum oil as a sealant and lubricant.

Water
cooling
cuils

Ol -

Heater

Figure 2-4 : Diagram of the design of (a) rotary vane pump, (b) turbomolecular pump, and
(c) diffusion pump.

Pumps with UHV capabilities used in this system are turbomolecular (1 and 6) and
diffusion pumps (3). Turbomolecular pumps are the most popular UHV pumps. Operating
in the 10 to 10™"" Torr range, a turbomolecular pump resembles a jet engine: a stack of
rotors with multiple blades with angled leading edges, which are rotated at very high speed
(5000-20000 Hz) and sweep the gas molecules in the direction of the exhaust connected to
the foreline (Figure 2-4 (b)). The turbomolecular pump is backed up typically by a rotary
vane pump or sometimes by combination with an additional small turbo pump and rotary
pump (when ultimate UHV is required). These kinds of pumps are clean and reliable, but
due to induced vibrations they are not suitable in systems with precise positioning, like
those for microscopy or surface microanalysis. Diffusion pumps are vapour jet pumps
requiring a mechanical pump connected in series as well, and are used when constant high
speeds for all gases are desired for long periods of time without attention. Diffusion pumps
consist on the generation of an oil vapour produced in the boiler and is expanded through a
nozzle achieving high velocity (Figure 2-4 (c)). Then the jet vapour is directed down and

traps gas molecules which are also deflected downward after colliding with much heavier
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vapour molecules and are pumped by the backing pump. The upper part of the pump is

cooled by cooling coils welded to the body to condense and preserve the pump fluid.

Pressure measurement in the main chamber is achieved by an ion gauge. As with
pumps, there is no universal gauge which can operate in the whole range from atmospheric
pressure down to UHV. Thermocouple and Pirani gauges measure a vacuum in the range of
10°-107 Torr, and ionization gauges cover the range lower than 10™ Torr. The operation of
this kind of gauge is based on the ionization of molecules of a gas system. As the ionization
rate and, hence the ion current, are directly dependent on the gas pressure, the pressure can
be determined. The ion gauge used in our system is a hot-filament gauge, which use
thermionic emission of electrons from a hot filament to ionize the molecules which are then
attracted towards the fine-wire grounded collector situated at the centre of the gauge.

Finally, the collector current is converted into a pressure reading (Figure 2-5).

_CF flange

lon collector

Filaments

Figure 2-5 : Image of a classic ion gauge with all parts indicated.



The gas introduction system is fitted with Pirani gauges in every independent part.
In this type of gauge, the pressure is determined from the change in resistance of the
filament, often platinum. The resistance is measured using a Wheatstone bridge scheme,
where the reference filament is immersed in a permanently evacuated chamber, while the
measurement filament is exposed to the system gas. Both filaments are heated by a constant
current through the bridge, and when the pressure in the system volume is equal to that of
the reference filament, the current between the two arms of the bridge is zero. The higher
the pressure in the system volume, the lower the resistance of the measurement filament,
and subsequently, the higher the electrical current between the arms of the bridge that is

later converted to pressure units.

2.2.3 Surface analysis

In this section the different surface analysis techniques used for data acquisition will
be reviewed, namely X-ray photoelectron spectroscopy (XPS), reflection absorption
infrared spectroscopy (RAIRS) and thermal desorption spectrometry (TDS). Figure 2-6
shows a top view of the multianalytical system showing the different surface science
analytical apparatus peripherally connected to the central chamber. As shown at the top of
the photograph, the XPS source is placed at right angles with respect to the hemispherical
analyser. The photograph also shows the IR source connected to the focalizing mirror box
placed at grazing angle with respect to the detector box. The quadrupole mass spectrometer

is shown in the bottom of the photograph.
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Figure 2-6 : Top view of the system used in this study with the analytical apparatus shown.

2.2.3.1 X-ray photoelectron spectroscopy

Surface analysis by X-ray photoelectron spectroscopy (XPS), also known as
electron spectroscopy for chemical analysis (ESCA), is accomplished by irradiating a
sample with soft X-rays and analyzing the kinetic energy of the electrons emitted. These
photons have a penetrating power in a solid of the order of 1-10 micrometers. However, the
energy dependent escape depth of the photoelectrons is typically less than 50 A. Hence, the
study can be confined to the surfaée. In order to understand the theoretical basis of this
technique we use the frozen orbital approximation, in which the photoelectric effect

(Figure 2-7) causes electrons to be emitted with a kinetic energy given by:

KE = hv- BE - @,
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Where Av is the energy of the photon, BE is the binding energy of the atomic orbital

from which the electron originates, and ¢ is the spectrometer work function.

INITIAL STATE

A

Vacuum level

e -
©&—&—— Core level

FINAL STATE

Electron Energy

Vacuum level

Core level

Figure 2-7 : Diagram of the photoelectric effect, the photon absorption and the deep core
electron emission (initial and final states).

In addition to the electrons emitted in the photoelectric process, Auger electrons are
emitted as well, due to relaxation of the energetic ions left after photoelectron. In this
process an outer electron falls into the inner orbital vacancy, -and a second electron is
emitted, carrying off the excess energy. The Auger electron possesses kinetic energy equal
to the difference between the energy of the initial ion and the doubly-charged final ion.

Thus, photoionization normally leads to two emitted electrons, a photoelectron and an
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Auger electron. The relaxation energy effect, describing the final state causes a positive

shift in the kinetic energy with respect to the frozen orbital approximation.

Deep-core electrons have binding energies corresponding to the energies of photons
that lie in the X-ray region. These electrons do not participate in bonding, and their energies
are characteristic of the atom from which they originate. To a first approximation, the
energy of core electrons does not depend on the environment of the atom. However, when
energies of core levels are investigated in more detail it is found that small but easily
detected shifts do occur. These shifts, known as chemical shifts, depend on the bonding
environment around the atom and in particular on its oxidation state. Generally as the
oxidation state increases the binding energy increases, since the greater the electron
withdrawing power of the substituents bound to an atom, the higher the binding energy.
Similarly, the higher the effective positive charge on the atom, the higher the binding
energy of the photoelectron. Therefore, XPS is particularly useful for elemental analysis of

a sample.

One of the great strengths of XPS is that it can be used not only for elemental
analysis but also for quantitative analysis. XPS peak areas are proportional to the amount of
material present because the photoionization cross-section of core levels is virtually
independent of the chemical environment surrounding the element. In this study XPS was
used to verify the conditions of the surface prior to experiments. Molybdenum carbide is a
qﬂite complex material, with a temperature-dependent surface composition, but also with
rather important amounts of contaminants, oxygen and sulphur principally. XPS is then
used to control the proportions between those elements on the surface and to decide
whether the surface needs treatment, and which kind, or if it is suitable for performance of
an experiment. Further explanation of this use of the XPS will be given on the surface

preparation section.
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2.2.3.2 Temperature programmed desorption

One of the most widely used and versatile techniques for the study of adsorbed
species on surfaces is temperature programmed desorption (TPD), often called thermal
desorption spectrometry (TDS). In this technique, the temperature of an adsorbate-covered
sample is raised at a constant rate (in this study, 1 K/s typically) and the increase of
pressure induced by adsorbate or product desorption is simultaneously recorded as a

function of temperature.

The collection of TPD data has progressed from the early use of ionization gauges
to the almost universal employment of quadrupole mass spectrometers (QMS) for the
detection of desorbing gases. Using the mass spectrometer in the multiplex mode, one can
simultaneously measure the evolution of various gas products as the temperature of the
crystal is raised. This can also be extended to the study of isotopic mixing between labelled

adsorbates.

Figure 2-8 : TPD measurements are performed with the sample placed close to the entrance
of the shield of the mass spectrometer.
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The early work with single crystals employed unshielded mass spectrometers that
sampled the random flux of desorbing gases originating from the front of the crystal, from
the electrical support leads to the crystal, and from the back of the crystal disk. These
effects could be eliminated to various degrees by using a differentially pumped and
shielded mass spectrometer that preferentially collects gases desorbing only from the front
of the crystal, as shown in Figure 2-8. This technique allows measurement of molecular
desorption from the surface, as well as the study of surface reactions by detecting new
fragments desorbed after a chemical reaction. The latter experiment is called temperature

programmed reaction (TPR).

2.2.3.3 Reflection absorption infrared spectroscopy

Vibrational spectroscopy has developed into one of the most powerful tools f(l)r the
study of the adsorption of molecules on a variety of surfaces from single crystal metals to
supported catalysts. In particular, reflection absorption infrared spectroscopy (RAIRS)’
permits high sensitivity (typically 1/1000 of a CO monolayer) at high resolution (1-5 cm™).
It also offers the possibility to work from ultra high vacuum to atmospheric pressure. This
technique makes possible a systematic understanding of the adsorption behaviour of
molecules on defined surfaces, and reference spectra can be directly correlated with spectra
obtained from catalysts under ambient pressure conditions. The necessity of working with
single crystal metals, which are non transparent in contrast to supported catalysts, requires

the use of this reflection method.

RAIRS works on the principlé of a polarized IR light focalized on the surface at
grazing incidence. A fraction of this incident infrared light is absorbed by vibrational
excitation of molecules adsorbed on the surface through interaction with the dipole moment
of the molecule'®. The specularly ref]ectéd IR light is then directed towards the detector and

re-focalized with the help of another set of mirrors (Figure 2-9 (a)).

As shown in Figure 2-9 (b), only the p-polarized radiation causes a significant

electromagnetic field near the metallic surface for near grazing incidence (>80°).
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Furthermore, the conduction band electrons of the metal will rearrange in the surface to
counteract the dynamic dipoles created in the excited adsorbates by the IR radiation (Figure
2-9 (c)). As a result, only vibrations with dipole components perpendicular to the surface

can be observed with this technique. This is known as the surface selection rule.

@

P DG, 4,4, S

Figure 2-9 : a) Diagram of the IR beam path from the source to the detector; b)
Consequence of the electric field reflection of p-polarized and s-polarized radiation; c)
Effect of image dipoles on the resultant dipole.

RAIRS experiments are started by filling the detector with liquid nitrogen one hour
and a half to two hours before the beginning of the experiment to allow the base signal of
the detector to stabilize. Then a series of background spectra of the clean surface are
recorded at the acquisition temperature (100 K) to ensure the stability of the system and
thus the reproducibility of the experiment. Once the baseline of the background is stable
enough, the molecule under study is introduced into the chamber followed by the annealing

of the surface when required. Typically the system is cooled down to the acquisition
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temperature to obtain the corresponding spectra with the same parameters used in the

background acquisition; usually 600-800 scans with a scan speed of 20 kHz.

2.2.3 Preparation of UHV system

After securing all ports in the chamber, rough pumping using mechanical pump n°1
(Figure 2-4) is carried out for a period of 30-45 minutes. An initial gurgling noise
indicating pumping around ambient pressure is followed by a gradual “normalization” of
the noise of the pump. In this stage no direct observation of the pressure inside of the
chamber is possible, however several indications can be observed. First the behaviour of
the turbomolecular pump in the early working stages may indicate some kind of leak or
malfunction. Secondly, allowing the pumped gas-handling ramp to have access to the
chamber (fully opening a leak valve) allows a rough estimation of the pressure by reading
the Pirani gauge. Although this gauge is placed quite far from the chamber and the
connections are through very thin tubes and a leak valve, it can provide useful information

in order to ensure protection of the turbomolecular pump.

After the main turbomolecular pump reaches maximum rotor speed, an hour or two
should be enough to reach pressures in the order of 10°-107 Torr and within 5-6 hours later
the 1(‘)'8 Torr range. Any difficulty for the system to reach these pressures in this order of
time should be considered as an indication of a possible leak or malfunction in the system.
At this stage, it is completely secure to turn the ion gauge on (from P<10™ Torr) and
degassing of the two filaments should be performed for at least 30 minutes of uninterrupted
use of each one, being cautious that the pressure does not rise above the operation limit of

the gauge.

A leak test could be performed at this point of the pump down process prior to the
bake-out, in order to verify the correct installation of all components and flanges of the
UHV chamber. For this, a start-up procedure for the quadrupole mass spectrometer is
required, including the degassing of both filaments keeping the pressure below the

maximum operating pressure (10™ Torr). Once the mass spectrometer is fully operational,

33



the leak testing mode should be switched on and then a low flow of helium might be
directed close to the flanges of the chamber, especially on those that have been installed
after the last venting of the system, and preferentially from the upper part to the bottom of
the system since helium is lighter than air and it may go up as it comes off the pipe. If a
leak is detected, the system should be vented, first switching off all filaments and allowing
them to cool down for at least half an hour, then turning off the UHV pumps
(turbomolecular, ionic and diffusion pumps), and lastly turning off the rough pumps. It is
then possible to replace the damaged parts or to close correctly the leaky flange, paying

attention to change the copper gasket for a new one.

If no leak is detected, the bake-out process can start. First all fragile parts should be
covered with aluminium foil in order to dissipate heat all around them (view ports,
electrical plugs, bellows, IR windows, etc.). Then thermometers should be installed in
strategic places in order to control the temperature in all parts of the chamber. Usual places
where the thermocouples are installed are both KBr windows, and the bellows. Once all
this equipment is secured, heating plates are placed on the table of the system in the best
way possible to ensure the uniform heating of the whole chamber. The plates are plugged to
current regulators (Variacs) in order to control the heat emitted by each one. Finally a
thermally insulating cover is placed and secured over the whole system. The temperature
must be kept between 100 °C and 150 °C, in order to prevent damage of the IR windows,
for 1-2 days time. After that time all bake-out components should be removed, and the final
installation of the components can take place (XPS gun, electronic components of the XPS
detector, IR mirror and detector boxes, and ion gun electronics). The process finishes with
the degassing of all filaments and the sample manipulator, the alignment of all components

that require it (XPS source and IR mirrors mainly) and surface preparation.

2.24 Surface preparation

Once UHV conditions are ensured and all the analytical tools are tuned up, one can
start with experiments. The first thing to be done is to prepare a clean surface. Before

installation into the UHV system, the sample undergoes a set of various cleaning

34



treatments, such as mechanical polishing, chemical etching, boiling in organic solvents,
rising in deionized water, etc. However, all this processing constitutes rather a pre-
treatment stage, as the final preparation of an atomically clean surface (i.e., a surface which
contains foreign species in amounts of a few per cent of a monolayer) can be conducted
only in situ under UHV conditions. The most common methods of the in sifu cleaning are

cleavage, heating, chemical processing, and ion sputtering.

Cleanliness in surface chemistry is essential since only molecules directly in contact
with the surface will display interesting properties for study. To ensure reproducibility of
results then, a certain quality of the surface is required, and a cleaning and verification of
the stoichiometry of the surface with help of the XPS is always carried out prior to
experiments. From experience it has been decided that 0.05, < 0.008 and < 0.004 of the area
of the molybdenum (3d;»:52) peak of carbon, oxygen, and sulphur, respectively, are
required in order to proceed with experiments. These values have been chosen empirically,
after noting that surfaces with that quality give reproducible results. This does not mean a
less clean surface will not be reactive enough, but it rather would make observations more
difficult. In order to verify the correct stoichiometry established for the surface, data of the
O(1s), S(2p), C(1s), and Mo(3d352+5) regions of the XPS are acquired by scanning in the
535-525 eV, 156-166 eV, 285-295 €V, and 230-245 eV energy regions, respectively.

As pointed out before there are two cleaning processes used in this study; ion
sputtering and chemical treatment, which combined allow achieving the required quality of
the surface. It has been noticed that ion bombardment is an efficient process to eliminate
sulphur from the surface of molybdenum carbide, one of the principal natural impurities of
this material, whereas cycles of dosing of carbon rich molecules, and high temperature

annealing are ideal to eliminate oxygen by desorption of CO and CO..

Figure 2-10 shows an example of XPS data for oxygen and sulphur at different
conditions of the surface. The values displayed for each spectrum make reference to the
ratio between its area and the area of the Mo(3ds»:s2) peak. In both cases a drop in
intensity can be clearly seen after each cycle of the cleaning process, chemical treatment in

the case of oxygen, and ion sputtering for sulphur removing, to the point where the surface
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matches the conditions required to perform an experiment (0.0032, and 0.0029 of the

Mo(3ds+s2) peak respectively).
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Figure 2-10 : Data for O(1s) and S(2p) after several stages of the cleaning process
(chemical treatment for oxygen and ion sputtering for the sulphur). The areas are
normalized to the area of the Mo(3d3/2:5-) peak.

2.2.4.1 Ion sputtering

Surface contaminants can be sputtered off together with the substrate top layer by
bombardment of the surface by noble gas ions (in this case Ar') through kinetic energy
transfer. To produce an ion beam, Ar gas is admitted through a leak valve (at a pressure of
~10® Torr) directly into the ion gun. lonization of the gas atoms proceeds via electron
impact in the ionizer of the gun. Electrons are then emitted from the cath.ode (Figure 2-11).
The produced ions are extracted from the ionizer, accelerated to the desired energy (2.5

keV in this case) and directed towards the sample.



Figure 2-11 : Image of a LK Technologies NGI3000 ion gun, the one used in the system,
with a leak valve already assembled in position.

Ion bombardment is performed for cleaning the surface of molybdenum carbide at
700 K for different periods of time depending on the condition of the surface previously
analyzed by XPS, but a minimum of 15 minutes and a maximum of 60 minutes are used.
The surface is placed at ~10 cm from the ion gun and at an angle of 45° of the incident ion
beam. Then the temperature is set and the Ar’ flux is controlled by increasing the pressure
in the chamber; 10 Torr is the typical pressure used to ensure sufficient ion flux to the
surface. After all these parameters are set, emission is raised gradually to a value of 20 mA
and then the energy of the beam is set to 2.5 kV. After the bombardment process, the
current is turned off gradually and then the leak valve is closed. The side effect of ion
bombardment is the degradation of the surface structure. Therefore, subsequent annealing is
required to restore the surface crystallography and to remove embedded Ar. For that, a
number of temperature flashes are made to 1400 K at a rate of 10 K/s. The process
concludes with allowing the surface to cool down and performing XPS spectra of the
surface in the O(ls), C(1s), S(2p), and Mo(3ds/2:s2) regions in order to verify the

stoichiometry and establish the success of the sputtering.
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2.2.4.2 Chemical cleaning

In order to eliminate adsorbed oxygen from the surface and dissolved oxygen in the
bulk of the material, cleaning cycles are performed. Regardless off the position of the
surface in the UHV system, a certain exposure to a molecule (typically 5-10 L) with a high
percentage of carbon (usually ethylene or propylene, but also acetylene or even 1,3,5,7-
cyclooctatetraene) is introduced at low temperatures to ensure high coverages on the
surface, and then a rapid annealing of the surface, usually 2-3, to 1400 K (10 K/s) is
performed. These annealings are accompanied by CO, desorption peaks in the mass
spectrum at 600 K and 1200 K and a CO desorption peak at 900 K. After repeating cycles
of dosing/annealing, a period of time is allowed to let the system pump down, and XPS
data is collected again to verify the stoichiometry of the surface, usually observing a drop
in intensity of the oxygen peak. If the drop doesn’t occur or is not enough to satisfy quality

standards, the process will be repeated until the desired stoichiometry is achieved.

It is worth noting that after opening the system or after large periods of inactivity a
large number of ion sputtering/redox cycles may be needed, and the process of cleaning the

surface may take as long as 2 or 3 days.

