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Abstract

Efficient and selective activation and valorisation of small organic molecules, in par-
ticular of methane and carbon dioxide, under mild conditions is a "Holy Grail" of
modern chemistry. Metal nano- and subnanoclusters serve as promising model sys-
tems for active sites of catalysts in these processes. Previous to this work, tantalum
was demonstrated to be a prospective catalyst, as this element is able to promote
the gas-phase reactions of methane oxidation, C-C coupling of CH4 and CO,, and

potential ammonia synthesis.

In this work, the reactivity of size-selected cationic tantalum-based clusters towards
methane, carbon dioxide, or mixtures thereof was studied in the ring electrode ion
trap in the gas phase. In addition, the structure of the [4Ta,C,2H] " ion was analysed
by means of infrared multiphoton dissociation spectroscopy at a free-electron laser
facility.

When reacted with carbon dioxide, bare cationic tantalum clusters Taf’_16 can en-
able either decarbonylation of CO; or its adsorption not followed by dissociation
of a neutral fragment. The rates of these processes and the number of consecutive
decarbonylation steps that a cluster can perform are size-dependent, which is re-
flected in two regimes of the reactivities of these clusters. Tantalum oxides in turn
demonstrate enhanced rates of methane activation in comparison to bare clusters.
Thus, mass selected TagO; brings about non-oxidative coupling of two methane
molecules in a catalytic cycle.

Kinetic analysis supported by theoretical calculations revealed that the cationic
tantalum atom Tat and its tetramer Ta, enable C-C and C-O coupling reactions
respectively, when exposed to a mixture of CO, and CHy4. More specifically, in par-
allel to decarbonylation of CO,, both cations dehydrogenate methane; the product of
methane dehydrogenation then undergoes coupling with carbon dioxide followed
by dissociation of a neutral compound.

The scientific works discussed in this thesis exemplify the importance of gas-phase
investigations of size-selected metal clusters as fine models for the "real-world" cat-
alytic systems. Coupled with theoretical explorations of studied systems, they pro-
vide insights into mechanisms of catalytic reactions, which is a crucial step towards
the conscious design of catalysts in the future.
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Zusammenfassung

Die effiziente und selektive Aktivierung und Aufwertung kleiner organischer Molekiile,
vor allem von Methan und Kohlendioxid, unter milden Bedingungen ist ein “heilige
Gral” der modernen Chemie. Metallnano- und -subnanopartikel dienen als aus-
sichtsreiche Modellsysteme fiir aktive Zentren von Kalysatoren in diesen Prozessen.
Vorangehend zu dieser Arbeit wurde gezeigt, dass Tantal ein vielversprechender
Katalysator ist, da dieses Element in der Lage ist, in Gasphasenreaktionen die Ox-
idation von Methan, die C-C Kupplung von CH; und CO, und die mogliche Syn-

these von Ammoniak zu bewerkstelligen.

In dieser Arbeit wurde die Reaktivitdt massenselektierter kationischer Cluster auf
Tantalbasis gegentiber Methan, Kohlendioxid und Mischungen davon in einer Ringelek-
trodenionenfalle in der Gasphase untersucht. Zudem wurde die Struktur des [4Ta,C,2H] "
Ions mittels Multiphotonendissoziationsspektroskopie an einer
Freie-Elektronenlasereinrichtung analysiert.

Nackte Tantalcluster, Taltlé, konnen, wenn sie mit Kohlendioxid reagieren, entweder
die Decarbonlyierung von CO; oder dessen Adsorption ohne nachfolgender Frag-
mentieren ermdoglichen . Die Rate dieser Prozesse und die Anzahl an konsekutiven
Decarbonylierschritten, die ein Cluster durchfiihren kann, ist groflenabhéngig, was
in zwei Reaktivitdtsregimen dieser Cluster widerspiegelt. Tantaloxide wiederum
weisen im Vergleich zu reinen Clustern erhohte Methanaktivierungsraten auf. So be-
wirkt massenselektiertes TagOj die nichtoxidative Kopplung zweier Methanmolekiile
in einem katalytischen Zyklus.

Die durch theoretische Berechnungen gestiitzte kinetische Analyse zeigte, dass
das kationische Tantalatom Ta™ und sein Tetramer Ta,; C-C-bzw. C-O-Kopplungsreak-
tionen ermoglichen, wenn sie einer Mischung aus CO, und CHjy ausgesetzt werden.
Genauer gesagt, dehydrieren beide Kationen Methan parallel zur Decarbonylierung
von CO,. Das Produkt der Methandehydrierung geht dann eine Kopplung mit
Kohlendioxid ein, gefolgt von der Dissoziation einer neutralen Verbindung.

Die in dieser Arbeit dargelegten wissenschaftlichen Arbeiten verdeutlichen die Be-
deutung von Gasphasenuntersuchungen grofienselektierter Metallcluster als gute
Modelle fiir "reale" katalytische Systeme. Gepaart mit theoretischen Untersuchun-
gen der untersuchten Systeme liefern sie Einblicke in die Mechanismen katalytischer
Reaktionen, was einen entscheidenden Schritt in Richtung eines bewussten Designs

von Katalysatoren in der Zukunft darstellt.
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1 Introduction

Conversion of energy and matter is the basis of the majority of chemical processes
that occur in nature. To make rates of such processes reasonably fast, usually a
special compound, which is called a catalyst, is required. By definition, a cata-
lyst is a substance that enhances a rate of a reaction without being consumed over
its course[1]. Typically, quite complex molecules with outstanding selectivity and
turnover numbers, such as proteins or protein complexes, play a role of catalysts in
biological systems. Thus, methane-to-methanol catalysis is mediated with 100% se-
lectivity by methane monooxygenases[2], and nitrogenases help reduce nitrogen to
ammonia in some bacteria[3, 4]. Researchers have put a lot of effort in the last two
centuries into taking control over these and similar reactions and reproduce them
firmly on the practical scale. These endeavours are driven by the demand to find
a robust, efficient, and relatively cheap way to convert rather simple substances,
such as nitrogen, methane, carbon dioxide, or water, into more useful compounds,
which in turn serve as precursors to produce fuels, fertilizers, plastics etc. However,
the extremely high structural complexity of above-mentioned natural catalysts and
their sensitivity to reaction conditions make impossible their direct application in in-
dustrial processes. Therefore, the main directions of research in this field today are
either investigation of bacterial systems to find a way to employ them as biorefiner-
ies of biomass[5], or search for reasonably simple analogues of natural catalysts. The
latter approach allows for controlled fabrication of catalysts, selective for reactions
of interest. In this regard, small metal clusters are promising candidates to serve
as active sites of as-developed catalytic frameworks[6]. Chemistry of metal-clusters
has gained greater attention since the discovery by Haruta ef al. of remarkable size-
dependent catalytic activity of subnanometer particles of gold, known for its "noble-
ness" in terms of chemical reactivity[7, 8]. However, despite a substantial progress
in this field in the recent decades, there still exists no recipe for the conscious design
of metal-cluster-based catalysts, and most of conventional catalysts currently used
in industrial plants were implemented as the results of trial-and-error approach. It is
therefore crucial to expand our knowledge on essential physical properties of small
metal particles and how to match them to their chemical activity. The goal of this
introductory chapter is to give a reader an idea about the nature of metal clusters,
briefly overview the chemistry of methane and carbon dioxide and the challenges of
their activation. Moreover, examples of modern hetero- and homogeneous catalytic
systems dealing with this problem are given as well.
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1.1 Studies on Metal Clusters