225 Maintenance

In order to keep the system in working order, a few easy operations must be done
regularly. The multianalytical system is composed of many different components, and all
its parts must be in perfect condition in order to be able to perform spectroscopic

measurements successfully.

2.2.5.1 Dry air on the Dewar

In order to control the temperature of the sample, experiments are always carried

with the Dewar tube filled with liquid nitrogen. As experiments often last a few hours, a

38



thick layer of ice is formed on the upper part of the manipulator and the bellows. These
parts are thus in danger of suffering corrosion over the time, especially the bellows since
the thickness of the steel in this moveable part of the system is critically thin. At the same
time, if liquid nitrogen is left on the Dewar overnight, ice layers can also be formed at the
bottom of the tube, putting in danger the ceramic-metal feedthrough part of the system if
the tube is filled the following day when water is still in the bottom. In order to prevent all
these negative effects, ice must be removed, especially from the bellows, by applying a
current of dry air with a high flow rate, and then a tube with a lower dry air flow must be

introduced in the Dewar and kept overnight to dry the bottom of the tube.

The introduction of the dry air tube into the Dewar must be performed carefully, and
with a very low flow of air since otherwise the liquid nitrogen will be projected upwards
and fall, like rain, over the system and the operator, being especially dangerous if some

drops fall into the eyes.

2.2.5.2 Baking out the gas-handling ramps

Since multiple products are used in the experiments, different gases are introduced
in the system via the gas-handling ramps. These ramps are composed of very thin long steel
tubes with multiple connections and angles which make them very hard to be effectively
pumped down, even though a turbomolecular pump is assigned to the task. In order to
ensure the accuracy of measurements, the products introduced must be of the highest
purity, and thus the gas-handling ramps must be degassed from adsorbed gases prior to
adding any new product to be tested. For that reason periodic bake-outs of the ramps must
be performed using wire heaters rolled over the tubes. This operation is usually performed
overnight with the path to the pump fully opened, and allowing the ramps to cool down

prior to the introduction of any product in it.
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2.2.5.3 Degassing of internal filaments

Degassing all components from time to time is an operation required for the correct
functioning of every internal device. The two filaments of the ion gauge and the two
filaments of the quadrupole mass spectrometer must be degassed periodically, whereas the
X-ray gun and the sample manipulator only require degassing after venting the system and
after long periods of inactivity. Every component has its own protocol for degassing, and

following instructions from the manual is strongly recommended.

2.2.5.4 Pumping the infrared detectors

IR detectors work under vacuum conditions. The photoreceptor material must be
kept under vacuum and cooled down with liquid nitrogen in order to be photoactive. For
that reason the detectors must be pumped down regularly (about twice a year) by
connecting them to a turbomolecular pump until pressures on the 10 -10”° Torr range are
reached, whereas after long periods of use, pressures usually rise to the range of the 107
Torr. This rise in pressure can affect to the stability of the measurements as well as to the

intensity of the signal, and to the lifetime of the photosensitive materials.

2.2.6 Modifications of the system

A few modifications have been performed in the system in order to adapt it to new

studies, as well to upgrade the equipment to ensure the best possible results.

2.2.6.1 Reconfiguration of the gas-handling ramps

Reconfiguration of the ramps was done in order to optimize pumping capacity and
to ensure the purity of the products prior to introduction into the chamber, essentially by

shortening the paths to the turbomolecular pump.
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The gas-handling ramp is divided into three parts, each having direct access to the
turbomolecular pump. One exclusively dedicated to argon (top part on Scheme 2-1) is
connected to the leak valve assembled to the ion sputter gun. This part of the ramp usually
supports higher pressures than the other two since argon needs to be introduced in higher
quantities than the other products (higher pressure for longer periods of time), and thus
needs to be pumped down carefully since the turbomolecular pump could be damaged. A
second part of the gas-handling ramp is dedicated for carbonyl products, which are used to
form the alkylidene species on the surface so as to functionalize it for metathesis reactions,
whereas the third part of the gas-handling ramp contains olefin products for treatment of

the surface by redox cycles and for performing the above mentioned metathesis reactions.

Carbonyl products

. Leak ;alve

B Valve
) Chemical product

A Pirani gauge

Olefin products

Scheme 2-1 : Diagram of the gas-handling ramp system used to introduce gas molecules in
the UHV chamber.
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Both parts of the gas-handling ramp containing reactive products should be baked-
out regularly to ensure the purity of the products introduced into the UHV chamber, as
discussed in section 2.2.5.2. However since the only product of the third gas-handling ramp
is argon, and this gas is very stable and easy to pump down there is no need for this part of

the gas-handling ramp to be baked-out.

2.2.6.2 Replacement of the IR system

Replacement of the IR spectrometer and the mirror boxes allowed an improvement
of the stability of the spectra. The new spectrometer (Bruker Vertex 80V) is pumped to a
pressure of ~2 Torr, and it has been directly connected to a focalizing mirrors box, sealed
with Viton flanges, so it can be pumped as well, through the spectrometer. The detector box
for its part has the same sealing system, and it is pumped through the same pump by a
bypass. However, the presence of the detector required the development of special devices
for the electronic connections and the LN (liquid nitrogen) cooling system. The electronic
connection was secured by applying a special resin (7orrseal) capable of ensuring UHV
sealing to the spot welded connector on the wall of the box, allowing plugging and
unplugging the detector when required without the necessity of venting the box. The LN,
required for the detector to work is guaranteed by a double Vifon sealed connection which
allows filling the Dewar tube of the detector while keeping the vacuum in the rest of the

box.
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Figure 2-12 : Background spectra of the clean surface before and after the replacement of
the spectrometer and the mirror boxes. Both series of spectra were obtained at the same
intervals of time, under the same conditions at 100 K.

As we can see in Figure 2-12, the background spectra are much more stable over
time with the new equipment. Both series of spectra were obtained under the same
conditions, with a clean sample at 100 K, 800 scans per spectrum with a scan speed of 20
kHz, in the same intervals of time. It can be clearly seen that there is an improvement of the
signal to noise ratio and stability especially in the 1200-1800 cm™ region due to elimination
of external contamination in the IR beam path outside the vacuum chamber. This
improvement eliminates variations due to ambient conditions, especially in the detector

box.
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3. Formation of dimethyl alkylidene and vinyl alkylidene
species on the surface of molybdenum carbide

3.1 Abstract

Although there are a few reports of olefin metathesis from the 1950s'~, notably the
polymerization of ethylene by Ziegler®, the first complete study of this reaction may be
attributed to Robert L. Banks and Grant C. Bailey’. Their 1964 paper described
disproportionation reactions of olefins containing from two to eight carbon atoms, observed
during studies of molybdenum hexacarbonyl-alumina and molybdena-alumina catalysts
prepared in situ and commercial cobalt oxide-molybdena-alumina catalysts. In its simplest
form the olefin metathesis reaction consists of a redistribution of alkylidene components of
olefins. It was known to be promoted by tungsten, molybdenum, and rhenium; although at
the time the reactions were an enigma with nothing known about the mechanism or the

detailed nature of the catalyst.

The discovery by Yves Chauvin and his student at the French Petroleum Institute,
Jean-Louis Hérrison6, of the mechanism for this reaction changed the direction of the
development of new metathesis catalysts. Until that moment catalysts were essentially
inorganic metallic salts. However, the discovery by Hérrison and Chauvin that olefin
metathesis was initiated by a metal carbene, which reacts with an olefin through a
metallacyclobutane intermediate, led to a rapid change in the way chemists looked at the
reaction. Since then preparing and characterizing metal carbenes has become a major
activity in organometallic chemistry’'®. The initiating and propagating intermediates in
homogeneous olefin metathesis are metal alkylidenes, as described by the Hérrison-
Chauvin mechanism. It is generally assumed that the same mechanism holds for

- heterogeneously catalyzed olefin metathesis''"’.

In the past 40 years homogeneous catalysis has undergone a rapid development and
has outshone heterogeneous catalysts'®. One reason stems from the level of understanding
of molecular chemistry, which can readily help to identify the key requirements for better

catalytic systems (design of active sites through structure-activity relationships), hence their



rapid development. In contrast, heterogeneous catalysts are often more ill-defined (with
unknown and multiple active sites). The low percentage of active sites, the special
conditions in which surface science studies are typically carried out, and the difficulty to
perform accurate theoretical studies as a consequence of the number of atoms of the solid,

have also severely complicated the task.

3.2 Dissociative adsorption of carbonyl compounds on -Mo,C

Surface science studies have proven extremely successful in revealing fundamental

details on several catalytic reactions'””’. However, the characterization of terminal

alkylidenes on pure metal surfaces has been unsuccessful’'*’

13,17

, with the exception of the
work by Nuckolls and collaborators on ruthenium surfaces. Previous studies have
demonstrated that carbonyl molecules undergo carbonyl bond specific dissociation on -

Mo,C to yield surface alkylidene-oxo species™*™>’

, which have proven to be active for
metathesis reactions'*'>**?°_ The case of the metathesis activity of the alkylidene-modified
surface of molybdenum carbide presents then a rare case, and can be considered as a step

forward in the study of heterogeneous active sites.

The formation of new alkylidene species on the surface of molybdenum carbide
might be regarded in the same way as the modification of a homogeneous catalyst, in which
the substitution of one of its ligands can have a large effect on its properties and catalytic
activity. Thus a study of the structure-activity relationship can be attempted with the help of

surface science technology.



3.2.1 Dimethyl alkylidene
3.2.1.1 Infrared characterization

The adsorption of acetone to the surface of metal single crystals, such as Pt(111)*"
3 Ru(001)°***, Pd(111)*, Rh(111)*, and Ni(111)* has been used as a basic model system
to study the adsorption and reaction of ketones on some catalytically relevant
heterogeneous materials. This database provides a valuable starting point to compare with
new data obtained using reflection absorption infrared spectroscopy (RAIRS) in our
system, and makes acetone an excellent candidate to explore the mechanism for the

dissociative adsorption of carbonyl containing molecules on the surface of -Mo,C.

A vibrational study of acetone behaviour when adsorbed at low temperature on the
surface of molybdenum carbide could provide insight on how the molecule is positioned
prior to carbonyl bond cleavage. RAIRS spectra were obtained for acetone exposures from
0.4 to 33 L at 100 K on the clean surface. The most significant feature in the spectra up to 3
L (~ 1 monolayer) displayed in Figure 3-1 is a relatively low frequency C=O stretching
vibration, observed at 1660 cm™ with respect to the higher frequency (1716 cm™) obtained
when the multilayer is present on the surface, at coverages of 3 L and higher. This feature
reveals the presence of a weakened carbonyl bond characteristic of a 7’ state monolayer
assigned to acetone species bonding end-on via the lone pair electrons on the oxygen. This
adsorption state places the plane of the molecule roughly perpendicular' to the surface,
allowing RAIRS to detect the C=O stretching vibration as an intense signal, even from a

30-33

very low coverage, and has also been reported for acetone adsorbed on Pt(111) surfaces

at low temperatures and submonolayer coverages.
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Figure 3-1 : Acetone as a function of exposure on the surface of B-Mo>C at 100 K.

Evolution of the monolayer is observed from 0.4 L up to ~2 L. Peaks of the multilayer start
to appear at ~3 L and are fully visible at 33 L.
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Apart from the carbonyl stretching vibration, the adsorbed monolayer of acetone
also presents weaker bands appearing at ~1424, 1367, 1239 and 1109 cm’. Features
observed at 1424 and 1367 cm™ are assigned to the asymmetric deformation (9, vc) and
symmetric deformation (&s mc) modes of the methyl groups, whereas the bands detected at
1239 and 1109 cm™' correspond to the C-C-C asymmetric stretching (v, c.c.c) and methyl
rocking (pm.) modes respectively. Near completion of the monolayer (~3 L), the previously
mentioned vc_o band emerges at 1716 cm™. Upon multilayer formation, bands grow in at

1373 (85 me) and 906 cm™ (Sue).

Isotopic substitution studies were performed in order to confirm the adsorption state
of acetone as a function of coverage. Thus, spectra for fully deuterated acetone (AcDg)
were obtained under conditions identical to those used for non-deuterated acetone. Figure
3-2 shows an increase in intensity of bands corresponding to a 7’ adsorption state with
increasing exposure of deuterated acetone at 100 K up to monolayer completion. As for
non-deuterated acetone, a downshifted frequency of the C=0 stretching band for the n’
adsorption state (1654 cm™), with respect to the multilayer (1710 cm™), is observed. This
vibrational mode has also been detected at 1638, 1670, 1665, 1655, and 1690 cm™ on
Pt(111)’>*, Pd(111)*°, Rh(111)*®, Ni(111)*7 and Ru(001)** respectively; and at 1680-1694
cm’ for a range of [M((bz),S0)4 (n'(O)-acetone),]** complexes (M= Mn, Fe, Co, Ni, Zn,
or Cu)’®. These observations confirm that the ' state is the more energetically favoured
adsorption configuration at low temperatures for almost all transition metals. Table 3-1
enables a comparison of spectra observed for acetone and acetone-ds on B-Mo,C, with the

assigned spectrum of both molecules in the liquid phase and adsorbed on Pt(111)**%,
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Figure 3-2 : RAIRS spectra for acetone-ds adsorption on molybdenum carbide at 100 K as
a function of exposure. Monolayer bands are observed with increasing intensity up to 3 L
above which peaks of the multilayer start to appear. The 13 L spectrum reveals the
multilayer peaks.
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deuterated acetone on molybdenum carbide. The mode assignments and data for acetone on
Pt(11 1)30'33 and for liquid acetone’ are listed for comparison



The n' state was also observed for adsorption of 30 L acetone followed by
annealing over the multilayer desorption temperature (150 K). This behaviour is also
observed for the other surfaces studied, and shows that this adsorption state is still present
as the monolayer state even when multilayer is present. The principal difference between
molybdenum carbide and the other surfaces studied for the adsorption of acetone is the
behaviour of the carbonyl molecule at higher temperatures. Whereas acetone suffers
0-

desorption at relatively low temperatures, or dehydrogenates on most of studied surfaces’

33 acetone undergoes carbonyl bond scission on molybdenum carbide.

The RAIRS spectrum for acetone on f-Mo,C at 200 K displayed in Figure 3-3 is
still characteristic of an n’ adsorption state. However, the intense downshifted v(CO) band
at 1660 cm™, typical of chemisorption via the carbonyl oxygen, as discussed above, is
eliminated by annealing to 300 K. Despite the disappearance of the v(CO) band, all of the
bands characteristic of the CH;CCHj; moiety are observed in the 300 and 500 K spectra. As
shown in Figure 3-3, new bands grow in when temperature is raised to 300 K and higher.
Notably, two new relatively intense peaks at 982, 1120 cm™ corresponding to oxo (Mo=0)
surface species and to a combination of Mo=C, and C-C stretching vibrations, respectively.
These new bands, as well as the absence of the carbonyl band, suggest the formation of an
oxo0-Mo-dimethylidene complex on the surface of B-Mo,C. The intense peak at 1120 cm’
is very close in frequency to bands detected for deuterium-labelled TiNpy4
(Np=neopentylidene) adsorbed on Cu(111)* (1121 cm™) assigned to metal-carbon double
bond str-etches at temperatures from 235 to 350 K, and for cyclobutylidene”?” (1130 cm™),
cyclopentylidene'**** (1146 cm™) and ethylidene®® (1120 cm™) species on B-Mo,C at
temperatures from 300 K. These observations provide the first database for the attribution

of the very elusive terminal alkylidene vibrational modes in heterogeneous catalysis.
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Figure 3-3: RAIRS spectra for 30 L acetone adsorbed on $-Mo.C at 100 K followed by
annealing to the indicated temperatures.

The formation of a terminal alkylidene on the surface of molybdenum carbide
suggests the formation of a strongly chemisorbed n’ state, as evidenced by the observation
of the characteristic v(CO) band above 200 K. The strong chemisorption bond keeps the 7’
state intact on the surface of f-Mo,C until it can undergo carbonyl bond dissociation,
presumably via 1’ intermediate, since in order to dissociate the bond should be placed
parallel to the surface. This 7’ adsorption state has been suggested in other examples of
surface adsorbed acetone’”". However, it has shown itself very elusive and spectroscopic
evidence of its existence has not yet been observed on carbonyl molecules adsorbed on

molybdenum carbide.



3.2.1.2 Thermally programmed desorption study

Thermally programmed desorption (TPD) spectra were obtained for acetone
adsorbed on a clean B-Mo,C surface. For acetone the most abundant peak, 43 amu, and
CO; desorption, 28 amu, were monitored. Figure 3-4 shows the TPD spectra for multilayer
(15 L deposition) coverage of acetone using a heating rate of 0.5 K/s. The multilayer phase
desorbs at 150 K, followed by small peaks, probably due to molecular rearrangements, until
a bigger peak at 270 K that may be attributed to transition from the 1’ state, to an »’ state
involving a species adsorbed with its C=0 bond parallel to the surface (see Figure 3-1),
bonding to the metal atoms of the surface either by a m-bonding or a di-o-bonding. No
spectroscopic evidence was reported for these species adsorbed on molybdenum carbide.
However, in order to undergo C=0O bond scission, a parallel orientation of this bond with

respect to the surface plane would be required.

150 43 amu
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| 925
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Figure 3-4 : TPD spectra for multilayer exposure (15 L) of acetone at 100 K on

molybdenum carbide. Data for the molecular peak (black spectrum) and CO; (red
spectrum) are displayed.
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A double peak observed at temperatures between 510 and 660 K in Figure 3-4 may
be attributed to desorption of molecular decomposition fragments. These peaks are
accompanied by a CO; desorption peak at 890 K suggesting some molecular
decomposition, probably from unreacted carbonyl molecules. A second feature consisting
on a double desorption peak at high temperatures (925 and 1010 K) is characteristic of
molecular recombination of carbonyl molecules on B-Mo,C. This has been previously
recorded for cyclic ketones after recombination of the alkylidene species and adsorbed oxo
moieties at high temperatures”, in opposition to the low temperature desorption observed

for acetone adsorbed on Pt(111)***.

3.2.1.3  X-ray photoelectron spectroscopy

High surface-sensitivity XPS C(1s) data for acetone are presented in Figure 3-5.
Reference spectra for clean B-Mo,C and for the surface following decomposition of 10 L
ethylene at 600 K to deposit excess carbon'>*' are displayed to support peak assignment for
the alkylidene spectrum. The clean surface displays a single peak at 282.8 eV, and the
ethylene treated surface is characterized by a peak at 283.4 eV. Two molecular peaks at
288.2 eV and 285.3 eV are observed after deposition of 20 L of acetone at 100 K, due to
the carbonyl carbon and the two CH3 moieties. Heating the acetone multilayer to 400 K
leads to a C(1s) complex spectrum that may be deconvoluted into the already established
features with energies of 282.8 and 283.4 eV, due to the metal carbide and to carbon
deposited on the surface, and two new peaks at 284.8 and 285.8 eV, with peak areas
presenting a ratio of 2:1, attributed respectively to the two methyl carbons and the
alkylidene carbon of the surface alkylidene. These assignments are supported by previous

observations on high-resolution synchrotron XPS data of cyclopentylidene species on p-

15,25,41 24,42

Mo,C reported by Siaj and co-\.Norkers , and Oudghiri-Hassani and co-workers™", in
which the 4 sp® carbons are detected at 284.7 eV and those directly bonded to the surface
sp” carbon at 285.8 eV. Similar assignment for the sp® carbon groups were observed by

Fuhrman et al.*® at 284.0 eV for ethylidene moieties adsorbed on Rh(111). Nowak et )
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reported a binding energy of 285.8 eV for C atoms in hydrocarbons adsorbed on the surface

of deposited Cr films identified as a mixture of Cr,0O3 and Cr3C,.
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Figure 3-5 : High-resolution C(1s) data recorded for dimethyl alkylidene species on f-
Mo,C. Reference spectra are shown for the clean carbide sample and for the carbide
treated with 10 L ethylene at 600 K to deposit excess surface carbon. The spectrum of a
multilayer of acetone (20 L) is also included; the spectra were recorded at the indicated

: temperatures.



An estimation of the amount of dimethylidene species present on the surface at 400
K was made by comparing the relative intensities of the 285.8 eV peak, corresponding to
the surface alkylidene sp” carbon (C,y), and the 282.8 eV peak, characteristic of the
inorganic carbidic carbon in the surface (Csy). It is found a ratio between the adsorbed
carbon and the surface carbon of ~0.4. It has to be taken into account that XPS can reach a
certain depth into the bulk of the material, and thus the measure of the carbidic carbon is
based on more than one layer. For this reason, this measure of the ratio Cyx/Cgys serves as
an estimation of the lower limit of alkylidenes per carbide carbon at the surface. Knowing
that these surface carbons are assumed to be in an invariable proportion to the Mo atoms
(1:2), it is found that at least 20 % of molybdenum atoms at the surface are covered by
alkylidene species. Similar results have been previously estimated for the fraction of
cyclobutylidene species present at 900 K by comparing the C(1s) intensity to the O(1s)
intensity for saturation coverage of dissociated O, (2 L) at 100 K on this material'>®. This
astonishingly high coverage of alkylidene species on the surface of molybdenum carbide
may be the main reason why this system can be studied in detail. In comparison, the
number of active sites in supported metathesis catalysts is very low. In fact, a dynamic

1.45

chemical counting study made by Handzlik et al.” resulted in an estimation of the

percentage of the active sites for MoO3/Al,05 catalysts, in the range of 0.1 to 0.4%.

The experimental data presented above were used to characterize dimethyl
alkylidene species formed. by dissociative adsorption of acetone on the surface of
molybdenum carbide. The process is summarized in Scheme 3-1, where an approximate
positioning of the molecule with respect to the surface is displayed. Adsorption at low
temperature occurs through an 7’ state where the molecule is bonded to the surface through
the lone pair of electrons of the oxygen atom. This interaction forces the molecule to adopt
a configuration with a component perpendicular to the surface. When the temperature is
increased over room temperature the surface selectively dissociates the carbonyl bond to
form two new species, dimethyl alkylidene and oxo moieties, strongly adsorbed to the
metallic atoms of the surface through double bonds. The dissociation of the carbonyl bond,
however, cannot take place with the molecule in an 7’ configuration. Thus, an n

configuration is proposed based on a much more suitable positioning of the molecule with
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respect to the surface, the weaker carbonyl bond of the #’ state, and spectroscopic

evidences of this species in the literature®* .

CH; CHy CH, CH,
I1HOK Y CH

“\ 0 CHs

—_— ——

Scheme 3-1 : Proposed pathway for the dissociative adsorption of acetone on the surface of
molybdenum carbide including an 1’ adsorption state at low temperatures and an
intermediate 7 state prior to the formation of the oxo=Mo=alkylidene species.

The dimethyl alkylidene modified surface of molybdenum carbide was found to
display no activity, or at least very poor activity, for metathesis reactions. No significant
amount of product for the metathesis reaction was detected under UHV condition in a
series of thermally programmed reaction (TPR), RAIRS, and XPS experiments. This fact,
though disappointing, demonstrates the importance of the environment of the metal-
alkylidene bond. The factors giving rise to such poor catalytic activity could be either
electronic or steric on the molecular side of the active site. Since there is very little
variation on electronic properties between cyclopentyl and dimethyl groups, the reason for
such low activity may be due to steric hindrance caused by the two CH; groups, or a close

packing of alkylidene domains disallowing the reacting molecules to reach the active sites.

3.2.2 Vinyl alkylidene

In this section we will discuss the behaviour of acrolein adsorbed on the surface of
molybdenum carbide at different temperatures. The thermal dissoéiation of acrolein on
molybdenum carbide is expected to lead to the formation of surface vinyl alkylidene and
oxo groups (Scheme 3-2), consistent with carbonyl bond scission, also reported for other

14,15,25-29.41

carbonyl compounds , mostly ketone molecules. Siaj et al.” also reported the

dissociative adsorption of acetaldehyde molybdenum carbide to form ethylidene.

58



T2300 K

—_—

Scheme 3-2 : Acrolein adsorption via an 1’ configuration at low temperature (100 K) and

the formation of vinyl alkylidene species by carbonyl scission when the temperature is
raised above 300 K.

Vinyl alkylidene species would be of great interest as they are the shortest linear
oligoene possible bonded through a double bond to a metallic surface (Scheme 3-2) in this
case the surface of B-Mo,C. Linear oligoenes have been extensively studied
spectroscopically and structurally by a number of authors for many years*®*®. They are
relevant as the simplest series of molecules having m-electron conjugation, which show
very interesting electrical and optical properties, and as models to characterize
polyacetylene. Outside the viewpoint of heterogeneous catalysis, this could provide insights
on the vibrational spectroscopic characterization of molecules with conjugated n-systems
directly bonded to a metallic surface via a double bond. Such molecular contacts could
allow very efficient electron transport between a conducting bulk material and a

semiconducting molecule'”*.

3.2.2.1 Infrared spectroscopy

The selective hydrogenation of unsaturated aldehydes, such as a,B-unsaturated
aldehydes, has been recognized as an important step in a number of synthetic industrial
processes’ ™. For that reason, a number of spectroscopic studies have been performed on
the chemisorption of acrolein on metal surfaces with catalytic properties, such as Pt(111)**
3 Ni(111) and Pt-Ni-Pt(111) bimetallic surfaces™, evaporated Ag films on a mirror-
finished Cu plate®*’, Rh(111)™ and Au(111) surfaces™.
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RAIRS data for the adsorption of acrolein at low temperatures on the surface of
molybdenum carbide as a function of exposure are displayed in Figure 3-6. Monolayer
completion is observed at exposure of ~2 L and can be characterized principally by the
appearance of a free carbonyl peak at 1699 cm™, in contrast to the lower frequency band
observed at 1635 cm™ for chemisorbed acrolein. This low energy vibrational mode for the
carbonyl bond on the monolayer has been related to an orientation of the molecule in an n’
state, with a perpendicular component of the molecular chain with respect to the surface.
However, relatively weak bands for the monolayer of acrolein may suggest a high degree of
tilting in the chemisorbed state, possibly due to some interaction of the alkene group with
the surface. This proposal is based on observations and calculations for acrolein adsorbed

3637 which suggest an initial adsorption in a "

on Au(111)* and evaporated Ag films
(C=0) configuration at low temperatures, with a subsequent change to a 1’ (C-C-C-0)

configuration as the temperature increases.

Spectra for monolayer adsorption of acrolein also display bands at 887, 1015, 1175,
and 1425 cm™ with increasing intensity as the monolayer goes to completion. These bands

52-57

are in agreement with literature reports and have been identified as p(CH;) rocking,
¥(CH) out-of-plane bending, v(C-C) stretching, and 8(CH) in-plane bending due to the
aldehyde part of the molecule, respectively. Multilayer formation is accompanied by the
appearance of new bands at 921, 989, 1160, 1364, and the already discussed 1699 cm
carbonyl band. These bands are assigned to (CH;) wagging, y(CH) out-of-plane bending,
v(C-C) stretching, and 8(CH) in-plane bending, respectively. Most of these bands should
also be present in the monolayer spectra, and the fact that they are not observed may be due

to their low intensity, suggesting, as mentioned above, a tilted positioning of the molecules

with respect to the surface.
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Figure 3-6 : RAIRS spectra of acrolein adsorbed on the surface of molybdenum carbide at
100 K as a function of the exposure.



RAIRS data for alkylidene species formed from annealing acrolein adsorbed on
molybdenum carbide are displayed on Figure 3-7. The spectrum of the monolayer of
adsorbed acrolein obtained after thermal desorption of the multilayer at 200 K displays all
of the bands discussed above, including the low frequency carbonyl stretching vibration at
1635 cm™. A further annealing to above room temperatures leads to the loss of the carbonyl
vibrational mode, as well as the appearance of a new peak at 990 cm™' that can be attributed
to a metal-oxo species. Interestingly, few changes in the molecular vibrational modes can
be reported after the carbonyl cleavage leading to the formation of the surface alkylidene
species. The most significant changes are a shift in the peak at 1175 cm™ of chemisorbed
acrolein to 1155 cm™ in the vinyl alkylidene species, as a result of a mixing of the v(C-C)
and Mo=C stretching vibrations'****®. The disappearance of the peak at 1425 cm™ along
with the development of three new bands at 1430, 1460, and 1517 cm™ corresponding to
the CH rocking, CH scissoring, and v(C=C) out of phase stretching vibrations
respectively, whereas the wagging CH, vibration (887 cm™), the CH wagging vibration
(1015 cm™), and the v(C=C) in-phase stretching vibration (1625 cm™) remain invariable
with respect to spectrum of adsorbed acrolein® . No significant differences apart from a
slight rise in intensities are observed at higher temperatures and all bands characteristic of

the alkylidene species are present in the 300-500 K temperature range.
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Figure 3-7 : RAIRS data for a) acrolein monolayer at 200 K, and b) and c) for vinyl
alkylidene species formed after annealing the sample to 300 K and 500 K respectively.

The high frequency mode of the v(C=C) in-phase stretching vibration (1625 cm™) is
in agreement with the literature®>*’. This peak is characteristic of short linear olgoenes and
1s an interesting result, since the conjugation length dependence of this band is very well
documented*®***>"% This peak has been found at 1643 and 1661 em’ for 1,3-butadiene®’®
and at 1629 and 1632 cm™ for 1,3,5-hexatriene”’, whereas it appeai's at 1613 cm’ for
1,3,5,7-octatetraene and as low as 1593 cm™ for l,3,5,7,9-decapentaenebu. The relatively
low frequency of this band in the vinyl alkylidene species on the surface of molybdenum
carbide, may be a consequence of the conjugation C=C-C=Mo being different from the all-

carbon conjugation on the free 1,3 butadiene molecule.
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Figure 3-8 : RAIRS data for a) multilayer of acrolein at 100 K; b) vinyl alkylidene species
formed by annealing the adsorbed acrolein to 300 K; c) vinyl alkylidene species formed by
the cross metathesis reaction of cyclopentylidene species on molybdenum carbide with
butadiene at 470 K**.

C-H stretching region spectra for vinyl alkylidene species formed by the
dissociative adsorption of acrolein present more information about the structure of the
adsorbed species. Spectrum 3-8(a), corresponding to a multilayer phase of acrolein
adsorbed on molybdenum carbide at 100 K, displays bands at 2714, 2775, 2831, and 2858

cm’', in agreement with liquid and gas-phase IR data for acrolein®*. The spectrum obtained



on annealing the acrolein multilayer to 300 K displays new peaks at 2886, 2969, and 3075
cm” (Spectrum 3-8(b)). The latter sharp peak at 3075 cm’ is characteristic of spz C-H
bonds. The proximity of the surface may explain the high frequency of this band, observed
between 3030 and 3065 cm™ for liquid and gas acrolein™.

This behaviour is also observed for the vinyl alkylidene species formed from cross
metathesis using cyclopentylidene species as active sites on the surface of molybdenum
carbide (spectrum 3-8(c)). Acrolein is however essentially transoid and thus, the observed
high frequency peak at 3075 cm™ could be due to essentially trans sp’ C-H bonds, whereas
for the case of cross metathesis production of vinyl alkylidene species, both cis and trans
isomers are expected due to the utilization of 1,3-butadiene. So the doublet at 3087 and
3061 cm", should be, respectively, assigned to cis and trans vinyl alkylidene species, as
well as to the presence of methylidene species (=CH,) also formed in the cross metathesis

reaction.

3.2.2.2 X-ray photoelectron spectroscopy

XPS data of acrolein adsorption as a function of coverage at 100 K is displayed in
Figure 3-9(a). We can observe the evolution of two peaks at 288.2 and 284.3 eV that are
assigned to the carbonyl sp® carbon and to the two sp’ carbons of the alkene group
respectively, with a relative intensity of 1:2 as expected. The evolution of these two peaks
is accompanied by the progressive masking of the inorganic surface-carbidic carbon peak at
282.8 eV. These three peaks have been previously reported for carbonyl compounds

adsorbed on molybdenum carbide'***%341:42

, notably cyclopentanone and cyclobutanone
with the help of high resolution synchrotron spectroscopy, and acetone, and acetone-dg
under the same experimental conditions and using the same equipment as in this case. No
variation whatsoever on the positioning of the peaks could be observed between those
different cases for the different sp® and sp’ species. Here though, the allyl part of the
molecule displays a peak at 284.3 eV, instead of the 284.8 eV peak of the sp’ carbons of
both cyclic ketones and acetone, 0.5 eV lower in energy, in agreement with data obtained

by Freyer and co-workers* for ethylene adsorbed on Pt(111) at low temperature.
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Figure 3-9 : C(1s) data for acrolein a) as a function of exposure at 100 K, and b) as a
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The evolution of the C(1s) spectrum of the multilayer of acrolein as a function of
temperature is shown in Figure 3-9(b). We can observe from the transition between 100 K
and 300 K that multilayer desorption leads to a significant reduction of the general intensity
of the spectrum with the only exception being the surface-carbidic peak (282.8 eV) which
is now less attenuated by the molecular layers. Especially noticeable is the drop of intensity
of the peak at 288.2 eV corresponding to the carbonyl carbon in comparison to the drop in
the alkenyl carbons (284.3 eV) alongside with the appearance of a new peak with a binding
energy of 285.8 eV, which partly compensates the difference in lost intensity between the
carbonyl and the alkenyl carbons. This new peak corresponds to the partial transformation
of adsorbed acrolein into vinyl alkylidene species through the dissociation of the carbonyl
bond.

The evolution has its continuity at 350 K in which even more carbonyl carbons are
transformed into alkylidenyl carbons bonded to the surface metal atoms. Carbonyl carbons
are then completely transformed at temperatures above 400 K into these new alkylidenyl
carbons. The alkylidene sp2 C(1s) peak (shaded) is detected on the surface up to 900 K, and
its maximum intensity appears to be at 400 K, slowly decreasing in its intensity from
temperatures as low as 500 K, due to molecular decomposition on the surface of small
amounts of alkylidene species. This decrease in intensity becomes dramatic at 800 K, in

agreement with the TPD data displayed in Figure 3-11, where a recombinative desorption

peak is observed from around 800 K. This decrease of the molecular peak intensities is

accompanied by an increase in intensity of the peak observed at 283.4 eV corresponding to

carbon deposition on the surface as a consequence of molecular cracking above 300 K.

An estimation of the amount of alkylidene species present on the surface at each
temperature can be achieved by comparison of the areas for the peaks corresponding to the
alkylidene sp2 carbon with a binding energy of 285.8 eV, and the surface carbon which
appears at 282.8 eV. This is lower limit estimation as mentioned for the case of dimethyl
alkylidene species. Figure 3-10 displays the ratio between alkilydene carbons and carbidic
carbons for each temperature. Alkylidene species appear from 300 K as seen in Figure 3-
10, and the population of these species grows from just below 0.2 at 300 K to over 0.4 at

400 K, then a continuous decrease is observed in agreement with TPD data (Figure 3-11).
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The TPD spectra show a broad feature above 400 K due to molecular cracking of a small
quantity of molecules on the surface. These data show that the amount of vinyl alkylidene
species formed from the dissociative adsorption of acrolein is comparable with the amount

of dimethyl alkylidene species formed from adsorbed acetone.
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Figure 3-10 : Plot of the ratio between alkylidene species (285.8 ¢V) and surface carbidic
carbon (282.8 eV) after annealing acrolein to different temperatures.

The molecular cracking yielding to carbon deposition on the surface is characterized
by a new peak at 283.4 eV in the C(ls) spectra. The decrease in the population of
alkylidene species on the surface is accentuated from temperatures near 800 K where a
large decrease in the alkylidene peak intensity occurs. However this drop in intensity is not
accompanied by a rise in intensity of the 283.4 eV peak indicating that this loss of species

is not due to molecular decomposition, but to molecular desorption instead. This high



temperature molecular desorption is also observed in the TPD spectra (Figure 3-11) and has

24,27

been reported previously for cyclic ketones and acetone (section 3.2.1.2) on

molybdenum carbide.

3.2.2.3 Thermally programmed desorption study

The gas-phase products of acrolein desorption were studied using TPD by
monitoring the mass desorption patterns that belong to the parent molecule and fragments.
The TPD spectra of 55 and 2 amu are shown in Figure 3-11 after dosing the surface with 20
L acrolein at 100 K. The 55 amu trace is due to molecular desorption, and the 2 amu to
hydrogen desorption. A first analysis of the data reveals that both spectra are basically
similar, with the sole difference of a feature in the H; spectrum at temperatures higher than
1000 K. This fact indicates that no sub-products are obtained upon desorption, and acrolein
suffers no major transformations that cause new gas-phase products. We can observe
multilayer desorption at 150 K followed by a small sharp peak at 227 K probably due to an
adsorption state transformation. Adsorption studies of acrolein on Pt(111), Ni(111), and Pt-
Ni-Pt(111) surfaces® suggested multiple possible adsorption states, from an 1’ state with
the molecule adsorbed through the carbonyl bond, an #° state with a contribution of both C
and O atoms of the carbonyl bond in the adsorption, and an %’ state with the whole
molecule placed flat on the surface and all molecular atoms contributing directly to the
chemisorption bonds. Any of these states could be possible on the surface of molybdenum
carbide, but vibrational results suggest the formation of metal-alkylidene species, possibly

via an 77° adsorption state.

The high temperature feature, centered at 920 K, displayed in both spectra is related
to the recombination of surface alkylidene and oxo species to desorb as acrolein. This
feature has been reported previously for cyclic ketones and acetone (section 3.2.1.2)
adsorbed on molybdenum carbide. A difference in this case can be observed in the shape of
this recombinatorial desorption, as the peaks in those cases where sharp doublets, assigned
to recombination with two different oxygen sources leading to desorption at different

temperatures. In the case of vinyl alkylidene species, a wide asymmetrical peak centred at
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920 K is observed instead. The H, spectrum shows a broad feature at temperatures
inmediatly above the first peak (~1150 K). In combination, these two spectra suggest
molecular decomposition is taking place instead of recombination between vinyl alkylidene
and oxo species diffusing on the surface from the bulk of the material at temperatures
higher than 100 K.
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Figure 3-11 : TPD data for acrolein adsorption (20 L) at 100 K. The red spectrum
corresponds to H> desorption and the black one to acrolein desorption.

3.3 Conclusion

Two new alkylidene species have been detected on the surface of molybdenum
carbide under UHV conditions. Dimethyl alkylidene species were formed through the
dissociative adsorption of acetone and were characterized by RAIRS, XPS and TPD

spectroscopies. However, no catalytic activity towards metathesis reaction was observed
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for this alkylidene species. Adsorption of acetone-ds at low temperature was used in an
effort to characterize via RAIRS the adsorption states of chemisorbed acetone prior to

alkylidene formation.