A metal cluster is a compound consisting of few metal atoms, bound together by
chemical bonds. The number of atoms in a cluster may vary from two to few dozens
and even hundreds. The particular interest for such nano- and subnanometer metal
particles is premised on their exceptional physical and chemical properties, com-
pared to bulk matter. Unlike bulk, clusters represent the non-scalable regime of mat-
ter, which means that addition of one single atom to a cluster may drastically change
its physical properties, such as electron affinity, ionisation energy, HOMO-LUMO
gap, spin multiplicity, magnetic moment and many more. This in turn greatly af-
fects the cluster’s reactivity in certain reactions. First attempts to investigate the
behaviour of clusters in aerosols and colloids happened already in the 19th century,
but it was only in the mid 1980s when technological advances allowed for the sys-
tematic study of properties and reactivities of metal clusters in the gas phase and
in heterogeneous systems (i.e. in the systems where catalysts exist not in the same
phase as reactants[1]). Significant advances in the recent decades in spectroscopic
techniques and computational chemistry enabled precise measurements of various
quantum properties of metal clusters, and attempts were made to match these pa-
rameters to reaction mechanisms. However, despite this noticeable progress, there
exists no adequate answer to the question raised by Richard Feynman during his
famous talk given at the annual meeting of the APSociety at the California Institute
of Technology in 1959[9]:

"What would the properties of materials be if we could really arrange
the atoms the way we want them? They would be very interesting to
investigate theoretically. I can’t see exactly what would happen, but I
can hardly doubt that when we have some control of the arrangement
of things on a small scale we will get an enormously greater range of
possible properties that substances can have, and of different things that
we can do."

Even though today one can hardly call into question the veracity of the second part
of this short excerpt, our understanding of metal-cluster reactivity and underlying
mechanisms is far from being ideal.
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1.2 Chemical Conversion of Methane and Carbon Dioxide

Values of heats of formation for the ideal gas state at 298.15 K are taken from Ref.
[10].

1.2.1 Methane

Methane is a stable (heat of formation -74.9 k] /mol) odourless colourless gas under
standard conditions, with chemical formula CHy. It is the simplest alkane, which
makes it an attractive building block for generation of multiple carbon-based chem-
ical precursors and fuels[11], especially when contrasted with prospective depletion
of conventional sources of carbon such as oil. In addition, extraction of methane can
be economically relevant due to its abundance and accessibility on earth. Methane is
profusely generated in livestock agriculture networks and during anaerobic decom-
position of biomass in natural wetlands and paddy rice fields[12, 13]. Importantly, it
comprises up to ~90% of natural gas[14], which usually comes as a byproduct of oil
extraction, and its substantial amounts are hidden in the form of methane clathrates
under the seabed and in the permafrost zone[15]. Up to date, methane finds its use in
chemical industry almost exclusively as the feedstock for the indirect conversion via
synthesis gas (mixture of CO and Hj). This process, known as steam reforming, ac-
counts for ~96% of total methane consumption for the production of chemicals[14].
Synthesis gas in turn is the main reagent to produce methanol, higher hydrocarbons
via the Fischer-Tropsch process, and NHj3 via the Haber-Bosch process. However,
the industrial processes of methanol and hydrocarbons production lack selectivity,
the Haber-Bosch one is energetically very demanding, and both require harsh and
ill-defined reaction conditions. Therefore, an efficient and selective way for direct
conversion or liquefaction of methane is extensively sought for. Several such reac-
tions, which were found to be of great importance, are listed below:

¢ Oxidative coupling of methane (OCM)
In this reaction, two or more molecules of methane form hydrocarbon species
in the presence of an oxidising agent. Particularly relevant are the reaction of

ethane and ethylene formation (Eq. 1.1 and 1.2):

1
2CHy(g) + 50a(q) — CoHe(g) + H2O(p),  AH® = —220.7kJ/mol  (1.1)

2CHy(g) + On(g) — CaHy(g) +2H0y, AH® = —396.6kJ/mol  (1.2)
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These reactions are extremely favourable from the perspective of thermochem-
istry, however, in real systems, the non-selective formation of CO and CO; be-
comes problematic, which makes this type of methane conversion so far eco-
nomically unappealing. To circumvent the problem of overoxidation, mild ox-
idising agents were proposed, as for example, sulfur[16, 17] and carbon diox-
ide[18].

Partial oxidation of methane (POM)

Another route of methane conversion is to use oxidants to generate oxygenates
directly from methane[19]. Among others, methanol and formaldehyde are es-
pecially desired products due to their high relevance for industrial and techni-
cal applications.

1 0

CH4(g) + Eoz(g) — CH3OH(1), AH° = —163.8 k] /mol (1.3)
1

CH4(g) —+ EOZ(g) — CHQO(g) + HZ(g)r AH® = —42.3 kJ/mol (1.4)

Products of the reactions shown in Eq. 1.3 and 1.4 are thermodynamically
more stable than reactants, but usage of conventional catalysts still require
high pressures and/or temperatures[20, 21], and, similar to the case of OCM,
the reactions can further proceed to the unwanted overoxidation to CO and
CO,, which is a great impediment on the way to the practical application of
POM and OCM reactions.

Non-oxidative coupling of methane (NOCM)

Unlike OCM, reactions of non-ocidative coupling of methane do not involve
any oxidant to form products. Such approach helps circumvent the problem
of overoxidation, however it renders the reactions considerably endothermic.

2 CHy(q) — CaHge) + Hy(g), AH® = 65.1k]/mol (1.5)

2CHy(q) — CaHy(g) +2Hyg), AH® = 202.1 kJ/mol (1.6)

A remarkable feature of NOCM is the elimination of molecular hydrogen as a
by-product of the hydrocarbon formation. This gas is believed to play a cru-
cial role in the global energy system in the future[22], and new efficient and
environmentally-friendly technological processes to reduce hydrogen are in-
tensively searched for. Therefore, reactions of NOCM can be found promising
candidates to develop sustainable green economy of the future.
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Despite numerous prospective ways to utilize methane, the efficiency and selectiv-
ity of modern catalysts is insufficient to incorporate the corresponding reactions
into high-throughput industrial processes. This is hardly surprising, as activation
of methane’s C-H bond represents a great challenge. The reason of such complica-
tion lies in the closed-shell electronic structure of this molecule, with ten electrons
filling all bonding molecular orbital and anti-bonding ones left unoccupied. On top
of that, very low polarizability exhibited by methane and strong delocalization of
bonding molecular orbitals provide an additional challenge for an activating agent.
As mentioned above, controlled methane oxidation to specific products suffers not
only kinetic, but also thermodynamic constraints, as this reaction may favourably
proceed to fully oxidised carbon product (CO,). With all that said, it is no wonder
that direct conversion of methane into such valuable products like methanol, ethane
or ethylene was called a "Holy Grail" of modern catalysis[23].

1.2.2 Carbon Dioxide

Carbon dioxide represents a very stable compound (heat of formation -393.5 kJ /mol
under normal conditions) with chemical formula CO;. This molecule plays an im-
portant role in the life cycles of animals and plants and in the carbon cycle on
earth[24]. In addition, it is also a greenhouse gas, the concentration of which in the
atmosphere has significantly increased since the beginning of the industrial era[25].
Starting from around 1950, the emission of carbon dioxide has become the domi-
nant source of anthropogenic emissions to the atmosphere, and this share continues
to grow[25]. Even though there are multiple routes for CO; to get to the atmosphere,
including such natural processes like respiration of living organisms or eruption of
volcanoes and geysers, the main source of CO, emissions is combustion of fossil fu-
els, namely coal, petroleum, and natural gas[25]. The two main strategies to restrain
further increase of carbon dioxide emissions are CO; capture and storage and CO,
capture and utilization to useful chemicals and fuels[26, 27]. The conversion of car-
bon dioxide into other compounds poses a challenging task: not only this molecule
is very stable thermodynamically, it is also inert in terms of kinetics, as its electronic
configuration features a closed-shell structure, very much like that of methane. To
date, CO; is used in production of multiple diverse chemicals, and the major share
of CO,-consumption in industry falls on generation of urea and methanol[28, 29].
These processes involve multiple cycles of synthesis under harsh conditions[27],
which makes them energetically demanding and poorly controllable. Production
of methanol and urea is extremely important for chemical industry and agriculture,
which makes direct hydrogenation of carbon dioxide to methanol (Eq. 1.7) and
CO,-NHj3 coupling (Eq. 1.8) hot topics in the modern catalysis[27].

COz(g) + 3H2(g) — CH3OH(Z) + HzO(l), AH’ = —131.0 kJ/mol (1.7)
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COy(g) +2NHjz () — CO(NHa),() +H2O(;y, AH’ = —133.6k]J/mol  (1.8)

1.2.3 Coupling of Methane and Carbon Dioxide

Another type of reactions worth mentioning in regards to activation of methane and
CO; are C-C coupling reactions, where carbon atoms from both these two molecules
are involved in the bond formation, and C-O coupling reactions, where one of the
oxygen atoms of CO, forms a bond with the carbon atom of methane. For example,
acetic acid can be produced in the following reaction (Eq. 1.9):

CH4(g) + COz(g) — CH3COOH(1), AH’ = —16.1 k]/mol (19)

Syngas is generated in the catalytic process which is called dry reforming of methane
(DRM, Eq. 1.10):
1 1

5CHy(g) + 5COx(g) — COg +Hyy),  AH® =123.7 K] /mol (1.10)

The latter reaction is of great economical importance, as it provides the feedstock for
methanol production; however, catalytic DRM to syngas involves multiple adsorp-
tion, activation, bond-cleavage, coupling and desorption steps, which significantly
narrows the choice of proper catalysts for this reaction.

1.3 Examples of Heterogeneous Catalytic Systems

In order to put the topic of gas-phase investigations of metal clusters and their reac-
tivity into a broader context, a brief review of principles of heterogeneous catalysis
is given in this section on the example of methane conversion, along with selected
results of recent research efforts.

As the name already suggests, two or more phases are involved in a heteroge-
neous catalytic process. Normally, a catalyst is present in a reactor in form of a solid
surface, whereas reactants and products usually exist either in gas- or liquid phase.
Dispersed metal clusters, surface structural features, and surface point defects may
act as active sites of a catalyst. A reaction therefore occurs in a thin layer between
gaseous or liquid phase and a surface. Such assembly can be scaled for practical
applications[30], and its different types make up catalytic zones in chemical reactors
on most chemical plants. Plural heterogeneous catalytic frameworks were proposed
to convert CHy and CO; into valuable products and fuels. An exhaustive overview
of methane and carbon dioxide activation challenges and recent advances can be
found in the Ref. [23, 31-34]. For illustrative purposes, few noteworthy examples of
methane conversion over heterogeneous catalysts are considered in this section.

Among these, metal-exchanged zeolites (metal = Co, Ni, Co, Fe) enabled direct
conversion of methane to methanol with selectivity to methanol more than 75%][35-
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37]. Another example of zeolite-based methane activation is methane dehydroarom-
atization on Mo-doped zeolites[38]. In these systems, the yield of products can reach
its thermodynamic limit with the selectivity up to 98% under temperatures ranging
between 150-800°C[35-38]. Despite their high tunability, zeolites still have not found
application in industry, because the corresponding chemical processes feature mul-
tiple separate stages with varying operating temperatures to run the reaction.

A possible solution to overcome thermodynamic and kinetic limits is to pump
energy into catalytic system to enhance its performance. Thus, photocatalysts are
employed to selectively convert methane to valuable products, e.g. syngas[39], lig-
uid oxygenates[40] or benzene[41]. In such systems an external source of light is
used to surmount thermodynamic and kinetic barriers. These barriers are associ-
ated predominantly with band gap transitions in metal oxides at active sites of a
catalyst, methane C-H bond activation, and desorption of reaction products from a
surface. This helps avoid the use of high temperatures and an associated formation
of carbon and coke, and allows to greatly surpass a thermodynamic limit of a reac-
tion. For more details on photocatalytic systems, the reader if referred to the works
of Song et al.[42] and Li et al.[43].

Electrochemical cells provide another source of external, non-thermal energy for
a reaction. In a typical electrolytic cell, an electrical potential is used to run redox
reactions on electrodes and generate active species for the oxidation of methane. In
the overall process of methane to methanol oxidation, the following two reactions
occur on an anode (Eq. 1.11) and cathode (Eq. 1.12):

CHy + H,O — CH3;0H +2 (H' +e7) (1.11)
%Oz +2(H"+e") — H,O (1.12)

The selectivity to the methanol formation in such systems can reach 88% with con-
version efficiencies up to 61%[44]. There are several limitations to be considered to
avoid methane overoxidation and oxygen evolution. For example, a catalysts must
provide enough *O radicals, but their coverage should be kept low to increase the se-
lectivity towards methanol formation[45]. Moreover, it was suggested that an imme-
diate removal of methanol from a reactor can inhibit its further oxidation[45]. This,
however, complicates the design of a reactor and leads to additional operational
costs. In addition, it should be noted that due to the exergonicity of the methane-to-
methanol oxidation reaction, such electrochemical technology can in principle act as
a fuel cell and additionally generate electrical energy.
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1.4 Gas-phase Studies of Metal Clusters