Vinyl alkylidene species have also been characterized on the surface of f-Mo,C.
This species was formed by the dissociative adsorption of acrolein (allyl aldehyde), in a
similar fashion to that previously reported by Siaj et al.*® using acetaldehyde on the same
surface. Again RAIRS, XPS, and TPD were used to fully characterize adsorption states of
the carbonyl compound at low temperatures, as well as the alkylidene species formed at
higher temperatures. XPS data show the dissociation of the carbonyl bond above 300 K.
However, a fraction of the carbonyl bond still remains intact until 400 K. From this
temperature on, only alkylidene species are detected. The recombination of the alkylidene-
oxo species around 900 K in a single stage process causes an irreversible decrease of the
population, and no alkylidenes are detected on the surface at temperatures higher than 1000
K. The metathesis activity of vinyl alkylidene species on this surface will be studied in
chapters 4 and 5 of this thesis.
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4. Ring opening metathesis polymerization of 1,3,5,7-
cycloocatatetraene on an alkylidene modified p-Mo,C
surface

4.1 Abstract

The coating of relevant materials with polymers is a versatile and effective
technique for tailoring their properties. Polymer films with thicknesses in molecular
dimensions attached to solid substrates are expected to be very useful for a wide range of
applications ranging from protective coatings to improvement of the biocompatibility of
materials', chemical sensing2'3, and electronics’, among many other applications. A
common approach for polymer coatings is through surface initiated polymerization using
self assembled monolayers (SAMs) as linkers and initiators of the reaction. This strategy
has rapidly evolved over the last few years, and all the major controlled polymerization
methods have been used to grow polymer brushes from surfaces using this technique.
Examples of living ring opening polymerization®’, living anionic® and cationic

11,12

polymerization'® or atom transfer radical polymerization'"'? are numerous in the literature,

as well as in several reviews on the subject'>".

The use of Surface-Initiated Ring-Opening Metathesis Polymerization (SI-
ROMP)'®"® has attracted a lot of attention as a strategy for offering a high degree of control
over a surface polymerization process that occurs in mild conditions, and some reviews on
supported metathesis catalysts has been published'*'. Following this approach, a number
of research groups have focussed on the use of several Grubbs first generation ruthenium-
based catalysts to polymerize a large variety of monomers in a living fashion from SAM

coated surfaces' %

, especially strained cyclic monomers with useful electrical properties.
Liu et al. have proven the controllability of this approach by using dip-pen nanolithography
(DPN), patterning thiol linked SAMs on a gold substrate by bringing a tip coated with
norbornenylthiol in contact with the surface”. The subsequent reaction of these SAMs with

a Grubbs first generation metathesis catalyst permitted ROMP of norbornenyl-



functionalized monomers to obtain polymer brush dots of 78(x4) nm in diameter and 5(x1)

nm in height.

The use of SAMs has, however, its limitations as initiators for surface-initiated
polymerization since the spacing created by the SAM prevents direct growth from the
surface. A direct contact between the polymer and the surface might be preferred in order to
pursue electronic and electro-optic properties on polymer modified materials. In the past
years two strategies for the in situ growth of polymers directly from a reactive surface have
been reported. Nuckolls and collaborators have established that alkylidene activated
ruthenium thin films are active for olefin metathesis®® and that alkylidene functionalized
ruthenium nanoparticles are able to perform ROMP with strained olefins such as
dicyclopentadiene and norbornene?’. However, neither unstrained olefins, such as 1,3,5,7-
cyclooctatetraene, nor acetylenes appear to react with these ruthenium systems. The second
strategy, continued in this work, explores the use of alkylidene functionalized Mo,C to
initiate growth directly from the surface. Earlier work demonstrated the reactivity of
alkylidene modified molybdenum carbide towards ROMP with norbornene and

cyclopentene®.

Metathesis polymerization of 1,3,5,7-cyclooctatetraene (COT) as a route for
obtaining polyacetylene was first investigated by Korshak and co-workers®, using tungsten
based homogeneous catalysts, reporting low yields (40% max). Since then, this reaction has

3031 and more

been investigated by the group of Grubbs ﬁfst, using tungsten catalysts
recently, using more reliable (even commercially available) ruthenium catalysts*>>. They
found the ring opening metathesis polymerization of COT to be an effective route to high
quality polyacetylene and derivatives, using unsubstituted - and substituted

4 as monomer for homopolymerization and a number of mono- and

cyclooctatetraene’
polycyclic olefins for copolymerization®®. This approach towards polyacetylene offers the
convenience of polymerization at ambient conditions (pressure and temperature), due
principally to the versatility of mild catalysis and a monomer such as cyclooctatetraene
which displays many polymerizable derivatives. Poly-COT films are shown to have
physical and spectral properties very similar to polyacetylene prepared by the Shirakawa

methodology™. When these silvery films of the semiconducting trans-polyacetylene are
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halogen-doped, the conductivity increases markedly (over seven orders of magnitude in the

1

case of iodine doping) reaching in some cases conductivities greater than 300 Q'cm™ at

635 Most of the catalysts used for the process are, however, air and

room temperature
moisture sensitive, and thus, all polymerizations performed to date have been carried out
under inert atmosphere. In addition the reaction requires purification of monomers prior to
reaction and manipulation and storage of the polymer films in an inert atmosphere due to
the tendency of polyacetylene to undergo oxidation. Usually a high pressure stream of

nitrogen is used to protect the samples from air.

Scheme 4-1 : Formation of poly-COT via ROMP.

Polymerization of COT is considered still as an important achievement due to the
very low ring strain of COT (2.5 kcal/mol) compared to monomers such as norbornene
(27.2 kcal/mol) or 1,5 cyclooctadiene (13.3 kc'al/mol), usually used as reference monomers
to study the reactivity of new metathesis catalysts. However, at room temperature and using
high monomer/catalyst ratios, the transformation from liquid to film occurs in 10 to 30
seconds, and lower monomer/catalyst ratios produce films exothermically within even
shorter times. The formation of block copolymers from norbornene (NBE) and COT* by
the group of Grubbs, reveal that because of the much greater ring strain of NBE than COT,
near instantaneous polymerization of NBE first produces long block copolymers of
polynorbornene. As the NBE concentration in the reaction mixture rapidly decreases, COT
begins to polymerize. The much slower polymerization of COT produces the final block of

polyacetylene. These results, however indicate that both polymerizations occurs equally
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under reaction conditions; that the difference in ring-strain between monomers only affects
the kinetics of the reaction, confirming the ring opening metathesis polymerization of
cyclooctatetraene as a powerful tool towards the formation of polyacetylene. Ring opening
metathesis polymerization of cyclic conjugated olefins appears to be an ideal route to form
such polymers since interchain meshing seems to be crucial to the formation of

polyacetylene films with good mechanical properties’*

. This 1s due to the capacity of the
polymer backbone itself to undergo cross metathesis reaction with the catalyst through ring
closing metathesis reactions (Scheme 4-1 path (b)). In particular, the absence of side groups
in polyacetylene formed by unsubstituted COT, make this polymer highly suitable for

crosslinking.

4.2 Cyclopentylidene terminated PA

Cyclopentylidene moieties formed on a planar surface of f-Mo,C from the
dissociative adsorption of cyclopentanone has been extensively characterized by RAIRS,
XPS and TPD, and confirmed as active alkylidenes for the cross metathesis of different

#4143 "and ROMP of norbornene and cyclopentene monomers***’ under UHV

linear olefins
conditions. Due to their high ring strain, these monomers are usually used in control tests to
verify the reactivity of a catalyst. Given the reactivity for ROMP reactions of norbornene
and cyclopentene of the cyclopentylidenyl modified B-Mo,C, the ring opening reaction of

COT at alkylidene sites was attempted.
: ; \ : ? T30 K : Q) Tad0K : xn

Scheme 4-2 : COT monomer insertion at cyclopentylidene sites on f-Mo,C.
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Surface initiated polymenzation of cyclooctatetraene was carried out on the
modified surface of a ~1 cm” flat polycrystalline molybdenum carbide sample. The surface
modification was performed by exposing the clean surface to cyclopentanone at 100 K. The
multilayer is then removed by annealing to over 200 K, and further annealing to 300-500 K
drives to the formation of cyclopentylidene species on the surface. This active modified
surface was subsequently exposed to different doses of monomer (1,3,5,7-
cyclooctatetraene) at different temperatures. Different analytical techniques were used to

characterize the resulting surface species.

4.2.1 IR characterization: “molecular footprint”

An infrared (IR) spectroscopic study on structure and properties of Ti-PA prepared
from a Ziegler-Natta catalyst was first reported by Shirakawa in 1971*. Many vibrational
spectroscopy studies, both theoretical***® and experimental*®*’>', have been reported for
both cis- and frans-PA isomers since then. Nevertheless, in spite of its apparent simplicity,
PA is a rather complex molecule, having multiple possible configurations and oxidation
states (it is highly air and moisture sensible) which makes it hard to analyze vibrationally,
and as a consequence, no full agreement has yet been achieved on the features of the
spectra and their assignment. In fact, experimental information of the structure of large,
unsubstituted polyenes is not available to date, and fairly complete experimental vibrational
spectra, together with a detailed assignment of the normal modes are available only up to

decapentaene’ e

An important part of its complexity comes from the fact that there are four pure
isomeric structures available for polyacetylene (Figure 4-1), and none of them has already
been obtained as a 100% pure crystalline form. Each path to polyacetylene gives a different
mixture of isomers. For example, polyacetylene prepared by the Shirakawa method®
results in the mostly trans configuration (structure IV) for the polymers prepared at
temperatures higher than 423 K, and mostly cis-transoid (or trans-cisoid) configurations
(structures II and III) for the polymers prepared at temperatures below 195 K. Polymers

obtained between those two temperatures, contain both cis-transoid (or trans-cisoid) and
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frans configurations. However, annealing the cis polymer over 423 K produces the
thermodynamically-favoured #rans isomer (IV). Even though the cis-cisoid helical
(structure I) prevents extended planarity, there is X-ray evidence for its existence in soluble

diblock copolymers™".

/\ -
N

cis-cisond cis-transoid

I11 IV

trans-cisond (trans-transoid

Figure 4-1 : Different isomers of polyacetylene.

As pointed out above, the interpretation of the IR spectrum of polyacetylene has not
yet been fully established. The two major discussion points to date in the interpretation of
the vibrational spectroscopic data are the double bond conjugation effect, characterized by
an inconsistency in placing and assigning the C=C stretching band between 1450 and 1690
em’, and the length distribution of cis and/or trans-PA and its effect in the C-H stretching
region over 3000 cm’'. Despite this lack of unanimity on the characterization of
polyacetylene spectra, infrared spectroscopy remains a powerful tool for polymer
characterization, and thus, it will be used here to investigate the surface initiated
polymerization of PA on molybdenum carbide. Surface science studies under controlled
UHV conditions can, in principle, study monomer insertion in a living way, one step at a
time, using infrared spectroscopy, which is sensitive to chain length, orientation and
conformation. This, in principle, should allow the study of the initial steps of polymer
growth. RAIRS is commonly used as a standard to characterize adsorbed molecules on
surfaces, being especially useful in conformational studies of small molecules either

physisorbed or chemisorbed on well defined metallic surfaces by bias of its selection rule
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(Figure 2-9(c)). These facts combine to make RAIRS an ideal technique for the study of

COT monomer insertion at surface alkylidene sites.

Figure 4-2 shows infrared data recorded of the interaction of COT with
cyclopentylidene modified B-Mo,C. The experiments were performed by first forming a
cyclopentanone multilayer at 100 K. The multilayer formed by 20 L cyclopentanone
displays, spectrum 4-2(a), a characteristic very strong feature at 1731 cm™, corresponding
to the carbonyl bond. An annealing of this multilayer to 300 K (spectrum 4-2(b)) leads to
the development of new bands, especially at 1338, 1124, 1017, and 971 cm™. The latter

band is characteristic of a surface oxo group*-~*%

indicating that carbonyl scission has
taken place. In contrast, the absence of new bands in the 1600-2000 cm™ region suggests
that decarbonylation leading to the formation of adsorbed CO does not occur. Apart from
the oxo band, all of the clearly resolved bands observed in this spectrum are characteristic,
by comparison to vibrational data for cyclopentanone, of a CsHg ring. Hence, the subtle
changes detected over 300 K are attributed to the conversion of one 5 membered-cyclic
species into another. That is, the results are consistent with the transformation of adsorbed

cyclopentanone into a surface cyclopentylidene-oxo species.

Spectrum 4-2(c) shows infrared spectroscopy data for monomer insertion on the
functionalized carbide surface. Exposure to gas-phase cyclooctatetraene at 100 K followed
by annealing to 470 K leads to the appearance of several new peaks, notably at 1675, 1240,
1860 and 3063 cm™. These changes can be observed from 350 K (Figure 4-3.), however
heating to 470 K leads to more clearly resolved peaks, and thus this spectrum is chosen for
discussion. For sake of comparison, spectrum 4-2(d) shows the adsorption of

cyclooctatetraene at 100 K when surface-alkylidenes are not present on the surface.
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Figure 4-2 : RAIRS spectra of a) cyclopentanone at 100 K; b) cyclopentylidene at 300 K;
c¢) The cyclooctatetraene exposed alkylidene modified surface at 470 K and d)
cyclooctatetraene at 100 K on the surface of molybdenum carbide.
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The most notable new features in spectrum 4-2(c), recorded after interaction of

cyclooctatetraene with cyclopentylidene modified Mo,C at 470 K, are two peaks at 1300

and 1675 cm™. The first peak has been observed consistently in most of spectroscopic

studies of polyacetylene and is usually attributed to a combination of two modes, C-C=C

#7483 "in long chain cis polyacetylenes

wagging deformation and C-H in plane deformation
(conjugation effect). The 1675 cm™ band corresponds to the C=C stretching vibration.
Although this band has been reported in all theoretical calculations****® its assignation is
still open to debate and it has shown to be very elusive in a number of experimental studies.
This band has been observed and predicted (theoretically) in the very wide range between
1450 and 1690 cm™. It is expected to decrease with increasing conjugation lengths, and it
has been predicted to be as low as 1470 cm™ for long chain pcnlyacetylene63 . Thus, the
interpretation of this high frequency C=C stretching vibration may have some implications
concerning the length, conformation, and interactions of the formed polymer chain. The
high frequency observed in this study could imply either the formation of short chains, a

stabilizing role of the surface on the polymeric chain by nt donation interactions from the

double bonds to the metal centres of the surface, or a combination of all of the above.

The possibility of a certain interaction between the chains and the surface has to be
taken into account, since examples of m interaction between olefinic molecules and several
metallic surfaces are very well documented®*®. As revealing as the position of this C=C
stretching vibration is its shape; a distribution of chain lengths may cause a wide adsorption
band, but instead a very sharp peak is observed in spectrum 4-2(c). The sharpness of the
peak reveals a very low polydispersity, as expected for metathesis polymerization, but in
this case the difference between a single and a double monomer insertion is quite big in
terms of polymer length. A single monomer insertion may form a 4 double bond molecule,
whereas double insertion may form a molecule double the size. The difference is thus
significant enough to lead to two separate peaks rather than a single broad peak, in the case
where both molecules are attached to the surface. In a study of the conjugation length
dependence of Raman scattering in a series of linear polyenes, Schaffer and co-workers™
have reported a variation of this vibration from over 1600 cm™ for a 4 double bond

molecule to below 1550 cm™ for an 8 double bond oligoene. This fact, along with the
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analysis of this peak, suggests that single monomer insertion has mainly occurred on the

modified surface of the carbide.

Along with the two above discussed high frequency bands, there is a new band at
1240 cm™ corresponding to the C-H in-plane deformation that is not present in the
cyclopentylidene spectrum. In addition, there is a dramatic increase in intensity of the C-C
stretching vibration observed at 1124 cm™. Both changes are characteristic of the formation
of cis-rich polyacetylenes*’. The increase in intensity of the band at 1124 cm™ is attributed
to the insertion of a number of new C-C bonds corresponding to the backbone of the
surface-initiated polyacetylene. Once again, the sharpness of this peak suggests a high
monodispersity in the polyacetylene obtained, since this vibrational mode displays the same
behaviour as the C=C stretching vibration discussed above, shifting to the red with
increasing conjugation length®. The relatively high intensities of both the C-C and C=C
stretching vibrations at 1120 and 1675 cm™ may suggest, as well, some degree of vertical

orientation with respect to the surface.

A further characterisation of the products from COT insertion was made in the
C-H stretching region of the IR spectra using an InSb detector. Figure 4-2 (left part) shows
the appearance of a new peak at 3063 cm™' arising from the shift of the 3009 cm™ all-cis sp*
C-H stretching vibration of the physisorbed COT monomer (spectrum 4-2(d)), by strain
release in the ring-opening process. This high frequency band is totally absent in the
cyclopentylidene spectrum since there are no sp’ C-H bonds on these species, and is

characteristic of cis-rich polyacetylenes®**"**

, agreeing with the information extracted from
the MTC region of the spectrum. This sp” C-H vibration mode has been already observed in
the region of 3060-3090 cm’ for alkylidene propagator species formed by
transalkylidenation reactions between cyclopentylidene species on p-Mo,C and simple gas-
phase olefins such as ethylene, propylene and 1,3-butadiene®™*'. It is also observed for
vinyl alkylidenes formed from the dissociative adsorption of acrolein on the same surface
(Figure 3-8). The lower frequency of the sp” C-H vibration (3009 cm™) of the adsorbed
monomer on the clean surface can be explained in terms of out-of-the-plane bending of the
C-H bonds of a planarized COT molecule as a consequence of the strong 4n— interactions

between the molecule and the carbide surface, as already observed for benzene adsorbed on
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Pt(111)*. Moreover, the feature at 2880 cm™ corresponding to the v(CH) vibration of the 4
sp> carbons of the cyclopentylidene species seems to be narrower and more intense. The
evolution of this peak could be attributed to sp’ impurities in the polyene molecule as has
been previously observed in polyacetylene®. Hence, by comparing the IR spectra of the
activated surface after monomer insertion (spectrum 4-2(c)) with both the spectra of
cyclopentylidene moieties on B-Mo>C and the 1,3,5,7-cyclooctatetraene monomer (both in
liquid/gas form and adsorbed on the same surface), we can conclude that ring opening
metathesis polymerization can be carried out at cyclopentylidene initiator sites on the
surface of B-Mo-C.