1.4.1 Concept of Gas-Phase Studies

The analysis of heterogeneous catalytic systems in general provide invaluable infor-
mation on how to improve "real-world" industrial processes by increasing selectiv-
ities of reactions and conversion of reactants. These improvements lead to reduc-
tion of wastes and energy consumption. This analysis focuses primarily on surface-
reactant interactions, effects of surface geometries on reaction pathways, density and
stability of active sites on a surface, and the impact of temperature and pressure
on reaction rates and turnover frequencies. A vast amount of mass-spectrometric
and spectroscopic techniques helps obtain these data, and in particular the infor-
mation about the role of specific active sites in reactions. However, the capability
of the surface techniques to investigate the intrinsic physical properties of active
sites is very limited, and the very nature of their reactivity remains in most cases
unclear. In contrast, the studies of particles, and among others, metal clusters in
the gas phase aim at uncovering their quantum properties and matching them to
the kinetics of these particles in gas-phase reactions[46, 47]. Such an approach al-
lows to reveal underlying mechanisms of these reactions and generalize this knowl-
edge for more conscious design of catalysts in the future. The characterization of
gas-phase systems is usually relatively simple and executed by conventional mass-
spectrometric and spectroscopic techniques[47]. This simplicity originates from the
absence of solvation effects or cluster-surface interactions, that can significantly alter
properties of an investigated particle or even hamper its analysis. In addition, iso-
lated small metal clusters can be reasonably accurately modelled with ab-initio and
dynamic quantum-chemical calculations employing the density functional theory
(DFT). These calculations provide information on the cluster’s geometry, electronic
structure, spin states, ionization potentials etc., which gives deeper insights into fun-
damentals of processes that occur in chemical reactions between a metal cluster and
reactants in the gas phase. These advantages allow free metal clusters to become
experimentally tractable models for surfaces and heterogeneous catalysts[48]. How-
ever, the mass-spectrometric methods, used to explore kinetics and energetics of
clusters, are applicable exclusively to charged species. Along with other limitations
of gas-phase studies, namely, the absence of cluster-surface and/or cluster-solvents
interactions and the necessity of vacuum conditions in experimental chambers, this
precludes extrapolation of properties of investigated charged metal clusters directly
to "real-world" industrial catalytic systems. Despite this constrains, the gas-phase
experiments provide a conceptual framework and a useful tool to explore electronic
and geometrical structures of nanoparticles and match them to the mechanistic pat-
terns of corresponding reactions[49].

In the following subsections, a brief overview of common experimental tech-
niques for gas-phase cluster reactivity and selected results of gas-phase activation
of methane and CO; is given. The goal of this overview is not to compare or assess
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different techniques or approaches, but rather to introduce the reader to the field of
gas-phase studies of cluster reactivity.

1.4.2 Cluster Sources and Reactor Types

Systematic investigations of gas-phase metal-cluster systems began in mid 1970s
with the appearance of ion sources capable to generate molecular jets of charged
metal clusters[50]. Early prototypes were represented by thermal heated oven sources
(also known as Knudsen ovens)[51, 52]. In such assemblies, a metal vapour is seeded
into a gas stream which then undergoes supersonic expansion through a nozzle. This
allows to receive highly intensive hot cluster beams with a narrow velocity distribu-
tion[51]. Such ion beams were used to measure cross sections for electronic excita-
tion[51], determine shell structures of clusters[53, 54] and deposit size-selected metal
clusters[55]. Almost a dozen years later, the electrospray ionisation (ESI) technique
was developed by Yamashita and Fenn[56]. An electrospray is generated when a
solvent is pushed through a thin capillary set under high voltage potential towards
an orifice of an analyser. A nebulizer gas is used to shape an aerosol plume at the
capillary tip, and the charge-residue and ion-evaporation processes drive the subdi-
vision of as-formed droplets to produce multiply-charged ions[57]. ESI has become
widely used in mass-spectrometric investigations of biological samples due to the
mildness of this ionization method; however, it also found use in the studies of hy-
dration energies of gaseous metal clusters[58-61] and ion evaporation processes[57].
At the same period of time, the laser-vaporisation (LaVa) technique emerged, which
remains until now one of the most widely employed method to generate beams
of thermalised charged metal clusters and nanoparticles. The original setup was
designed Smalley and co-workers[62]. It is based on the ablation of a metal disk
or a rod by a pulsed laser beam of high power. The as-produced metal plasma is
thermalised by collisions with a buffer gas and condensed via supersonic expansion
through a nozzle into vacuum. This setup enables cluster formation of metals with
high boiling points and metal alloys, which greatly extended the research field of
gas-phase cluster chemistry.

The development of cluster-generation methods was followed by the advance-
ment of cluster-reactivity-measurement techniques. One of the first experimental
approaches to study gas phase reactions were flow tube reactors[63]. In a typical
flow-tube setup, clusters generated in an ion source are transported into a reactor
tube filled with a mixture of buffer and reactant gases. The excess of the buffer gas
guarantees a quick thermalisation of the clusters and a laminar flow in the tube. The
reaction occurs in the gas phase, and products and intermediates are transported
through ion optics to a mass analyser (e.g. a quadrupole mass spectrometer). The
reaction temperature is controlled by heating/cooling jackets coating the tube, and
variation of reactant-gas pressure enables the monitoring of reaction kinetics. When
clusters of particular sizes are preselected before entering a flow-tube reactor, the

setup is known specifically as single-ions flow tube (SIFT)[64]. A similar setup is
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characteristic for collision cells. In such an apparatus, much lower pressures are
employed, and charged particles undergo not more than one collision with a reac-
tant gas, which allows to avoid some of the limitations of fast-flow tubes[65]. How-
ever, lack of thermalisation may lead to fragmentation of species with low heat ca-
pacities, which has a critical effect on the analytical capabilities of this experimental
method. In contrast to flow tubes, the method of guided ion beam (GIB) mass spec-
trometry allows for the analysis of charged particles only. It employs a symmetric
assembly of RF ion optics to confine ion movement in radial directions. Typically,
quadrupoles or multipoles filled with a mixture of buffer and reactant gases are used
as reactive chambers. Such setups are mainly applied to study thermodynamics and
kinetics of reactions between reactant gases and either neutral or charged clusters
by measuring cross-section of these processes. More specifically, information on
reaction endothermicity, metal-metal and metal-adsorbate bond energies, reaction
and dissociation pathways, and electronic structure (with assistance of quantum-
chemical calculations) can be obtained[66]. In addition to the radial confinement,
the motion of ions in a guided-ion-beam setup can also be restrained in the axial
direction by applying DC voltages at the ends of the ion guides. This allows for
the trapping of ions in space and opens perspectives for precise kinetic and spec-
troscopic studies[67-69]. Yet another trapping technique widely used in the modern
gas-phase research laboratories is Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR)[70]. The use of homogeneous magnetic filed of high intensity
forces ions to move in circular orbits with specific Larmor frequencies thus trapping
them radially, and DC potentials confine them axially. The high-/ultra-high vac-
uum needed for the operation of an FI-ICR apparatus limits the application of this
technique to single-collision experiments. The exceptional trapping capability of the
FT-ICR technique enables precise kinetic measurements[71]; however, reaction in-
termediates and products are not thermilized, and dissociation pathways cannot be

neglected.

1.4.3 Gas-phase Activation of Methane by Cationic Metal Clusters

In this and the following section, a general overview of kinetic processes occurring
during gas-phase activation of methane and carbon dioxide by cationic metal clus-
ters is given. In order to gain more detailed insights, a reader may access the works
mentioned in these two sections and references therein. Examples of scientific works
dealing with types of reactions specific to the subject of the thesis are given in the
corresponding results chapters.