Figure 4-3 shows polyacetylene spectra on B-Mo,C formed at two different
temperatures (350 and 470 K). This comparison allows us to observe a further increase in
intensity of both C-C and C=C stretching vibrations at 1124 and 1675 cm™ respectively,
when further monomer insertion occurs at higher temperatures. The rest of the bands
undergo smaller variations and no new bands appear on the spectrum. However, the growth
of the C-C and C=C stretching vibration bands indicates either some change in the polymer
conformation or that a further polymerisation has taken place. The incipient peak at 1120
cm’, characteristic of cis-rich polyacetylenes, alongside with the low intensity of the C-H
out of plane bend for frans-rich polyacetylenes, at 1020 cm™, suggests the formation of a

40,47,48

fair amount of cis-polyacetylene at both temperatures. This suggestion though

initially supported by the use of all cis-cyclooctatetraene as monomer in the reaction®>'2,
is somehow unexpected due to the very well known tendency of free polyacetylene to
isomerise towards the formation of the thermodynamically more stable trans-form at
temperatures higher than room temperature’ ***7#*°! [somerisation seems to be somehow
affected by the proximity of the metallic surface at temperatures as high as 500 K, probably
due to a strong interaction between the polyacetylene chain and the surface. The fact that
further polymerization takes place, suggested by the growth of both C=C and C-C
stretching bands shows the living character of this reaction, characteristic of the ring
opening metathesis polymerization®”**. This living character makes this polymerization

step-controllable, a very interesting characteristic when molecular electronic applications

are desired.
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Figure 4-3 : RAIRS spectra of COT monomer insertion on a cyclopentylidene modified p3-
Mo-C surface at a) 350 K and b) 500 K.

Spectrum 4-3(a) is also very relevant in order to discuss the activity of the catalytic
system. This spectrum shows that polymerization reaction takes place at relatively low
temperatures (350 K in this case). This fact is very interesting when taking into account
practical considerations for industrial applications. Moreover, the fact that low temperature
polymerization is possible shows the high reactivity of this catalytic system considering the
low strain energy of the COT ring, since release of strain tension is the driving force for
ring opening polymerization”. It is worth mentioning that previous work on metathesis

BAA show reactivity

reactions on the alkilydene modified surface of molybdenum carbide
only over 500 K for cross-metathesis with mono-olefin molecules, and ring opening
metathesis polymerization with norbornene and cyclopentene. Grubbs and co-workers®

struggled also to form polyCOT using their 1*' generation Ru catalyst, and the reaction only
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took place when a more reactive 2™ generation catalyst was used. Here, the monomer-
surface interaction may have a significant effect on reducing activation barriers for the
reaction, favouring the reactive collision of the COT monomer with surface alkylidenes.

This fact will be discussed below.

It is seen that the major absorption bands characteristic of cis-rich polyacetylene are
present in both spectra. The wavenumbers of the major bands are summarized in Table 4-1.
Also presented in .the table are the band locations and assignments of the spectra observed
by Shirakawa and lkeda® of mixed cis and frans-PA films, as well as the observations

made by Chen and co-workers*’*

on highly oriented PA with high ratios of cis and trans-
PA. It can be seen that the polyacetylene directly connected to the surface of molybdenum
carbide through an alkylidene bond, obtained under ultra-high vacuum conditions from the
ring opening metathesis polymerization of cyclooctatetraene, is in total agreement with
previous observations in the literature on polyacetylene obtained under different conditions.
This fact opens the possibility of using of conducting polymers directly bonded to the

surface of technologically relevant materials for applications in molecular electronics.
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\ rare-ea.nh-(CH): , highly oriemved-(CH)‘\:I
Ti - (CH)I‘ B-Mo,C-(CH),  Assignment

(hich 7)  (high ) tans (CH), s (CID,

940 935 (vw) 937 (vw) 934 CH=CH trans in (CH=CH)u cis
980 982 (vw) 984 CH=CH trans in (CH=CH)n cis
1015 1013 (w) 10125 (s) 1011 (vs) 1020 CH out of plane trans
LIS 1119 (m) 1108 (www) 1114 (m) 1124 (C-O) stretching
1165 (w) 1170 (vwww) 1174 C-C, C-O (oxidative degradation)
1249 1247 (W) 1247 (w) 1248 (w) 1246 (m) 1240 -
1253 (w) 1256 (w) CH in plane def. cis
1202 1295 (w) 1293 (w) CH in plane def. trans
1329  1329,2(s) 1328 (s) 1336 CH in plane def. cis
1690 1686,5(m) 1672 (vw) 1689 (sh) 1675 (C=C) stretching
1800 1802,6(m) 1720(mw) 1800 1336 + 438 cis
2884 (vw) 2880-90  vL.(CH) sp’ trans
2980 (sh) 2961  La(CH) sp’ trans
3013 3013,1 (s) 3011 (s) 3033 CH stretching trans
3044  3044,5(m) 3044 (m) 3055 CH stretching cis
3057 3057 (w) 306369 CH stretching cis

Table 4-1 : IR spectra assignment for polyacetylene synthesized from 1) a Ti-based

catalyst'’; 2) a rare-carth-based catalyst'’**; 3) highly oriented polyacetylene®”; and 4) on

alkylidene-modified molybdenum carbide.

Further analysis can be done of the structure of the polyene molecules obtained by
taking a closer look to the assignment of the CH region spectra obtained with the InSb
detector. By comparison we can distinguish the appearance of a single and very narrow

40,47.48 :
, also observed in

band at 3065 cm™ assigned to a cis-PA C-H sp’ stretching vibration
a 1,3-pr0pylidiene4' species obtained by the cross metathesis reaction between a
cyclopentylidene modified surface and 1,3-butadiene (spectrum 4-4(b)), as a wider band
with two peaks at 3061 and 3087 cm™. Therefore the presence of a single high frequency
band supports the observations made using the MCT spectra of the presence of mostly cis-
PA, whereas the wider band of spectrum 4-4(b) suggests the presence of an unresolved

mixture ‘of both conformers, alongside with the presence of methylidene species also

obtained in the cross metathesis reaction, which typically displays a very high frequency C-
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H stretching vibration (~3080 cm™)™*'. The short rrans and cis segment C-H stretching
vibrations are of quite high frequency in the case of vinylene species on the surface of
molybdenum carbide. These bands have been observed around 3013 cm’ for rrans-
polyacetylenes, and 3044 cm™ for short cis segments in mostly mixed polyacetylenes, but is
in clear agreement with previously reported short alkylidenes with sp° C-H bonds on B-
Mo,C. The high frequency of these peaks could be explained in terms of the strong

interaction of the surface metal electronic states with the 7 system of the molecule®®”".
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Figure 4-4 : RAIRS spectra in the v(CH) region for COT monomer insertion at a
cyclopentylidene modified B-Mo,C surface at ¢) 350 K and d) 500 K, compared with
spectra of a) cyclopentylidene species, and b) species formed by the cross metathesis

reaction between cyclopentylidenes and 1,3-butadiene.
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The high frequency of the 3065 cm™ band may indicate a certain mixture of cisoid
and transoid segments of the polyacetylene chain. It’s well known that short cis segments
between two frans segments of PA may cause a higher frequency peak than long ones
(3057 vs 3044 cm' in the literature)***’**. However, no significant amount of trans-PA has
been recorded as shown by the absence of the lower frequency peak (3013 cm™) typical of
the trans-polyacetylene C-H sp” stretching vibration. It has to be taken in consideration that
it is difficult to establish whether the surface has a strong contribution to the shifts of these
peaks due to interactions between the surface and the polymer backbone. What seems clear
is that the surface may have some kind of interaction that disallows thermal isomerisation
from happening over 350 K since no trans C-H, or short length cis C-H stretching vibration

are detected.

4.2.2 XPS characterization

Monomer insertion of 1,3,5,7-cyclooctatetraene through ring opening metathesis
reaction on cyclopentylidene moieties on B-Mo,C was also monitored by X-ray
photoelectron spectroscopy. Spectrum 4-5(a) shows the C(1s) data after cyclopentylidene
moieties have been formed. In it we can distinguish four peaks. The first two at energies of
282.8 and 283.4 eV are assigned to the surface carbidic atoms and to C deposition on the
surface during the alkylidene formation via molecular cracking. This deposition of
essentially undefined carbon species on the surface has been observed in a number of
studies on molybdenum carbide****"%. The two other peaks are due to molecular species,
notably the four sp’ carbons of the Cs cycle, and the disubstituted sp® carbon bonded to the
surface, the alkylidene carbon. The relative intensities of the peaks at 284.8 and 285.8 eV is

4:1 as expected for a Cs group containing 4 sp® and 1 sp* carbons.

As we can see in Figure 4-5(b), the C(1s) spectrum a new peak grows in at 284.3 eV
after annealing to 350 K when COT is introduced in the presence of Mo=C active sites. The
appearance of this incipient peak at 284.3 eV reveals the appearance of new C sp® species
different from those directly bonded to the surface when COT is introduced and the system
is annealed to 350 K.
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Figure 4-5 : XPS spectra a) cyclopentylidene species; b) COT insertion as a function of
exposure at 350 K.
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This new peak at 284.3 eV grows when further monomer is introduced step by step,
as would be expected in a living polymerization process such as ring opening metathesis
polymerization, and can be attributed to the sp® carbon backbone of newly formed polyene
chains. The assignment of this C sp” peak at 284.3 eV, as due to monomer insertion, is well
supported in the literature. Notably, Rochet et al.” have assigned a peak in the C(1s) region
at ~284.7 eV to a multilayer of cyc]ooctatetraeﬁe adsorbed on Si(001) at 300 K by

174

photoelectron spectroscopy (PES) using synchrotron radiation. Freyer et al.”" detected a

signal centred at 284.3 eV when ethylene was deposited on Pt(111) at 100 K.

Figure 4-6 monitors the area evolution of this new peak at 284.3 eV compared to the
amount of alkylidene species (285.8 e¢V) on the surface, as a function of the exposure of
monomer at 350 K. The shape of this curve reveals that in the early stages of monomer
introduction the rate of formation of new sp® carbon is considerably higher than in the later
stages. This behaviour has already been observed for homogeneously catalyzed formation
of polyacetylene from ROMP of cyclooctatetraene® suggesting that the same mechanism is

occurring for both catalytic systems.

10

sp’ carbon / alkylidene

6:

P SR S LA NN TEL A v e L a o o ey e
0 10 2 30 10 5 60 70 80 9 100 110

Exposurce (L)

Figure 4-6 : Plot of the proportion of olefinic carbons (284.3 eV) with respect of the
amount of alkylidene species (285.8 eV) on the surface as a function of monomer exposure
at 350 K.
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Figure 4-6 provides extra quantitative information about monomer insertion. By
comparing the new peak at 284.3 eV with the alkylidene peak at 285.8 eV, which remains
constant with time, we can quantify the evolution of this conjugated olefinic carbon species
to a maximum of ~10 times the amount of alkylidene species. Considering that every
monomer insertion adds 8 sp” carbons to the surface, the fact that 10 of these sp® atoms are
detected per alkylidene suggests that more than one monomer molecule on average has
been inserted per active site. This observation however has to be taken carefully, since it
does not mean that each cyclopentylidene site undergoes monomer insertion, but refers to
average measurements. Although ROMP is well known to produce polymers with
polydispersities very close to 1, a possible effect of the surface in this aspect cannot be
neglected. RAIRS observations appear to support the idea that polyacetylene molecules
with lengths close to 8 carbon atoms are formed regarding the already discussed high
frequency of the C=C stretching vibration. These data suggest not only that metal-
alkylidenes can perform ring opening metathesis polymerization of cyclooctatetraene at
temperatures close to room temperature, but multiple turnovers could be achieved by this

catalytic system, as observed in previous studies of cross metathesis reactions®'.

Figure 4-7 sheds light on the question as to whether this peak is indeed due to the
additional carbon arising from polymer formation and not due to simply monomer

deposition on the surface, since the carbon atoms of the cyclic monomer should be of the

same binding energy as those of the polymer. In this figure we can see the evolution of the

C(1s) region of the XPS spectrum when monomer is introduced at different temperatures in
the absence of the alkylidene active sites. All spectra were taken with intervals of 1 minute

while the pressure in the chamber was maintained at 5x10°® Torr.
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Figure 4-7 : XPS spectra of COT introduction on a clean surface as a function of coverage
ata) 100 K and b) 300 K.

We can observe in spectrum 4-7(a), the formation of a multilayer of COT at 100 K
characterized by the appearance and further evolution of a peak at 284.3 eV as a function of
the coverage. This peak corresponds to the 8 sp” carbons of the cyclic molecule. This result
is in complete agreement with the previous assignment of this region since only two carbon
species are expected and both of them appear in the COT multilayer, the inorganic carbon
of the metal-carbide surface with a disappearing peak at 282.8 eV as a consequence of the
masking effect caused by the incipient molecular multilayer, and the already discussed
molecular sp® carbon of the cycle. Figure 4-7(b) displays the same experiment repeated at
300 K, and reveals that no new peak develops in the region around 284 eV, only a small
shoulder at 283.4 eV is observed due to molecular decomposition of the COT molecule.
Spectrum 4-7(b) confirms that no deposition of COT occurs on the surface at temperatures

above 150 K, contrary to the monomer behaviour at lower temperatures where we can see a
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multilayer formation. This absence of monomer accumulation shows that the new peak
observed in the C(1s) region of the XPS spectrum at 300 K as a function of monomer
introduction when alkylidene species are present in the surface (Spectra 4-5 (b)) is, as
suggested above, due to the formation of polyacetylene through ring opening metathesis

polymerization, and not to monomer stacking.

The monitoring of the reduction in intensity of the molybdenum (3ds + 52) peak
(doublet at 227.8 and 230.7 eV) under monomer introduction is another way of following
the reaction in real-time. We can clearly see in Figure 4-8 that the area of this peak
decreases more rapidly on the early stages under COT introduction at 300 K when
cyclopentylidene species are present on the surface (red line), compared with the same
conditions in the absence of cyclopentylidenes (black line). In this case, we can observe a
sharp drop in the Mo(3d) signal, due to the already discussed carbon deposition, from
molecular decomposition, on the surface leading to a peak at 283.4 eV (Figure 4-5). There
is however, a sharper drop of the signal when alkylidenes are present on the surface (red
line) caused mostly by the formation of the polymer. In this case due to previously
deposited carbon on the surface, caused by partial decomposition of cyclopentanone, COT
decomposition is expected to happen in a very small proportion, since the surface has
already been partially deactivated, as the relative intensities of the first peaks of both curves
may indicate. It is clearly seen that the intensity of the Mo(3d) peak for the first peak of the
red series is much lower than the first of the black one, indicating that at that point of the
experiment molybdenum atoms on the surface are already covered by carbon through

thermal decomposition of cyclopentanone.
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Figure 4-8 : Relative Mo(3d) intensities for two different treatments of the surface. The

black line corresponds to COT deposition on a clean surface. The red line corresponds to

monomer insertion on a cyclopentylidene modified surface. Both series were recorded at
5x10” Torr and 350 K.

This early stage of the introduction of monomer when cyclopentylidenes are on the
surface shows that more carbon is being placed over the molybdenum atoms despite the
fact that the surface is already passivated through partial thermal decomposition of

cyclopentanone molecules, leaving polymerization as the only plausible explanation for the
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decrease in Mo(3d) intensity. Following a rapid decrease of the intensity in both
experiments, the Mo(3d) peak then remains constant in the case of monomer introduction
to a clean surface, although more monomer is introduced (black line). In contrast, the
attenuation of the Mo(3d) signal continues in the presence of active sites on the surface (red
line), though now slower as in the case of the increase of the polyacetylene sp* backbone
carbon peak. Thus, the evolution of the Mo(3d) spectrum matches the behaviour of the
surface carbidic C(1s) peak (282.8 eV) presented in Figure 4-5b.

4.2.3 Absence of polyacetylene oxidation

As outlined before, there are still some disagreements and differences in the IR and
Raman characterization of polyacetylene, especially concerning the C=C stretching
vibration. In regards to the region in which this peak is expected, some groups have
assigned a peak around 1670 cm™ to the oxidation of polyacetylene (PA) chains exposed to
air. Will and co-workers®' have assigned this band to C=0 stretching vibrations in o,p-
unsaturated ketones on highly oxidized (over 2,5% O) PA powders. Piaggio et al.”” were
less specific when assigning as impurities and different oxidation states a series of peaks
between 1494 and 1775 cm™ in polarized IR spectra of highly stretched trans polyacetylene
samples. Chen et al.*’ assigned a peak at 1720 cm” to a v(C=0) vibration when
polymerizing acetylene wusing a coordination catalyst solution of neodymium

naphthenate/triisobutyl aluminium in toluene.

No C-O bond whatsoever has been found in the polyacetylene formed from ring
opening metathesis polymerization of cyclooctatetraene under UHV conditions. Such a
bond could possibly arise because oxygen is deposited onto the surface during the
alkylidene preparation process42’6°‘6l'75'76. As shown in Figure 4-9(a) there is an absence of
a signal for a carbonyl carbon in the C(1s) region when polymerization occurs, in contrast
with a very intense peak at 288.2 eV when cyclopentanone is adsorbed on the surface at
low temperature (green spectrum). This peak corresponding to the carbonyl group of the
ketone is in a 1:4 proportion to the peak at 285.3 eV corresponding to the other 4 sp3 carbon
atoms of the Cs ring. Note that the peak of the surface carbidic C at 282.8 eV is highly
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masked by the cyclopentanone multilayer. However, no peak arising from a C-O bond is
observed after annealing cyclopentanone over 300 K (blue spectrum). At the same time, a
series of peaks arise in the 284-285 eV range corresponding to the deposition of graphitic C
on the surface, and molecular sp’ C from the 5-membered cycle. Once the polymerization
is initiated (black spectrum), there is still a total absence of any peak above 285 eV,

indicating that despite the formation of PA, no C=0 species has been formed.
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Figure 4-9 : XPS spectra of the a) C(1s) region of the multilayer of cyclopentanone
(green), cyclopentylidene (blue) and polyacetylene (black); b) O(1s) region of
cyclopentanone (green) and polyacetylene formed by the insertion of different amounts of
monomer (COT).

Figure 4-9(b) displays the O(ls) region of the XPS spectra. The cyclopentanone

multilayer spectrum (green) is characterized by an intense molecular oxygen peak
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appearing at 532.8 eV and a smaller peak appearing as a shoulder at 530.8 eV. This latter
peak has already been observed in previous studies carried in this surface and has been
attributed to an inorganic surface oxo (Mo=0) species*>***"72">76 The molecular oxygen
peak disappears when cyclopentylidene is formed by carbonyl bond scission, at the same
time that a rise of the peak at 530.8 eV occurs, due to the conversion into surface atomic
oxygen due to the oxophilicity of molybdenum. No molecular oxygen, however, is
observed in the polyacetylene spectra at any level. The weak peak from atomic oxygen
decreases its intensity as polymerization takes place, indicating that O stays at the surface
or subsurface and is being masked by the polymer. In addition no oxygenated products
have ever been reported for any metathesis reaction on f-Mo,C at temperatures below 900
K under ultrahigh vacuum conditions®*'*. These XPS observations, as well as the
assumption that ideal conditions are achieved under UHV agree with the IR data
concerning the absence of oxidized states of polyacetylene, and it confirms the assignment

of the peak at 1675 cm’' as v(C=C).