By "activation of a molecule" researches usually understand any interaction caus-
ing a weakening of the molecule’s bonds, and more specifically — bond bending,
stretching and scission, which may lead to an enhancement of the molecule’s re-
activity. Several scenarios are available for a molecule when it encounters a metal
cluster in the gas phase: elastic scattering not followed by any sort of further inter-

action, association reaction characterized by the formation of Van-der-Waals bonds
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between two reacting particles, or chemisorption of the molecule on the cluster fol-
lowed by electronic and structural rearrangements. The latter scenario has gained
an increased interest from the researchers who study activation of methane, because
the species formed in the corresponding processes may represent key intermediates
for further methane valorisation. A process, featuring such a methane bond restruc-
turing, is a hydrogen atom transfer (HAT) from a carbon atom to a cluster. The
direct HAT with the release of a methyl radical occurs in the reaction of open-shell
metal oxide with methane when a high spin density is concentrated at the oxygen
atom[72-74]:

CH, + MO™ — CH; + MOH™ (1.13)

This reaction is of particular importance for the field of catalysis, because methyl
radicals produced in the course of the hydrogen atom abstraction are considered to
be key intermediates of oxidative dimerization of methane:

CH; + CH; — CyHg (1.14)

The presence of oxygen-centered radicals was discovered to enhance the oxida-
tion reactivity of metal-based catalysts towards the cleavage of the C-H bond of
methane[75]. When there are no oxyl radicals present, the reaction is inhibited due
to large barriers associated with decoupling of the M=O bond and the development
of a high spin density at the accepting oxygen atom[76].

In the case of an indirect HAT on cations of metal oxides, a transition complex
[CHy ---M-O']" as well as an intermediate [CH3—M-OH]" are generated. This
metal-mediated pathway is typical of small diatomic metal oxides with vacant sites
enabling the coordination of methane to the metal core. In this reaction, a methane
molecule is first coordinated to the metal center, and the C-H scission takes place at
the reactive oxo-center[73, 77]. Due to specific spin states of both the metal oxide and
the insertion intermediates M(CHj3)(OH) ™, the potential energy surface of a thermal
reaction usually involves a spin—orbit mediated crossover from the high-spin to the
low-spin surface and back to the high-spin one in order to ensure the reaction to pro-
ceed through the channel of the lowest energy[78]. At the end of the HAT process,
the methyl radical can either be released, or coupled with an -OH group to form a
cluster-methanol species. These two reactions were observed, for example, in the
gas-phase reactions between methane and FeO"[79] and MnO™[80].

The coordination of a methane molecule on a cluster may lead to the formation of
a covalent metal-carbon bond. This process is usually accompanied by the scission
of two C-H bonds of methane and the elimination of a hydrogen molecule. Under
thermal conditions such reaction only occurs efficiently when the formed M=C bond
is stronger than the C-H bond of methane. The reactivity of atomic cations of dif-
ferent metals with methane was thoroughly investigated in a SIFT experiment by
Shayesteh et al[81]. Among studied species, only Ta®, As™, Nb™, W, Os*, Ir*, and
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Pt* dehydrogenate methane, with Tat, W, and Ir" being capable to perform sev-
eral dehydrogenation steps. These results match with the values of metal-methylene
bond strengths received in a GIB studies of the metal-ligand thermochemistry (see
references in [81]). The driving force for the high reactivity of 5d transition-metal
cations are lanthanide contraction and relativistic effects, which lead to changes in
orbital sizes resulting in an increased overlap and the stabilization of the M=CH,
bond[82, 83]. The [M,C,2H]" complex can act as intermediate species for the forma-
tion of valuable products. For example, catalytic oxidation of methane by molecu-
lar oxygen was performed by Pt"[84], Ta* brought about the coupling of methane
and carbon dioxide to OCCH,[85], and reactions of Ta; 4CH; with oxygen in the
gas phase lead to the release of diverse neutral products[86]. In addition, Au; was
found to catalyse methane conversion into formaldehyde and ethylene[87, 88]; how-
ever, the catalytic formation of ethylene on Au;” was later put into question[89].
Further reaction pathways of an [M,C,2H]* complex are governed among other
aspects by its structure. This species can in principle exist in three different iso-
meric forms: metal-carbene M-CH;, metal-hydridocarbyne H-M-CH, and metal-
dihydridocarbide H,-M-C. The conventional kinetic studies that use solely mass-
spectrometry are not able to provide information on precise structures of analysed
species; therefore, an additional analytical tool is needed to tackle this problem. In-
frared multiphoton dissociation (IRMPD) spectroscopy, in particular employing free
electron laser (FEL), has proved its usefulness for the structural analysis of diverse
molecules, including gas-phase metal-organic complexes[90]. More specifically, a
vast amount of studies was recently dedicated to the investigation of intermediates
of methane association to metal clusters[91]. In an IRMPD experiment, resonant
absorption of electromagnetic waves in the IR range by a molecule results in the
excitation of its vibrational modes and eventually in its fragmentation, and struc-
tural information is gained by the comparison between experimental fragmentation

profiles and those calculated by means of DFT.

1.44 Gas-phase Activation of Carbon Dioxide by Cationic Metal Clusters

Carbon dioxide can associate with neutral particles in both monodentate (17'-C and
171-0) and bidentate (172-C,O and 172-O,O) modes[92-94]; however, the linear 171-0
coordination is usually the most favorable for the reaction with cations due to the
electrostatic nature of bonding[95]. This "end-on" coordination enables a transfer of
an oxygen atom from a CO, molecule to a metal center M™ when a M"-O affinity
is higher than that of CO-O[96, 97]. Analogously to a HAT in reactions of metal

clusters with methane, this process is called OAT (oxygen-atom transfer):

M* +CO;, — MO™ + CO (1.15)

Lthis notation reflects the stoichiometry of a compound when its structure is unknown
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The process of the OAT is believed to proceed via the dissociative chemisorption
of a CO; molecule and the formation of an insertion complex [O-M*-CO][98-101].
This is followed by the release of a CO moiety with the formation of a cluster oxide,
which is preferred over the elimination of an O-atom with the formation of a cluster-
CO complex. The latter process has an endothermic threshold of around 4-5 eV in
the gas-phase reactions between CO, and V*[102], Fe{,[101], or NbOg;[103].

The kinetic constraints of the CO, activation are limited to electronic, spin, and
geometric considerations. Thus, activation of a CO,-molecule by cations of transi-
tion metals is promoted by donation of electrons from d-orbitals into a m*-antibonding
molecular orbital of CO;, thereby bending and loosening the C=0O bond. Therefore,
the probability of an OAT from a CO, molecule to a metal cation depends on the
availability of valence electrons on the metal center. At the same time, spin con-
version necessary for the diabatic dissociation of a molecule of carbon dioxide rep-
resent a kinetic barrier of 1.97 eV[101], which greatly reduces the efficiency of the
CO;-decarbonylation process for larger clusters.

Another challenging yet important task is to determine the exact structures of
studied clusters and reaction intermediates. Structural investigations allow, for ex-
ample, to differentiate between molecular adsorption and dissociative chemisorp-
tion of carbon dioxide. One approach is to measure energies of collision-induced
dissociation (CID) of a studied species, a methodology systematically employed e.g.
in the group of Armentrout[101-104]. CID experiments yield only bond energies and
provide no structural information. A more useful technique in this regard is IRMPD
coupled with DFT calculations. The comparison of DFT predictions with experimen-
tal vibrational bands provides information on structural configuration and binding
modes of investigated species. Some examples of such works can be found in the
Ref. [94].

1.4.5 Gas-Phase Coupling of Methane and Carbon Dioxide

Among atomic cations of all transition elements, only Nb*, Ta™, and W are capa-
ble to perform both methane dehydrogenation and CO, decarbonylation reactions
in the gas phase[81, 96]. Among these three, only the reactivity of Ta™ towards a
consecutive activation of methane and CO, in the gas phase was investigated[85] to
this date. The product of the first methane-dehydrogenation reaction TaCH; was
isolated and exposed to carbon dioxide, and the kinetic analysis unambiguously in-
dicated a C-C coupling reaction and the release of a neutral species[85]. The overall
reaction is given with the following equation:

TaCH; +2CO, — TaO; + CO + C,H,0 (1.16)

Later, this work was complemented by a comprehensive theoretical study of this
reaction[105].
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The gas-phase coupling reactions between these two molecules have not receive
any further attention until recently, when the group of He published two more
studies concerning this topic[106, 107]: in one of those, a bimetallic CuB™ cation
forms CuBCH;r in the reaction with methane, and then this intermediate reacts with
CO; to bring about (non-selectively) the C-C coupling followed by the release of
CoH,0[106]; in the other one, a RhVOj; anionic oxide activated one molecule of CHy
and one of CO; to form a RhVO3(CH4)(CO,) ™ -complex, which under elevated tem-
perature dissociates via four parallel reaction channels with the release of different
neutral products[107].

As mentioned in the previous sections, the efficient utilisation of methane and
carbon dioxide is of increased relevance from both economical and environmen-
tal perspectives. Their simultaneous conversion is therefore particularly profitable;
however, the coactivation of both CHy and CO; is associated with multiple ther-
modynamic and kinetic limitations, what renders the search of a proper catalyst a
challenging task.

1.5 Thesis Outline

This thesis comprises the results of the research efforts focused on the kinetic inves-
tigation of the reactivity of small cationic tantalum clusters towards the activation
of methane and carbon dioxide in the gas phase under thermal conditions, comple-
mented by a spectroscopic structural analysis of the [4Ta,C,2H]" species. The spe-
cific interest to the chemistry of bare and ligated tantalum clusters is motivated by
recent discoveries of their increased reactivity towards methane activation[108-112].
Yet, the literature on gas-phase interactions of tantalum clusters with carbon dioxide
is scarce, even though Ta™ was found to be one of the few elements, whose atomic
cations can bring about decarbonylation of a CO, molecule to form MO™[96, 97]. Up
to date, the reactivity of Ta clusters of different sizes with CO; has not been inves-
tigated, and the work presented in this thesis purports to remove this white space.
In addition, the previously demonstrated ability of Ta™ to couple two molecules of
methane and carbon dioxide with the release of a neutral species[85] incentivised
further investigation of this reaction in this work, but mediated by multiatomic Ta
cluster cations.

The thesis is divided into several chapters and adheres to the following structure:
first, Chapter 2 describes the experimental techniques employed during the course
of the studies. Chapter 3 presents the results of the kinetic experiments on the ac-
tivation of CHy by TagOér . This system was found to mediate catalytic conversion
of two methane molecules into ethane and molecular hydrogen. The findings were
supplemented by the experiments with CDy (fully deuterated methane). In Chapter
4, the structures of [4Ta,C,2H] ™ and its isotopologues are revealed by means of FEL-
IRMPD spectroscopic technique and DFT-based calculations. This species features
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the dihydrido-carbide structure, which was not reported previously for the prod-
ucts of methane dehydrogenation mediated by metal clusters, and which might be
responsible for the reactivity of this compound with molecular oxygen[86]. Fur-
thermore, the reactivity of Ta; clusters of different sizes (n=1-16) towards CO, is
investigated in the kinetic gas-phase experiment and complemented by some DFT
findings (Chapter 5). Finally, C-C and C-H coupling promoted by Ta{“A is discussed
in Chapter 6. When either of these ions is exposed to a mixture of CHy and CO; in
the gas phase, the release of a neutral species is observed; however, compositions
of these neutrals and mechanical pathways of their abstraction are different for both
Ta-compounds.
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2 Experimental

Two substantially different experimental techniques were employed in the works
that will be discussed in this thesis. All the gas-phase kinetic experiments were car-
ried out in the laboratory of "Gasphase Cluster Kinetics" at the Chair of Physical
Chemistry at the Technical University of Munich, whereas the spectroscopic inves-
tigation of [4Ta,C,2H]" was performed in the molecular beam instrument coupled
to the intracavity free-electron laser (FELICE) at the facility located at the Radboud
University, Nijmegen. The detailed description of both techniques is given in the
subsequent sections.

2.1 Apparatus for Gas-Phase Kinetic Studies

The experimental setup for gas-phase kinetic studies consists of four primary parts:
a laser-evaporation cluster source, a quadrupole mass filter (QMF), a ring-electrode
ion trap (REIT), and a time-of-flight (ToF) mass analyser. Schematically, the setup is
shown in Fig 2.1. The goal of the apparatus is to measure the evolution of intensities
of charged particles produced in the cluster source and products of their interaction
with reactant gases, based on the time that they spend in the ion trap filled with
a mixture of a buffer gas and reactant gases. The design of the experiment can be
briefly described in the following way:

A laser pulse ablates a tantalum metal disk and generates hot plasma of tantalum
ions. The latter are subsequently cooled by a helium buffer gas, pulsed in the clus-
ter source via a piezo valve. The mixture of buffer gas molecules and metal species
undergoes supersonic expansion through a nozzle into vacuum to facilitate the ag-
glomeration of ions and neutrals into clusters. Upon expansion, clusters may pick
up molecules of adsorbates pulsed into a reaction volume by a general valve to form
ligated clusters. The cluster beam is focused by several stacks of Einzel lenses into a
quadrupole ion bender, which deflects ions of a particular charge into a quadrupole
mass filter (QMF). The QMF acts as an ion guide in the broadband mode and trans-
mits ions within a narrow band of mass-to-charge ratios (/z) in the mass-selection
mode. The filtered ions fly into the ring-electrode ion trap filled with a mixture of
buffer and reactant gases, where they are stored for a determined amount of time.
Large excess of the buffer gas ensures multi-particle collision dynamics and quick
thermalisation of all particles inside the trap. During the storage time, the ions col-
lide with molecules of buffer and reactant gases. After the storage time ends, the
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ions are pushed out of the trap by electrostatic potentials applied to the ring elec-
trodes. This way the ions get into the acceleration region of a ToF analyser, from
where they are pulsed into the ToF tube to be mass-separated. The detection of the
particles is realized by a chevron-type microchannel plate detector. All the triggered
components of the setup are synchronised together, and the timings and lengths of
triggers are controlled by a home-written LabVIEW program. The trigger pulses are
generated by Digital Delay Generators (model DG645).
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FIGURE 2.1: A schematic representation of the experimental setup. Adopted from [113].