4.3 Vinyl alkylidene modified surface

As discussed above, despite its apparent simplicity polyacetylene is a rather
complex molecule. The interpretation of spectroscopic results for this conjugated polymer
proved to be difficult because no 100% crystalline structures have been obtained.
Furthermore, inhomogeneities caused by strongly vérying degrees of polymerization, and
various other defects such as crosslinks, sp3 impurities, cis-frans isomerism, and

2 : : ; 1
conformational disorder, complicate the issue severely’>4047.48.50.51

In order to help with characterisation of polyacetylene formed from the alkylidene-
modified molybdenum carbide catalytic system, the substitution of cyclopentylidene active
species by vinyl alkylidenes has been attempted. This strategy would in principle yield to a
pure conjugated chain from the surface, instead of carrying the Cs cycle all throughout the
reaction. The cyclopentyl end of the polyene chain obtained through the use of
cyclopentanone as starting material to create the active sites on the surface of molybdenum

carbide can complicate the characterization, as well as somehow interfere in the reactivity
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by steric hindrance at the surface active sites. Thus pure polyene chains are suitable both
for easier and better characterization as well as for conformational studies. The vinyl
alkylidene species on the surface of the metallic carbide could provide, at the same time,
another model to compare polyacetylene, being itself a short oligoene with three carbons
and two double bonds linked directly to the surface. The characterization of these species
could be used as a reference to identify and assign vibrational modes in the RAIRS spectra

of polyCOT, and as an aid in interpreting the C(1s) data.
I
]

O

Scheme 4-3 : Formation of polyCOT using vinyl alkylidene species as initiator sites.

The formation of vinyl alkylidene species on the surface of molybdenum carbide
was achieved through the dissociative adsorption of acrolein (acrylaldehyde) on the same
bulk B-Mo,C sample, under UHV conditions. The characterization of the surface-vinyl
alkylidene species was extensively discussed in Chapter 3, and here it will be compared to
polyacetylene spectra formed from both cyclopentylidene and from the vinyl alkylidene
species itself, as well as to vinyl alkylidene species formed from the cross metathesis

reaction of 1,3-butadiene with surface cyclopentylidene species.

4.3.1 IR characterization

IR spectroscopy of the C-H stretching region -of vinyl alkylidene species formed by
the dissociative adsorption of acrolein (spectrum 4-10(a)) show a sharp peak at 3075 cm”
characteristic of a sp” C-H bond, as already discussed above. The proximity of the surface
may explain the high frequency of this band, observed between 3030 and 3065 cm™ for

liquid and gas-phase acrolein’’. This behaviour is also observed for the vinyl alkylidene
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species formed from cross metathesis using the reaction of 1,3-butadiene with
cyclopentylidene species as active sites on the surface of molybdenum carbide*' (spectrum
4-10(c)). Acrolein is however, essentially transoid and thus, the observed high frequency
peak at 3075 cm™ is due to the trans sp* C-H bond, whereas for the case of cross metathesis
production of vinyl alkylidene species, both cis and trans isomers are expected. This
reaction will also produce surface methylidene species (Scheme 4-4), and the mixture of
products may be the responsible for the broad band produced in this spectrum. The doublet
at 3087 and 3061 cm’' may then be assigned to cis and frans vinyl alkylidene species,

following the same reasoning used above.

@/ :J - ,—--<'# ™y

Scheme 4-4 : Cross metathesis between cyclopentylidene modified molybdenum carbide
and 1,3-butadiene.

-
~

The IR spectrum of polyene species obtained from the ring opening metathesis
polymerization of cyclooctatetraene with vinyl alkylidene species on B-Mo,C (spectrum 4-
10(c) shows a very sharp and very intense doublet at 3064 and 3033 cm™. The evolution of
the sp” C-H bond of the original trans-vinyl alkylidene species observed at 3075 cm™ shifts
to significantly lower frequencies (3033 cm™) suggesting the evolution of this #rans
segments away from the surface. The appearance of the new peak at 3064 cm™, more
characteristic of cis-polyacetylene, indicates the development of a vinyl chain with a
configuration different from the initial #rans configuration of the vinyl alkylidene species,
matching the position of the peak observed for polyacetylene formed on cyclopentylidene
active sites, and assigned to cis segments of the conjugated chain. The assignment of this
peak is in agreement, as discussed above, with the fact that poly-cyclooctatetraene is
expected to be formed initially in mostly a cis-configuration when thermal isomerisation

does not take place. It may be tempting to compare quantitatively the height of both peaks
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for the sp” C-H bonds corresponding to the two isomers. However, it should be kept in
mind that due to the selection rule for RAIRS the intensity of the peak does not necessarily

scale with the species population.
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Figure 4-10 : Infrared spectra in the C-H region of a) vinyl alkylidene moieties formed
from the dissociative adsorption of acrolein on the surface; b) polyCOT formed from these
active species, and c) vinyl alkylidene moieties formed from cross metathesis of
cyclopentylidene species and 1,3-butadiene.



An evident difference, concerning the sp® C-H band, between the polyCOT spectra
derived from cyclopentylidene and vinyl alkylidene species can be observed in Figure 4-11.
Spectrum 4-11(a) reveals a double peak at 3033 and 3064 cm™ for this stretching vibration
in the vinyl alkylidene initiated polyacetylene, whereas the cyclopentyl alkylidene initiated
polyacetylene presents a single peak at 3065 cm™ (spectrum 4-11(b)). The other two peaks
of the spectra at ~2960 and ~2890 cm’', attributed to the Vvas(CH2) and vy(CH2)

2 P .
241436062 suffer few variations. These two bands are present in polyacetylene

vibrations
formed using vinyl alkylidene as initiator sites due to the CH, end group, as well as in sp’
impurities as discussed above, whereas the 4 sp” carbons of the cyclopentyl group, as well
as any sp° impurities of the polymeric chain, are the responsible for these bands in

spectrum 4-11(b).
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Figure 4-11 : RAIRS spectra in the C-H stretching region for polyacetylene formed at 350
K from a) vinyl alkylidene and b) cyclopentylidene species on f-Mo,C.
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Variations in the sp2 C-H band must be of a different nature than that for the CH,
stretching vibrations, since this band arises from the backbone of the polymeric chain, and
thus, in principle there should be no difference between both spectra. However, as
discussed above, the sp® C-H stretching vibration is conformationally sensitive for polyene
molecules, a fact that has been extensively reported in the literature*®*"*85!  These
observations seem then to point to a difference in the conformation between both
polyacetylene chains, possibly caused by a difference in the surroundings of the active
sites, either electronic or steric, which could induce to a difference in reactivity and thus
differences in the conformation of the polyacetylene formed. This phenomenon should
however require an extensive study to clarify the nature of this difference in the reactivity

of both alkylidene species, and in the conformation of the polyacetylene formed.

4.3.2 XPS characterization

Figure 4-12 displays the evolution of the C(1s) region of the XPS spectra during
polymerization as a function of monomer introduction. All spectra are subtracted to the
spectrum of vinyl alkylidene moieties prior to reaction, and show the development of the
polyacetylene chain on the surface. The spectra in Figure 4-12 show the evolution of a
peak at a binding energy of 284.3 eV, corresponding to the accumulation of sp® C species
on the surface. This evolution has already been observed in the case of the SI-ROMP of
COT using cyclopentylidene moieties as active sites, and has been discussed above
(Section 4.2.2).
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Figure 4-12 : C(15s) spectra of the polymerization of COT on a vinyl alkylidene modified
surface of molybdenum carbide as a function of monomer introduction at 300 K.

106



Alongside with the appearance of the peak at 284.3 eV there is the development of a
shoulder at 283.4 eV. This peak has been observed in all XPS studies of the C(1s) region of
this material, and has been assigned to an excess of carbon due to molecular
decompositi0n42‘59'6°. This differs from data obtained for polymerization of COT using
surface cyclopentylidene as initiators in that no growth of the 283.4 eV peak was observed.
In the case of the cyclopentylidene initiated reaction, this peak reaches saturation after the
formation of the initiator sites, and no further growth of this peak is observed during
monomer insertion, whereas when acrolein is used to form vinyl alkylidene moieties less
molecular decomposition seems to occur, and thus the surface is not fully deactivated
through molecular cracking, which appears to occur to the molecules of cyclooctatetraene
as they are adsorbed on the surface. This behaviour is also observed when COT is
introduced into the chamber over 200 K in absence of initiator sites (Figure 4-7(b)). There
we can see that after a period of development this peak saturates once the surface
deactivates itself by deposition of excess of carbon. As we can observe in Figure 4-12,
although there appears to be a competition between both polymerization and monomer
decomposition, the polymerization seems to prevail. This fact suggests that even if it is in
less proportion than for cyclopentanone, the introduction of acrolein and further annealing
of the surface passivates the surface to a certain degree, and thus when monomer is added,

the principal reaction taking place is the ring opening metathesis polymerization.

4.4 Halogenation of polyacetylene

4.4.1 Cyclopentylidene terminated polyacetylene

The synthesis and study of metallic covalent polymers such as polyacetylene has
known considerable interest for a long time. Combinations of experimental observations on
relatively short oligoenes, and theoretical studies have been appearing since the 1930s"%,
These early studies expected infinitely long one-dimensional &t electron systems to form a
half filled band, due to the overlap of the HOMO and LUMO orbitals, leading to metallic

behaviour. However, when Natta and co-workers® first synthesized polyacetylene in 1958
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it was found to be a non-conducting black powder from which it was very difficult to make
specimens in a shape suitable for spectroscopic measurements of various properties because
of its insolubility and infusibility. This fact made the subject unattractive for some time.
The discovery made by lkeda and co-workers” of a way to synthesize polyacetylene
directly in the form of thin films made it suitable for spectroscopic studies. However, the
electrical resistivity of films obtained by the so-called Shirakawa method were very poor
(comparable of those obtained with the Natta powder)*’. It was not until the well known
meeting between Shirakawa, Heeger, and MacDiarmid, that the synthesis of electrically
conducting organic polymers was achieved”®. Those were halogen deriatives of
polyacetylene with electric conductivities up to seven orders of magnitude higher than that
of polyacetylene. These doped polyacetylenes have conductivities as high as 560 Q'cm™,
and opened a new era of conducting polymers. This achievement was recognized by the
award of the Nobel Prize 2000 to Shirakawa, MacDiarmid and Heeger.

However, the use of halogens on polyacetylene did not start with the intention of
doping this molecular semiconductor. Ikeda and co-workers®’, after realizing that their
polyacetylene films didn’t show any improvement in electrical conductivity, tried to
convert them to graphite, first by heating the films, and then by a combination of
electrophilic addition of halogens such as chlorine and bromine at mild conditions and
elimination of hydrogen halide from adjacent carbon atoms in the halogenated

polyacetylene.

The halogenation of polyacetylene under UHV conditions and its characterization
by XPS were attempted in order to add more proof of its synthesis by surface initiated ring
opening metathesis polymerization at alkylidene sites of f-Mo,C by detecting organic Br

species on the surface after bromination of the conjugated molecules.
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Figure 4-13 : Evolution of C(1s) and Br(3ds») peaks during consecutive cycles of
polymerization of COT and bromination of the freshly formed polymer.

The experiments followed by XPS where made in a series of consecutive cycles of
polymerization of cyclooctatetraene and subsequent bromination. All steps where
performed at 350 K and spectra of C(1s), Br(3ds/2), Mo(3ds/2:512) and O(1s) where recorded
after each step. Functionalization of the surface was performed as usual by introduction of
cyclopentanone (~10 L) at 100 K, and then annealing the surface to 350 K at a rate of 1 K/s
to form cyclopentylidene moieties. The surface polymerization reaction starts by the
introduction of cyclooctatetraene monomer at a pressure of 1x10™ Torr for 240 s (2.4 L) at
350 K. The C(1s) spectrum corresponding to this stage of the process is displayed as C1 in
Figure 4-13, and we can distinguish in it the incipient peak at 284.3 eV, corresponding to
the C sp3 of the polymer’s backbone discussed above (section 4.2.2). A look to the Br(3d)
region of the spectra (spectrum 4-13 Br0) reveals a clean spectrum as expected for the

undoped polyacetylene molecule. The introduction of 1x10™ Torr for 240 s (0.24 L) of Br»
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at this stage however (spectrum 4-13 Brl), shows the appearance of two peaks, one
corresponding to a molecular C-Br bond at 68.5 eV, and one corresponding to the
adsorption of Br to the surface at 76.3 eV (displayed in Figure 4-14(b)). The
characterization of the peak at a binding energy of 68.5 eV as C-Br from the halogenated
polymer is supported by observations in the literature. Notably, lkemoto et al.''> found a
binding energy of 69.3 eV for the Br(3d) peaks of several polyacetylene films of different

bromine content, whereas Kang et al.'"?

observed a wide peak with two components, one at
68.8 eV which they attributed to bromine anions, and another at 70.5 eV corresponding to
bromine covalently bonded to polyacetylene. Moreover, these values are typical for the

Br(3ds/;) region in molecular bromine compounds and bromide ionic salts respectively®"®.

A further introduction of monomer at 1x10” Torr for 400 s (40 L) and subsequent
introduction of Br; at 1x10™® Torr for 400 s (4 L), illustrated in Figure 4-13 as spectra C2
and Br2, shows not only the growth of the molecular Br peak at 68.5 ¢V and the sp” C peak
of the polymer, but a shift towards higher binding energy of 0.4 eV of this peak now placed
at 284.7 eV. This shift of the C(1s) core binding energy is attributed to charge transfer from
the polymer to the dopant, and has also been observed fﬁr iodine doped (+ 0.2 eV)** and
AsFs doped (+ 0.6 eV)” polyacetylene.
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Figure 4-14 : a) TPD spectrum of Br; adsorbed on molybdenum carbide, and b) evolution
of the Br(3ds,) core level spectra for different amounts of bromine adsorbed on the same
surface.

Control experiments consisting on XPS and TPD spectra of bromine adsorption
with and without the presence of cyclooctatetraene were performed. Figure 4-14(a) displays
a thermally programmed desorption of 10 L of bromine (79 uma) introduced at 100 K. We
can clearly distinguish the presence of the multilayer desorption peak at 166 K and a small
desorption peak (amplified in the centre of the figure) centred at 885 K. This figure is due
to desorption of atomic Br chemically bonded to the surface. Figure 4-14(b) shows the
Br(3ds/;) region of the XPS spectrum after the introduction of 1 L of bromine on the clean
surface (red spectrum) under the same conditions as used in the polyacetylene bromination

experiments described above. We can observe the appearance of a peak centred at 76.3 eV
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corresponding to the dissociative adsorption of Br to the surface. This is characteristic of
the adsorption of Br; in absence of any other molecular compound. A further introduction
of 1 L of bromine (blue spectrum) causes this peak to double its size without the
development of any other peak in the region. This behaviour is also maintained when
cyclooctatetraene is previously deposited on the clean surface at conditions similar to those
used during the polymerization (data not showed). It is worth noting, as discussed above,
that no COT deposition is observed in these conditions in the absence of alkylidenes on the

surface, and thus, no C-Br species could be formed.

Scheme 4-5 : Bromination of cyclopentylidene initiated polyacetylene.

These data suggest the bromination of the polyene chain formed by ring opening
metathesis polymerization on the surface of cyclopentylidene modified molybdenum
carbide, following scheme 4-5. This bromination reaction of the double bonds of the
polyene chain provides direct insight on the polymerization of cyclooctatetraene since these

are the only places where the bromination reaction can take place.

4.4.2 Vinyl alkylidene terminated polyacetylene

Halogenation of polyacetylene formed on vinyl alkylidene sites on the surface of
molybdenum carbide was also attempted. A series of bromine introductions were
performed on the polyacetylene modified surface of molybdenum carbide. First vinyl
alkylidene moieties were prepared on the surface by the introduction of 20 L acrolein at
100 K followed by an annealing of the surface to 300 K at a rate of 10 K/s. Polymerization
of COT was performed by introduction of COT (110 L) while annealing from 100 K to a

112



temperature of 500 K with the same rate of 10 K/s. Then, introduction of different amounts
of bromine at 300 K lead to the sequence of spectra shown in Figure 4-15. The evolution of
the Br(3ds,) peak at 68.5 eV peak corresponding to the C-Br bond is the same as that
previously discussed. One can see that the introduction of just 0.3 L of bromine in the
chamber where freshly made undoped polyacetylene is present produces a fair amount
reaction compared with subsequent larger exposures due to the fact that polyacetylene is

already halogenated in some proportion.

120 L.
20 L

0.3 L,

Intensity (Keps)

0T
1 I I 1 I I
66 68 70 72
Binding Energy (eV)

Figure 4-15 : Evolution of molecular Br on halogenated PA as a function of dosing. Each
stage of bromination is made after the insertion of equal amounts of COT at 300 K.
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Figure 4-15 confirms the results obtained for the bromination of polyacetylene at
sites formed by acrolein. This fact provides a further characterization of the polyCOT
molecules, and suggests that the polyene species formed both from cyclopentylidene and

vinyl alkylidene initiator sites have similar reactivities.

4.5 Discussion

4.5.1 Discussion on the IR data

As referred to above, some theoretical studies have shown that the growth of the
polyene chain results in a shift to lower energy of the first optically allowed and optically
forbidden electronic transitions, as well as a decrease of the lowest totally symmetric C=C
stretching frequency. This was shown by Kofranek et al.® using SCF structure
optimizations for the polyenes CynHzn+2 with n=1-7,9 and for infinite PA. The prediction

1%, using solid state Raman scattering spectra

was verified experimentally by Schaffer et a
of a homologous series of all-frans polyenes from 3 to 12 double bonds. The critical point,
as far as vibrational spectroscopy is concerned, is the experimentally firmly established red
shift of the C=C stretching frequency by about 170 cm™ going from trans-1,3-butadiene to
polyacetylene. Possible explanations for this strong red shift with increasing chain length
are: (1) a sufficiently strong reduction of the C=C stretching force constant; (ii) an increase
in the absolute value of the coupling constants between C=C bonds; (iii) an increase in

anharmonic contributions, and most probably a combination of all these three effects.

1. showed that electronic correlation has a profound

In another paper, Korshak et a
effect on some of the coupling force constants between C-C bonds. These off-diagonal
force constants play a key role in the correct description of the vibrational spectra of
polyenes, in particular, for the C=C stretching region, and determine the shape of the
phonon dispersion curve for that mode. In the case of surface polyenes, there could be a
possible role for the metallic surface in causing electron transfer, through n-donation of the
C=C double bond, from the polymer at some points (maybe isolated single points) that

partially breaks the m-conjugation, thus reversing the red shift. The C=C stretching band



appears at 1675 cm™ for short polyacetylene chains formed by ROMP on the surface of
molybdenum carbide (Figure 4-2) . At the same time this m-donation to the surface would
act as positive (+) doping, making some holes in the conduction band of the polymer that

could improve electronic conductivity without a need for a further chemical doping.

A distribution of conjugation lengths within a given sample of PA when prepared
from acetylene is assumed. This fact may cause dispersion in the vibrational spectra of
trans-PA. This is correlated with a bimodal distribution of conjugation lengths, due to the
well known fact that PA contains crystalline and amorphous regions®***®'. However the
very well defined peak corresponding to the C=C stretching vibration from the
polymerization of cyclooctatetraene on the modified surface of molybdenum carbide
suggests that high monodispersity has been achieved. Besides, data obtained using X-ray
photoelectron spectroscopy indicates that polyene species of 4 double bonds (8 sp” carbons)
are probably the most common on this system. Thus, the high frequency C=C stretching
mode (1675 cm™) is in agreement with the formation of short length polymer chains. Short
cis intervals between some frans modes, or electronic transfer from the polymer to the
surface might also be in part responsible for this high frequency position of this vibrational
mode. For trans chains of different lengths, the absorption band and the C-C stretch
frequencies should shift to lower energy with increasing length. However the effect of the
surface may not be completely ruled out, thus normally a coordination of the double bond

by the metal atoms of the surface can help to stabilize the polymeric chain.