2.1.1 Cluster source

Charged clusters are generated in a modified Smalley-type laser-vaporisation cluster
source[114]. A second-harmonic pulse of a Nb:YAG laser (532 nm, 60 mJ/pulse, 10
ns pulse width, 100 Hz repetition rate) irradiates a rotating tantalum disk. A motor
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puts the disk in motion in a hypocycloid gear, which allows for the maximum expo-
sure of the disk’s surface to the ablating laser pulses. The irradiation by the focused
laser beam evaporates metal atoms from a small spot in the near-surface layers, thus
creating a gaseous mixture of hot ions and neutrals in the region inside the cluster
source. The helium buffer gas (Westfalen AG, 5.0) is introduced into this region via
a pulsed piezo valve, which operates under stagnation pressure of 7 bar with a typ-
ical pulse width of 400 ps. Collisions with helium atoms efficiently thermalise hot
metal particles and quench their rotational and vibrational excited states. Driven
by the pressure gradient, the buffer gas carries metal atoms through the nozzle into
the chamber evacuated by rotary vane pumps (Ruvac WS 1001 backed by Busch R5
RA 0205), thus causing their supersonic expansion into the region of low vacuum.
The cooling provided during expansion and collisions with the buffer gas molecules
facilitates agglomeration of separate metal atoms and ions into clusters of various
sizes and charge states. The size distribution of as-formed clusters is controlled by
the piezo-pulse width, timing, and amplitude.

An inlet for adsorbate gas is built into the nozzle[115]. The injection of the gas is
implemented by a general valve operating in the pulse mode (stagnation pressure 2
bar, ~100 ps pulse width). Such assembly enables picking up of adsorbate molecules
by metal particles flying through the nozzle followed by the reactions between gas
molecules and clusters. The products of these reactions are efficiently thermalised
over their expansion into vacuum; however, too wide pulses of the general valve
may cause leaking of the adsorbate gas into the region of the laser ablation and the
subsequent formation of unwanted high-temperature products.

The evacuated chamber is separated from the rest of the apparatus by a skimmer,
which ensures significantly lower pressure behind it and shapes the ion beam. The
ions coming through the cluster source and passing the evacuated chamber and the
skimmer are subsequently focused by several stacks of Einzel lenses into a quadrupole
mass bender. The latter consists of four parallel rods with negative DC voltage ap-
plied to one pair of opposing rods and ground to the other pair. Therefore, negative
ion and neutrals are filtered out, and only positive ions are steered into the QMF.
The bender can be operated in both continuous and triggered modes, but during the
experiment it functions in the triggered mode only, which allows ions to pass the
QMF only during a limited amount of time (typically, for 3 ms) in each operation
cycle. This prevents the continuous arrival of ions into the ion trap, what would
lead to misinterpretation of kinetic data. A Pfeiffer TPU 2200 split system installed
under the ion bender provides efficient pumping to separate the cluster-source com-
partment (high pressure region) from the rest of the apparatus which operates under
high vacuum.
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2.1.2 Quadrupole Mass Filter

A quadrupole mass spectrometer, sometimes referred to as quadrupole mass filter
(QME), is a type of mass analysers, able to conduct and separate ions in gas phase
based on their mass-to-charge ratios[116]. It consists of four parallel rods; the oppos-
ing rods are interconnected electrically, and radio-frequency (RF) potentials (hun-
dreds of Hz) are applied to each of them. Such assembly allows the transmission of
all ions, whose masses! are higher than a threshold determined by the amplitude of
RF voltages, in the space between the rods. Therefore, in the "RF-only" mode, the
QMF acts as an ion guide, and a broad band of masses can pass through it. When a
DC offset potential is applied between each pair of diagonal rods, only ions within a
narrow band of m/z ratios are transmitted through the QMEF, and all other ions have
unstable trajectories and collide with the rods or the QMF housing. The width of
this band depends on a combination of RF and DC potentials and is given by solu-
tions of Mathieu’s differential equation[117]. In the experimental setup described in
this chapter, the commercially available quadrupole mass spectrometer Extrel Model
5221 is used. The ion transmittance achieved with this QMF can reach 15%, and ions

2

with masses up to 16000 m.u.” can be mass-selected. The QMF is evacuated by

Pfeiffer TMU 260 turbomolecular pump.

2.1.3 Ring-Electrode Ion Trap

The ions passed through the QMF are focused by two stacks of Einzel lenses into
a home-built ring-electrode ion trap (REIT)[118]. In this trap, reactions between
charged particles created in the cluster source and molecules of reactant gases take
place. The structural arrangement of the trap is based on the design developed by
Gerlich[119] and modified in the group of Asmis[68]. The schematic drawing of the
REIT is shown in Fig 2.2a. It consists of twenty four coaxial molybdenum annular
electrodes (1.4 mm thick, 32 mm OD, 11 mm ID) electronically insulated from each
other by sapphire disks of the same shape.

Two larger electrodes close the trap at both ends. Such an arrangement is able to
sustain a relatively wide range of gas pressures and facilitates the quick thermalisa-
tion of ions (see below). Square-wave RF potentials (typically, 350-700 kHz, 80-120
V) are applied to this assembly to enable the radial confinement of ions inside the
trap. Therefore, the voltage at any electrode periodically switches with a radio fre-
quency from a positive +V potential to a negative -V potential, and the voltages on
electrodes in each adjacent pair have different signs (Fig 2.2b). The application of
square-wave potentials is substantiated by the limitation associated with the use of
conventional sinusoidal potentials — namely, by the operation of storing capacities

for ions with different masses by varying exclusively the amplitudes of RF voltages,

Isince the abundance of multiply charged ions is negligibly low, the m/z-ratio will from now on be

referred to in this thesis simply as m or ‘'mass’
Zatomic mass unit ( % of the mass of an 12C atom)
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FIGURE 2.2: A) A schematic in-section drawing of the ring-electrode ion trap, B) square-
wave RF potentials applied to the electrodes. Adopted with permission from [118].

which would inevitably lead to the necessity to apply voltages up to several kV to
store ions with high masses.

During an experiment, the trap is continuously filled with a mixture of helium
buffer gas (Westfalen AG, 6.0) and reactant gases. The chamber of the trap is pumped
by a Pfeiffer HiPace 700M turbomolecular pump. The gas mixture is created in a
separate mixing-chamber equipped by a capacitance gauge (Baratron 722B, MKS)
to control pressures inside the chamber, which is evacuated by a Pfeiffer TMU 260
turbo-molecular pump backed by a Leybold TRIVAC D 65 B forepump. Typically,
the reactant gas is diluted in several steps in the buffer gas until a required concen-
tration® is reached. The mixture is streamed into the REIT by a gas-flow control unit
(179C Mass Flow Meter, MKS) at the rate of 170 sccm. The pressure inside the trap
is probed by a Baratron manometer (Baratron 722B, MKS). The differential gas injec-
tion and pumping cause an inhomogeneous distribution of the pressure inside the
trap, thus limiting the control over absolute values of pressure to roughly 50% accu-
racy. In all the gas-phase kinetic experiments discussed in this thesis, the pressure at
the manometer inside the trap was established to be 0.82 Pa, which enables a multi-
collisional mode of ion-molecule reactions and the quick collisional thermalisation
of ions within 1 ms[120].