4.5.2 Cyclooctatetraene adsorbed on -Mo,C

The previously discussed fact that the ring opening metathesis reaction for
cyclooctatetraene is kinetically more favoured than for norbornene and cyclopentene on the
alkylidene modified surface of molybdenum carbide might be explained by the different
interaction of these monomers with the surface. This fact can be extended to cross
metathesis of small mono-olefinic molecules also studied in the same catalytic system. All
these molecules have in common a single double bond, whereas cyclooctatetraene has four

double bonds. Double bonds are known linkage points to metallic surfaces via n-donation
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from the molecule to the metal (and in some cases back donation from the metal to the
molecule). Thus, the number of linkage points between the molecule and the metal could
play an important role in the dynamics that make this reaction possible, since diffusion time
should be crucial (residence time) to help a monomeric molecule to find an active species
on the surface in the correct geometry to make the reaction possible. Moreover, two extra
n-donations from the molecule to the surface take place, forcing the molecule to flatten

itself and thus raising its ring strain which could help to the polymerization.

Cyclopentylidene modified B-Mo,C surface has been found to be an active phase for
both cross metathesis and ROMP for norbormene and cyclopentene monomers at
temperatures above 450 K under UHV conditions***'. These monomers have higher ring
strain than COT, and thus they are expected to be more reactive through ring opening
metathesis polymerization. However surface dynamics could favourize the adsorption of
four double-bonded COT molecules on the surface, and thus facilitate diffusion paths to
find active species. In addition, its symmetry will allow the reaction to take place regardless
the side of the molecule approaches the metal-alkylidene bond (Figure 4-16), and thus, it
may explain why it forms polyacetylene at 350 K.

Figure 4-16 : Differences in surface accessibility for cyclooctatetraene and norbornene.

Polymerization of cyclooctatetraene has previously performed by Korshak and co-
workers™ by using a tungsten based catalyst (W[OCH(CH,Cl),], Cle.n / Al(C:Hs)>Cl (n=2
or 3)), and by Grubbs and co-workers using 1™ and 2™ generation Grubbs catalysts in mild

conditions®. The synthesis of block copolymers of polyNBE/polyCOT and random
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copolymers formed from copolymerization of COD and COT*, as well as the syntheses of
soluble, end-functionalized polyenes and polyacetylene block copolymers™ has also been
achieved by Grubbs et al. without varying the conditions between polymerizations. All
these successful synthesis suggest that the low ring strain of COT does not make much of a
difference in reactivity. Instead the flatness of the COT adsorbed on the surface of
molybdenum carbide, may help it to stick better so it can diffuse further on the surface to
find an active site, and its high symmetry assures it a perfect approach direction (Figure 4-

16) to put a double bond close enough to an initiator or a propagator.

These surface effects may explain the relatively low temperature at which the
polymerization takes place. The difference in reactivity is thus kinetic and not
thermodynamic because both polymerizations of norbornene and cyclooctatetraene take
place at the same temperature and conditions in homogeneous conditions. PolyNBE only
forms faster. Then, the difference is due to surface processes favorising the formation of
polyCOT over polyNBE by having 4 C=C and being planarized by the action of the
surface. Adsorption and diffusion of cyclooctatetraene on the surface should be much
greater than in the case of norbornene speeding up the polymerization of COT. Also the n-
donation from the 4 double bonds should weaken more the molecule than in the case of
NBE and the fact that either side of the molecule is suitable to be attacked by the
alkylidenes should also help to favourize the formation of polyCOT. In fact both
polymerization of polyCOT and polyNBE takes place at room temperature with Grubbs
catalysts. In the case of the surface reactions it is an intriguing question as to why polyNBE
does not (as well as poly-cyclopentene and cross metathesis with ethylene and

2841 and it does for polyCOT. A plausible answer is suggested by the study of

propylene)
aromatic chiral modifiers on Pt(111) for the stereoselective hydrogenation of a,B-diketones
(Orito reaction). The authors found that single-ring aromatics do not stick strongly enough
on the surface to perform the 1:1 docking complex with substrate whereas double-ringed
aromatics do’”. By analogy, molecules with one (or 2) double bonds could desorb easier, or
more likely, diffuse much shorter distances because they stick less effectively than COT on
the carbide surface. Also more molecules could remain on the monolayer, so the
polymerization could take place at lower temperatures because each molecule would have

to cover less distance to diffuse to find alkylidene species.
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The COT molecule has been considered a classic prototype of a cyclic antiaromatic

g 185969 studies have

(8 m electrons) hydrocarbon. Many experimenta and theoretica
been performed concerning the structure, photo-, and thermal chemistry of free COT. It is
by now firmly established that the most stable conformer of the free molecule has a tub-like
structure with Dj; symmetry. This structure was first determined by the X-ray diffraction

study of Kaufman et al.'”

and then confirmed by electron diffraction studies in the vapour
phase’*!°"'2 Despite the fact that this molecule is highly symmetrical, the vibrational
spectral features of this molecule are still not completely understood and there is still some
disagreement concerning mode assignments. The D;; structure is found to be a true
minimum on the potential energy surface. Hence, the theoretical results are consistent with
experimental evidence supporting this structure for the free COT molecule, with alternating

single and double bonds and small conjugation interaction between the & bonds.

Dynamic processes (ring inversion and m-bond shift) have been experimentally
observed (Figure 4-17), and planar COT conformations were proposed to be the transition
states of these two processes. The planar Dy, conformation is generally accepted to be the
transition state of the ring inversion, whereas the Dg, conformation seems to be the
transition state of the m-bond shift. Moreover, COT derivatives that have planar ground
states can be produced by the annelation of strained three- or four-membered rings to the
COT skeleton'*'*, by the replacement of endocyclic double bonds with triple bonds'®, or
by halogen substitution'®. These structural modifications cause an expansion of the
endocyclic bond angles and hence the planarization of the COT skeleton. However, even
when strain effects cancel the tendency to pucker, bond alternation is still unambiguously
observed, and thus, these effects do not overcome antiaromaticity. Apart from strain
induced planarization, COT can also suffer large conformational changes to the planar form
due to ionisation. The anion (COT") adopts a Dy, symmetry, as well as when the loss of an
electron leads to an increase of the folding angle in the cation. Both doubly charged ions

are planar and aromatic with Dg, symmetry, as expected for 10 and 6 m-electron cyclic

molecules.
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Figure 4-17 : Configurations of free 1,3,5,7-cyclooctatetraene.

Surface science studies on adsorbed COT have also been performed on Pt(111)%*'"7,

Pd(111)'%, Ag(110)'”°, Si(001)™'"°, and Ru(001)""" surfaces. In a very interesting paper,
Hostetler and co-workers® studied the structure-reactivity correlations of cyclic Cs
hydrocarbons on a Pt(111) surface. In this paper they established that cyclooctene, 1,3-
cyclooctadiene, 1,5-cyclooctadiene and cyclooctatetraene convert into benzene. The
process is however, at least, as interesting as the result itself. First both cyclooctene and
cyclooctadienes transform in cyclooctatetraene via dehydrogenation on the surface, and
then the tub-shaped 7’ cyclooctatetraene is converted to a planar 1’ structure at higher
temperatures prior to undergoing decomposition into benzene and acetylene. A neutral
planar COT molecule (Dg;) is well known to be an unstable conformer. Formation of a
stable planar aromatic species is allowed upon charge transfer to form either the dianion (10
n-electrons) or dication (6 n-electrons). The formation of the dianion has been proposed for
a COT monolayer adsorbed on clean Ag(110), while on an oxygen precovered Ag(110)
surface COT bonds in a tub-shaped structure'” since the presence of electron-withdrawing
oxygen limits the extent of charge transfer to COT and therefore the formation of the

11

aromatic species. The adsorption of COT on Ru(001) " happens in a similar fashion as on

Pt(111)** forming a neutral planar Dy, species, however no formation of benzene nor
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desorption of the complete molecule has been observed for the monolayer, but

dehydrogenation occurs instead.

The study of the adsorption of cyclooctatetraene on a clean surface of p-Mo,C
would help to understand the mechanism in which the ring opening metathesis
polymerization takes place. Reflection adsorption infrared spectroscopy is a powerful tool
in surface chemistry for establishing the relative geometry of molecules adsorbed on
metallic surfaces with help of its selection rule. RAIRS is thus, a very attractive tool to
verify the conformation of cyclooctatetraene when adsorbed on the surface of molybdenum
carbide. Figure 4-18 shows adsorption of cyclooctatetraene on molybdenum carbide at low
temperature (110 K) as a function of coverage. There is a total absence of peaks
corresponding to a monolayer of cyclooctatetraene (~3 L), and only two peaks
corresponding to a multilayer of monomer on the surface, a CCC ring distortion mode at
802 cm” and a C-H stretching mode at 3009 cm’, both well established in the

literaturess’%.

The absence of v(C=C), v(C-C), and v(C-H) modes in the monolayer is consistent
with a flat-lying geometry for the adsorbed molecule on the surface of molybdenum
carbide, similar to the adsorption of COT on Pt(111)® and Pd(111)'”® surfaces. At higher
coverages the vibrational spectra clearly indicates that the molecule undergoes a substantial
change in adsorption geometry which is accompanied by the appearance of a C-H
stretching mode at 3009 cm™ and a CCC deformation at 802 em’” featuring the appearance
of a tub-like configuration of the multilayer adsorbed molecule (D;; symmetry).
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Figure 4-18 : IR spectra of adsorbed COT on B-Mo.C as a function of coverage at 110 K.

Unlike the adsorption on Pt(111)*°, COT does not undergo decomposition into
benzene and ethylidene species when adsorbed on molybdenum carbide, as shown by TPD

data displayed in Figure 4-19. Instead the strongly adsorbed 1’ species undergoes

decomposition on this surface as we can see regarding to the m/z=2 spectra. We can

observe a sole desorption of molecular cyclooctatetraene (m/z=104) corresponding to
multilayer desorption at ~180 K, whereas no desorption at all is observed for submonolayer
coverages of the molecule (< 3 L). The same peak is observed in the m/z=2 spectra as well
as a broad peak from ~300 K to ~1000 K corresponding to hydrogen desorption due to
molecular decomposition on the strongly adsorbed monolayer. The hydrogen desorption
grows from 1 L deposition to 3 L, behaviour opposite to the peak‘ attributed to the
multilayer desorption that appears only at 3 L and grows as the coverage is further
increased. COT decomposition at higher temperatures is consistent with the previously
discussed carbon deposition on the surface due to molecular decomposition observed

consistently in XPS spectra. However, the presence of alkylidene species on the surface



seems to act as an inhibitor to this decomposition since carbon deposition on the surface

happens as a side reaction to the dissociative adsorption of carbonyl compounds.

mz=2 m/z= 101

w ‘ 10 L

Intensity (a.u.)
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200 100 600 800 1000 1200 200 100 600 800 1000 1200
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Figure 4-19 : TPD spectra for m/z=2 and m/z=104 for COT deposition on the surface of
molybdenum carbide.

Since planarized cyclooctatetraene is possibly less stable than the free molecule, we
propose that adsorbed COT on the surface of molybdenum carbide is both weakened
because of the increase in strain, and more strongly adsorbed to the surface, two very
important factors to favourize the ring opening metathesis reaction. These factors could be
the responsible for the low temperature reaction of polymerization of COT on the surface

of molybdenum carbide.
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S. Polymerization of acetylene on alkylidene modified f-
MO;C

5.1 Acetylene polymerization

Acetylene was first polymerized by Natta et al.' to a linear conjugated
Makromol.ecule via chain-growth polymerization using the Ti(OBu)s-AlEt; catalyst. A
breakthrough came when Ito et al.? succeeded in preparing high-quality free-standing films
employing a very high concentration of the same catalyst. This modification allowed the
production of polyacetylene as a film that could be washed, sliced, and manipulated for

experimental investigations.

Acetylene polymerization has also been initiated by anionic polymerization®,
cationic polymerization®, and by a variety of transition®® and rare earth metal catalysts’”.
Aoky and co-workers'® have also discovered that acetylene undergoes solid-state
polymerization at pressures above 3.5 GPa at room temperature. A number of transition
metal acetylacetonates have been compared for acetylene polymerization’. Titanium and
vanadium complexes were found to be more active than the others: Ti, V >> Cr > Fe > Co.
A number of side reactions were found in all these processes, which vary depending on the
method of initiation, as for instance cyclization to benzene. Other processes lead to low

molecular weight oligomers, branched polymers, and cross-linked polymers.

Different catalysts based on molybdenum and tungsten have been used to
polymerize acetylene, and monosubstituted derivatives. Woon and Farona'' studied the
polymerization of phenylacetylene with ArM(CO); (Ar = arene or mesilene, and M = Cr,
Mo, or W). More recently Schuehler and co-workers'? polymerized acetylene using a well
defined ruthenium metathesis catalyst, in a very fast reaction at ambient temperature giving

a black solid precipitate of trans-polyacetylene.

However no attempts seem to have succeeded in performing surface-initiated
polymerization of acetylene on technologically interesting solid materials through direct

metal-molecule junctions'. Such structures could be very interesting in regards to the
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electronic properties of polyacetylene for the creation of molecular electronic devices. A
new strategy to create such a device will be attempted in this chapter by the metathesis

polymerization of acetylene on an alkylidene modified surface of molybdenum carbide.

5.2 Spectroscopic evidence for acetylene polymerization

Having established in the previous chapter, that cyclooctatetraene insertion through
ring opening metathesis polymerization can be carried out on f-Mo.C, the direct route of
acetylene metathesis polymerization was investigated. The mechanism of such a
polymerization on the surface is believed to be the same established for this polymerization
in homogeneous catalysis'*'". As displayed in Scheme 5-1, monomer insertion is expected
to take place through a metallacyclobutene intermediate following the mechanism proposed

by Hérrison and Chauvin'®,

The general procedure for the surface initiated polymerization of acetylene on
alkylidene modified molybdenum carbide follows the same general path as for ROMP of
cyclooctatetraene. First, cyclopentylidene modification of the surface is achieved by the
dissociative adsorption of cyclopentanone after the introduction of 20 L at low temperature
(110 K) and then annealing the system to 300 K. Once the alkylidenes are formed,
acetylene polymerization is carried out by introducing different amounts of acetylene at

low temperature, and then the system is again annealed to the chosen temperature.

Scheme 5-1 : Proposed mechanism for metathesis polymerization of acetylene on the
surface of molybdenum carbide'®.
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5.2.1 IR characterization

The high resolution of RAIRS, combined with the high sensitivity the technique has
in the C-H stretching region, makes it possible to more definitively characterize surface
hydrocarbon species. Figure 5-1 shows data for the introduction of acetylene on the
cyclopentylidene initiator sites on the surface of f-Mo,C at different exposures of monomer
at 350 K. Exposure to gas-phase acetylene leads to the replacement of the cyclopentylidene
spectrum (spectrum 5-1(a)) with bands at 3069, 3055, 3035, 2963 and 2886 cm™ through
monomer insertion (spectra 5-1(b) and (c)). The 2886 and 2963 cm™' peaks are assigned to

17-24 " and are also observed in the

v; and v,(CH>) vibrations for Sp3 carbons respectively
cyclopentylidene spectrum, so it may be assumed they are due to unreacted
cyclopentilidene species remaining in the surface or due to Cs end groups of the newly

formed polyene molecules, or due to sp® impurities in the polyene chain.

More relevant are the appearance of the new peaks at high frequency (>3000cm™),
notably at 3069 and 3055 cm™ and a shoulder formed at 3035 cm™. Spectrum 5-1(a) shows
acetylene exposure (0.0084 L) to a cyclopentylidene modified surface at 350 K, displaying
a single feature on this region at 3055 cm™', whereas spectrum 5-1(b) corresponds to a
further exposure of 30.9 L of acetylene at the same temperature and displays a wide feature
containing the three peaks previously mentionned. These three bands have been assigned in
the literature as C-H stretching vibrations of the different isomers of the polyacetylene®”* :
% Notably, three bands are usually assigned to this C-H stretching band at 3013, 3044 and
3057 cm™, for long chain polyacetylenes. The lower frequency one has been characterized
as a C-H stretching vibration of the frans configuration, whereas the other two higher
frequency bands are related to long and short cis segments respectively. Bands in the same
region have been reported for some alkylidene species on the surface of molybdenum
carbide, notably methylidene species, formed from the cross metathesis reaction of a
cyclopentylidene modified surface with gas-phase ethene and propenels‘lg. Frequéncies in
the same range are also observed in vinyl alkylidene species'® formed from cross
metathesis reaction of the same modified surface with 1,3-butadiene and from the

dissociative adsorption of acrolein (Section 3.2.2.1 on this thesis). In addition, this band has
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already been observed in the ROMP of cyclooctatetraene and was discussed in the previous

chapter (Sections 4.2.1 and 4.3.1) of this thesis.
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Figure 5-1 : IR spectra of acetylene polymerization as a function of monomer insertion.
Spectrum a) represents cyclopentylidene species formed at 300 K, whereas spectra b) and
c) display acetylene insertion into the metal-alkylidene sites at 350 K when 0.0084 L and

30.9 L of monomer are introduced respectively.

The bands corresponding to the C-H stretching vibrations, could also shed some
light on the conformation form of the polyacetylene formed from acetylene insertion on
molybdenum carbide. Spectrum 5-1(a) shows polyacetylene formation from a low exposure

of acetylene at 350 K of the alkylidene modified surface. The new band at 3055 cm™ may
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be assigned to C-H stretching vibration on cis segments of the polyacetylene molecule
according to the literature®”*”. This band suggests that polymerization at these conditions
leads to mostly cis-polyacetylene. A further evolution of the reaction at the same
temperature, shown in spectrum 5-1(b), induces the developpment of a new band at higher
frequency (3069 cm™) and a shoulder towards lower frequency (~3035 cm™") characteristic
of C-H stretching vibration of short cis segments and frans segments of polyacetylene

respectively.

These results, though in agreement with previously reported ROMP of
cyclooctatetraene on the alkylidene modified molybdenum carbide, present some
differences. ROMP reaction of COT with the cyclopentylidene modified surface displays a
single peak at 3065 cm™', and with the vinyl alkylidene modified surface shows two peaks
at 3064, and 3033 cm’. These differences point out a certain difference in the activity of
these reactive sites for the same monomer, as well as within the same active sites for

different monomers.

RAIRS results for acetylene polymerization on the cyclopentylidene modified
molybdenum carbide suggest that in the early stages mostly cis-polyacetylene is formed at
350 K, whereas as the monomer insertion continues, frans segments became more present,
presumably as the polymeric chain grows in length. It is also worth noting that even though
trans segments are detected, cis polyacetylene seems to be the major species present on the
surface at 350 K. Cis-trans isomerization is expécted to happen close to room temperature
for polyacetylene”'****®. This behaviour, also observed for the polyacetylene formed by
ROMP, may suggest a certain role of the surface as inhibitor of the isomerization process,
possibly through inmobilisation of the polyene chain via interaction between the double

bonds of the molecular x system and the surface.

5.2.2 XPS characterization

Acetylene insertion on the alkylidene modified surface was also monitored by XPS

on the C(1s) region. Figure 5-2 displays a series of difference spectra, for a sequence of
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acetylene introductions, with respect to the spectrum of cyclopentylidene species. After the
formation of cyclopentylidene species, by exposing the clean surface to 10 L of
cyclopentanone at 100 K and further annealing to 300 K. The exposure to the monomer
was performed by keeping the pressure at 5x10™ Torr during the corresponding amount of
time, while annealing from 100 K to 350 K, leading to monomer coverages equivalent to
2.34, 37, 125, 223, and 321 L. The corresponding spectrum for each step of the reaction,
after monomer insertion, was then subtracted from the spectrum of the cyclopentylidene
species, to eliminate the peaks of the other C species which remain unvariable, such as the
carbide, the carbon deposited on the surface, and the molecular peaks of the

cyclopentilydene moieties.

A new peak arising at 284.3 eV as monomer insertion occurs can be clearly seen in
all of the spectra of this series. This peak has already been attributed to the sp® carbon of
polyacetylene in the case of ring opening metathesis polymerization of cyclooctatetraene on
cyclopentylidene and vinyl alkylidene modified surfaces, as well as in the case of
cyclooctatetraene deposition on the clean surface at 100 K (Sections 4.2.2 and 4.3.2). The
assignment of this new C sp® peak is also well supported by numerous examples in the
literature. Rochet and co-workers have found a peak at 284.75 eV when they exposed a
Si(001) surface to COT?. Hitchcock et al.* attributed a peak at 284.6 eV to C,H4 species
on Pt(111) after cyclobutane decomposition. Solomon et al.’! reported a binding energy for
benzene adsorbed on Pt(111) of 284.7 eV. Similarly, spectrum 4-10(a) on the Chapter 4 of
this thesis shows the development of a peak at a binding energy of 284.3 eV when COT is
adsorbed on the surface of molybdenum carbide at 100 K.

The evolution of this peak appears to occur in the absence of further carbon

deposition on the surface, characterized by the absence of a peak at 283.4 eV'™%?!

suggesting that the cyclopentylidene modified surface is reactive enough to undergo
metathesis polymerization, but stable enough not to induce monomer decomposition at

these temperatures.
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Figure 5-2 : Difference spectra of the XPS C(1s) region for acetylene insertion with respect
to the spectrum of cyclopentylidene species on the surface of molybdenum carbide as a
function of monomer exposure. The temperature was raised from 100 K to 350 K during
exposition to the monomer.
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Figure 5-3 rules out the possibility that the peak observed at 284.3 eV through
acetylene exposure of the cyclopentylidene modified surface at 350 K is due to acetylene
deposition on the surface. In this Figure we can see the evolution of the C(1S) region of the

XPS spectrum when monomer is introduced at 300 K on the clean surface.
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Figure 5-3 : 3D plot of the C(1s) region when the clean surface was exposed to acetylene.
All spectra were taken with intervals of 3 minutes while the pressure of the chamber was
: maintained at 1x10® Torr.

Figure 5-3 shows that no new peak develops in the region around 284 eV when the
clean surface is exposed to acetylene, in opposition to the observation of a new peak at

284.3 eV when the alkylidene modified surface is exposed to acetylene under the same
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conditions. It can be clearly seen that the only peak present is the 282.8 eV corresponding
to the carbide C of the surface, with a small shoulder at higher energy 283.4 eV, which has
been previously observed and assigned to carbon deposition on the surface due to
molecular cracking'”?**'**, The total absence of any peak development leaves the
acetylene polymerization as the only possible explanation for data recorded when acetylene
is introduced in the presence of alkylidene species on the surface of molybdenum carbide

displayed in Figure 5-2.

5.3 Acetylene cyclization

An unexpected behaviour of several peaks in the mass spectra was observed during
acetylene polymerization reactions, notably the appearance of a peak at m/z=78 when
acetylene was introduced into the chamber at temperatures equal or higher than room
temperature. Immediately the idea of acetylene cyclo-oligomerization on several metal
catalysts came to mind, and a battery of TPD measurements were carried out to verify if

this reaction could take place on the surface of molybdenum carbide.

There is a strong tendency for acetylenic molecules to cyclo-oligomerize to

33-38 . .
. This reaction,

cyclobutadiene, benzene, cyclooctatetraene, or even higher annulenes
first reported over 100 years ago™, probably accounts, at least in part, for the pronounced
difficulty for acetylenes to polymerize linearly to high molecular weights. This reaction has
been systematically observed, as a side reaction, in a number of processes to form
polyacetylene, and has been usually described as a competing reaction. Moreover, a large
variety of transition metal compounds have been used to cyclotrimerize mono- and
disubstituted acetylenes to benzene derivatives. Nevertheless, in the absence of metals, this
reaction has also been observed, needing relatively high temperatures (~670 K), and

leading to a wide variety of products®.

Heterogeneously catalyzed acetylene to benzene cyclization has been reported on a
number of different surfaces. First reported by Reppe and co-workers*', cyclization of

acetylene on various Ni based homogeneous and heterogeneous catalysts, including mono
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crystalline Ni(111), leads to the co-production of benzene and cyclooctatetratene in
different proportions varying with the catalyst and reaction conditions***’. This reaction
has also been reported to take place over Cu(1l ™, AuwPd™ and Sn/Pt(111)** surface
alloys. However, the most extensively studied heterogeneous system for this reaction is on

6.45-47
Pd surfaces’

. The process 1s particularly interesting because it can be operated under
widely different conditions: single crystals under UHV conditions, evaporated films, and
dispersed Pd catalysts supported on alumina at atmospheric pressure are all effective.
Mechanistic studies*™*” have shown that the reaction involves an associative mechanism
with an adsorbed C4 metallocycle as the key intermediate and proceeds without scission of
either C-H or C-C bonds (Scheme 5-2). The crucial C4H4 surface intermediate has been

identified as a tilted metallocycle by a number of surface science techniques’ i

CH
2CH> a) CHam —2 CHg

Scheme 5-2 : Accepted pathway for acetylene cyclomerization over palladium surfaces.

Some alloys have also shown activity in this reaction. Ormerod and co-workers™
have demonstrated that although Au(111) is totally inert towards acetylene cyclization,
Au/Pd surface alloys are very active. Sn-doped Pt(111) also produces benzene from
acetylene under UHV conditions™. This catalytic system is very interesting since in
contrast to Pd, Pt does not show any reactivity for the cyclotrimerization of acefylene due
to the higher reactivity compared to Pd. As concerns Pt surfaces, it has been well-
established that acetylene adsorbed at low temperatures converts to ethylidyne (CCH;)

33.53,54

upon annealing to room temperature or above on the Pt(111) surface as well as on

- 55.57
other transition metal surfaces

This correlation between reactivity. of the surface and the type of reaction that
occurs on it is very well pointed out by Eng and co-workers™. They have shown that
acetylene decomposes between 100 and 450 K on a clean W(211) surface, ultimately
forming carbidic carbon and gaseous hydrogen. However, when a less reactive carbide-

modified W(211) surface is used the C-H bond activation is suppressed, leading to
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stabilisation of acetylene decomposition intermediates between 300-450 K. This increased
stability of the intermediates on the carbide-modified surface, as compared to the clean one,
suggests that there is a difference in the abilities of clean W(211) and C/W(211) to activate
C-H bonds. This tuneable character of carbide surfaces makes molybdenum carbide
suitable to perform complex chemical reactions on it, since the surface is initially reactive
enough to break the very strong carbonyl bond and form the surface alkylidenes at low
temperatures, but not so reactive that it decomposes the resultant surface species at higher

temperatures] 8202324

Figure 5-4 displays TPD spectra for masses 2, 78, and 104 when 30 L of acetylene
are introduced in the chamber at 100 K in the presence of a clean surface of f-Mo,C. Those
masses correspond to molecular peaks of hydrogen, benzene and cyclooctatetraene
respectively. We can observe that there is a desorption peak centred at 273 K at the m/z=78
spectrum, corresponding to benzene, whereas no cyclooctatetraene desorption is observed
in all the range of temperature. It is worth noting that m/z=78 is also a peak of a fragment
of cyclooctatetraene, but the absence of the COT parent peak confirms that the feature

observed at 273 K on the spectrum of m/z=78 is indeed due to benzene desorption.
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Figure 5-4 : TPD data for exposure of 20 L of acetylene on a clean surface. Data for H»,
CsHes and CgHg moieties desorption were recorded

The wide feature observed on the m/z=2 spectrum (H, desorption) with a maximum
at 455 K, is due to molecular decomposition at higher temperatul"es. This implies that
cyclo-oligomerization of acetylene on the surface of molybdenum carbide is active to that
temperature, above which, molecular decomposition of acetylene leading to hydrogen
desorption and carbon deposition on the surface takes place. This molecular decomposition
has been already reported for a number of molecules adsorbed in this surface and is
systemati.cally observed in C(1s) spectra as a peak at 283.4 eV corresponding to undefined

‘s 2021
carbon deposition on the surface' "',
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Figure 5-5 : TPD data for masses 39 and 78 as a function of exposure of acetylene at 100 K
on the clean surface.

Spectra corresponding to m/z=39 as a function of exposure of acetylene (Figure 5-5)
shows a double peak at coverages over 3 L (~1 monolayer) at 273 and 345 K. This doublet
is not very well resolved since both peaks are very close together, but if we compare these
results with data for m/z=78 it can be' seen that the first peak, located at 273 K, is due to a
benzene fragment matching the peak observed on the m/z=78 spectra at the same
coverages. The second peak observed at 345 K is not observed however in the m/z=78
spectra, and can be attributed to surface butadiene species desorbing. This observation is

supported by data in the literature. Abdelrehim et al.”” have detected 1,3-butadiene peaks
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appearing upon annealing a Pd(111) sample with adsorbed acetylene to 290 K, whereas
Kyriakou et al.** have found traces of butadiene formation from acetylene coupling on

Cu(111) at temperatures higher than 230 K.

Formation of butadiene provides direct chemical evidence for the formation of a
CsH; metallocycle intermediate for benzene formation. The coupling of two acetylene
molecules to form a stable C4 surface intermediate is the accepted mechanism for the
acetylene cyclotrimerization towards benzene on the surface of Pd(111), being this the best

characterized example of this reaction in heterogeneous catalysis’®**

. Production of
butadiene implies some C-H scission in the originally adsorbed acetylene to yield H, that
subsequently reacts with the C4H; intermediate. The availability of this adsorbed hydrogen,
though not directly observed, could arise from a complex interaction of acetylene with the
surface, as it has been observed by Deng et al.** on acetylene adsorbed on Pt(111), and by

].58

Eng et al.” on clean and carbide-modified W(211) surfaces.

More information can be extracted from the H; desorption data displayed in Figure
5-6. In it, we can observe a first desorption peak from the submonolayer coverage centred
at 345 K. This H, desorption is a direct observation of H, produced on the surface as a
consequence of C-H scission thereby providing the required adsorbed hydrogen for the
formation and desorption of butadiene, since both hydrogen and butadiene desorption peaks
appear at the same temperature. A second H, desorption peak is observed at 455 K
indicating acetylene decomposition. This thermal decomposition has been observed at 450
K for acetylene adsorbed on carbide-modified W(211)*®, and at 496 K for acetylene
adsorbed on Pt(111)*.
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Figure 5-6 : TPD data for H, desorption as a function of acetylene exposure on a clean
surface of molybdenum carbide.
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5.4 Conclusion

Spectroscopic data of acetylene treatment on an alkylidene modified surface of
molybdenum carbide show evidence of surface initiated acetylene metathesis
polymerization under UHV conditions at near to room temperature. IR data at the C-H
stretching region reveals that the formed polyacetylene is a mixture of cis and trans
configurations, whereas XPS sequential spectra shows the evolution of the reaction with the
exposure of the cyclopentylidene modified surface to increasing amounts of monomer,
revealing the living character of this reaction. The latter provides the first insight of the
formation of polyacetylene from the polymerization of acetylene directly bonded to a

metallic surface.

Cyclo-oligomerization of acetylene has been also detected on the surface of f-
Mo,C. This is a well known reaction usually considered as a competing reaction of the
polymerization itself. It is found that acetylene coupling occurs from low coverages to form
butadiene and benzene at relatively low temperatures. The formation of butadiene reveals
that the mechanism of the reaction, as in the case of Pd(111), is sequential, and the
formation of benzene requires previous formation of  surface C4Hs species.

Cyclotetramerization leading to cyclooctatetraene was not recorded under these conditions.
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6. General Conclusion

6.1 Conclusions

The present work was centred on the surface initiated metathesis growth of
polyacetylene at alkylidene sites on the surface of molybdenum carbide. It is composed of

two main parts.

The first part, the adsorption of aliphatic carbonyl molecules on molybdenum
carbide, was studied in Chapter 3. Acetone and acrolein were found to adsorb at 100 K on
the surface of B-Mo,C in a 1 adsorption state through the lone pair of the oxygen of the
carbonyl group. This adsorption state is characterized by a perpendicular positioning of the
molecular plane with respect to the surface. The annealing of these 1’ species to over 300
K led to the dissociative adsorption of these molecules yielding alkylidene species,
dimethyl alkylidene in the case of acetone, and vinyl alkylidene in the case of acrolein
(Scheme 6-1). The formation of these new species on the surface of molybdenum carbide
was characterized by Reflection Absorption Infrared Spectroscopy (RAIRS), X-ray
Photoelectron Spectroscopy (XPS), and Thermal Desorption Spectroscopy (TDS). It is
believed that an intermediate 7’ adsorption state, with chemisorption bonding to both the
oxygen and the carbon of the carbonyl group, is the responsible for such transformation,
since a carbonyl-weakened parallel-to-the-surface species should be required for the C=0
bond scission leading to surface alkylidene and surface oxo species. Although no
spectroscopic evidences of such an adsorption state were found, examples of this species

adsorbed on other metal surfaces are well established in the literature'™'".

CH.. CH,
Y CH,. CH,
oy

2

- e T

Scheme 6-1 : Formation of dimethyl alkylidene and vinyl alkylidene from the dissociative
adsorption of acetone and acrolein respectively.

CH;
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It was found, thus, that acetone and acrolein adsorption behaviour on molybdenum
carbide matches that previously observed for cyclic ketones (cyclobutanone,
cyclopentanone, and cyclohexanone) and acetaldehyde, reported by McBreen and co-

12-18

workers on the same surface under similar conditions.

The second part of this thesis deals with the formation of polyacetylene directly
bonded to the surface through a double bond by metathesis reactions at alkylidene sites.
Two polymerization methods were studied for the growth of polyene chains, the ring
opening metathesis polymerization of 1,3,5,7-cyclooctatetraene, and the metathesis

polymerization of acetylene (Scheme 6-2).

Scheme 6-2 : Metathesis polymerization of acetylene and cyclooctatetraene towards the
formation of polyacetylene on the surface of alkylidene modified molybdenum carbide.

Ring opening metathesis polymerization of cyclooctatetraene at cyclopentylidene
and vinyl alkylidene sites was discussed in Chapter 4. RAIRS and XPS data suggest the
growth of polyene molecules on the surface of molybdenum carbide when an alkylidene
functionalized surface is treated with cyclooctatetraene at temperatures above 350 K.
Vibrational spectroscopy data suggest that short polyacetylene chains were formed. An
analysis of the frequency of the C=C stretching band, together with the relative intensities
of the different carbon species in the XPS spectra suggest that mainly one monomer

insertion occurs, and essentially polyene chains of 4 double bonds are formed'**.

The low temperature required for this metathesis polymerization is remarkable since

more strained olefins such as norbornene and cyclopentene undergo the same reaction only
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at temperatures above 470 K'®'®. An explanation for this phenomenon could arise from the
adsorption characteristics of cyclooctatetraene. RAIRS data, in agreement with the

literature>>!

, suggest that cyclooctatetraene undergoes planarization when adsorbed on
molybdenum carbide with the four double bonds of the molecule taking part in the
adsorption process. This fact could lead to two consequences that favour the polymerization
reaction. One is the fact that a planar molecule with four double bonds interacts more
strongly with the surface, and thus a higher sticking coefficient and a longer residence time
should be expected. Second, the planarization of cyclooctatetraene adds strain tension to the

cycle thereby increasing the driving force for ring opening metathesis polymerization.

As described in Chapter 5, acetylene metathesis then was studied following the
same procedure as for the ROMP of cyclooctatetraene. It was found that acetylene insertion
at alkylidene sites of the modified surface of molybdenum carbide leads to the growth of
polyacetylene at similar conditions to those found for the polymerization of
cyclooctatetraene. These results emphasize the high reactivity of this catalytic system for
metathesis polymerizations leading to the formation of chemisorbed conjugated polymers.
During this study it was found that acetylene adsorption on the clean surface of
molybdenum carbide leads to benzene and butadiene formation at low temperatures (273
and 345 K respectively) under UHV conditions. This reaction, though novel for this

material, has been previously observed for a number of heterogeneous catalytic systems®>
48

Conformational differences between the polyacetylene chains formed by both
methods were found. Although an exhaustive study on this subject would be required in
order to firmly establish these differences and the conditions under which each
conformation is obtained, RAIRS data suggest the formation of different proportions of cis
and trans conformers of the surface-initiated polyene molecules depending the on synthetic

method, the initiator species, and the reaction conditions.

Bromination of polyacetylene molecules formed on the surface was performed in
order to further characterize the chemisorbed chain, by monitoring the Br(3d) region of the
XPS spectra. Two peaks were found when the polyacetylene modified surface of

molybdenum carbide was exposed to bromine. A low energy peak (68.5 eV) was assigned
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to molecular Br atoms bonded to the conjugated chain, in agreement with observations in
the literature™". A higher binding energy peak (76.3 eV) appears both when the surface is
modified with polyacetylene and on the clean surface, and must be then assigned to surface

bromine species.

The direct growth of alkylidene bonded polyene molecules reported in this work is
the first observation of an intrinsically conducting polymer directly bonded to a metallic -
surface through a double bond.

6.2 Future works

Although studies of olefin metathesis on molybdenum carbide have been carried out
from some time now, there is still a long way to fully understand the processes involved,
and to fully develop the potential of this catalytic system. Hence, here I propose some
studies that might be carried out in order to progress in the knowledge of the chemistry of

the alkylidene modified surface of molybdenum carbide.

. A study of the conformational properties of the surface-initiated growth of
polyacetylene on molybdenum carbide could be carried out by a careful vibrational

characterization of the polyene chains formed under various conditions.

. The formation of polyacetylene on molybdenum carbide has been attempted on a
polycrystalline material. However the study of metathesis reactions on monocrystalline
materials with different faces could shed light on the activity of the different surface sites,

and could help to further understand the properties of this catalytic system.

. Scanning Tunneling Microscopy (STM) studies would be interesting in order to
precisely quantify the number of active surface alkylidene species on the surface of f-
Mo,C, as well as the number, length, and morphology of polymeric molecules formed from

metathesis reactions.
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8 This microscopic technique could also help to further understand the mechanism of
alkylidene formation by studying possible conformational changes of adsorbed carbonyl
molecules as a function of temperature, and by investigating the possible creation of

domains via intermolecular interactions.

. STM studies could also provide information on the electronic properties of the
metal-molecule junction, as well as of the polyene chains and the effect of halogenation on

these properties.

. Ultraviolet Photoelectron Spectroscopy (UPS) could help to characterize the band
structure of the polyene molecules, and thus get insights of the electronic properties of

these materials when directly grown from the surface of a metal.

. Studies under ambient conditions would have to be made in the future to investigate
the possible utility of the alkylidene modified surface of molybdenum carbide as

heterogeneous catalyst for industrial processes.
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