The trap is mounted on a cold head of a cryo pump (PRK-800, Leybold) (see
Fig 2.2a) attached to a closed-circuit helium compressor (RW2, Leybold), and the
assembly of electrodes is embedded into a copper-box housing to avoid the heat-
ing via black-body radiation. The heating of the trap is operated by a temperature-
control unit (Model 335 Cryogenic Temperature Controller, Lake Shore Cryotronics)
through a resistive-heating cartridge attached to a copper block of the cold head. The
same unit monitors the temperature of the entire REIT via a cryogenic temperature
sensor (Cernox, Lake Shore Cryotronics) attached to one of the end ring electrodes.

N
3In this thesis, "concentration" is seen as the number of particles in a unit of volume [X] = VX ny
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The balancing of a heating and a cooling outputs allows setting up constant temper-
atures of the REIT in the range between 20 K and 320 K. The trap operates in three
regimes. When only RF potentials are applied to the electrodes, ions pass through,
and the REIT acts as an ion guide. Two other modes of operation must be discussed
in more details. To store ions inside the trap, low DC voltages are applied to both end
electrodes (Fig. 2.3a, red), thus confining the movement of ions in axial directions,
in addition to the radial confinement provided by RF potentials. Fast ions flying
from the outside surmount the low DC voltage at the entrance electrode (2-3 V) and
undergo multiple collisions with the buffer gas, which along with the potential at
the exit electrode (typically, 12-18 V) prevents their further movement in this direc-
tion. In such regime, ions can be stored within the trap for the time periods up to
several seconds [118]. Due to collisions with gas molecules and Coulomb repulsion,
the amount of stored ions declines exponentially in time. In the extraction regime,
the storage DC voltages at the end electrodes are substituted by a potential gradient
over all ring electrodes (Fig. 2.3a, black), superimposed over the RF potentials (Fig.
2.3b). This creates a driving force pushing ions out of the trap. Due to tight stack-
ing of ring electrodes, ions leave the trap almost simultaneously, which makes REIT
advantageous over other guided ion beam techniques. Specifically, such a setup
allows for a coupling with a time-of-flight (ToF) analyser, that is normally character-
ized with higher resolution than quadrupole mass spectrometers. In addition, ToFs
work in a pulse mode, which significantly increases ion transmission in comparison
to the techniques that operate in a scanning mode and therefore lose ions during

each scan.
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FIGURE 2.3: A) DC potentials applied to different electrodes during storage (red)

and extraction (black) of ions, B) time evolution of the combination of RF and DC-
offset potentials applied to a single electrode. Adopted with permission from [118].

2.1.4 Time-of-Flight Mass Analyser

Ejected from the REIT, ions are focused by two stacks of Einzel lenses into the accel-
eration region of the time-of-flight (ToF) mass analyser (Fig. 2.4). Here, the trajectory
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of the ion cloud is deflected through 90° by a short (30 us) HV pulse applied to the
repeller electrode (Uy), and the ions are drawn into the field-free region of the ToF
through an acceleration stage. The latter is constructed in the form of a stack of ring
electrodes, where to the first, "extractor”, electrode a short pulse of HV potential is
applied (Uy), and the last one is grounded. The triggers of the deflection and ac-
celeration of ions are synchronised with ejection of ions from the trap. Since ions
with different masses are temporally separated during their transition to the ToF’s
acceleration region, the timing of the HV pulses on the repeller and the extractor are
controlled by the LabVIEW master program in order to focus on a particular mass
region. Therefore, only a relatively narrow band of masses (few hundred m.u.) is
pulsed inside the ToF analyser, and all other masses are suppressed.
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FIGURE 2.4: A schematic representation of the time-of-flight compartment. Adopted from [113].

In an idealized form, the principle of operation of a ToF mass analyser can be
represented as follows: ions, leaving an acceleration region with velocity v, drift
through a field-free region with the length ! until they reach a detector. This velocity

can be extracted from the equation
qu = ~mo~, (2.1)

where g is the ion’s charge, and U is the acceleration potential. Therefore, the
time of flight ¢ of a particle is given by

t=—=1,/— (2.2)
which allows to obtain values of masses of ions based on the times of their ar-

rival to a detector. In real measurements, however, results are heavily affected by the

spreading of initial velocities and starting positions of ions, which greatly impairs
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the resolving power of a mass spectrometer. To compensate for these two draw-
backs, additional modifications were brought to the principle scheme of ToF and
were implemented in the described apparatus. Namely, double-stage acceleration
region (U; and Uy) allows to significantly extend the space focus® of ions[121], and a
reflectron (Uz and Uy) compensates initial distributions of velocities[122]. Such mod-
ifications limit the resolution-reduction effects to collisions with molecules of resid-
ual gases. To reduce the penetration of the buffer gas from the trap, a 4-mm pinhole
is placed between the trap and the acceleration region of the ToF. The ToF is evacu-
ated by two turbo-pumps (TPU-510 at the acceleration stage, Pfeiffer TMU 260 at the
reflectron) that keep the pressure in the field-free region below 10~ mbar. Through
variation of U;_4, the mass-resolution can be tuned, and its typical value amounts
to 2000, which enables the discrimination between, for example, TagOzCHZ+ and
TagO,CHj .

2.2 Analysis of kinetic data

In a typical kinetic experiment, ions produced by a single laser shot in the cluster
source are collected in the REIT filled with a mixture of buffer and reactant gases
and stored inside it for a specific amount of time. Charged reaction products are
subsequently ejected to the mass analyser. The oscilloscope (LeCroy 9300 OM REVA)
displays an averaged signal (usually 100-500 averaged spectra) coming from the de-
tector for a single preset storage time, and values of intensities against times of flight
are extracted and stored digitally as .txt files. When this cycle is repeated for dif-
ferent storage times, the evolution of the intensities of different ions can be traced
and these data can be used to build kinetic models. The raw data are processed in
home-written programs (python 3). First, the data are transformed from the time-
into the mass domain, baseline corrected, and the absolute values of intensities of
peaks are normalized to their integral. Thereafter, the output is transferred into a
program which performs kinetic fitting of normalized intensities to the input kinetic
models (see below). The results are model-specific, and the output yields reaction
constants and kinetic traces.

2.2.1 Mechanisms of Gas-Phase Reactions

A generalized bimolecular association reaction between a charged metal cluster (or
a ligated metal cluster) M and a molecule of reactant gas A can be represented as
follows:

k
Mt + A % MA** (2.3)

b

In the equation above, MA™* denotes an association product bearing the excess of
heat released during the reaction course. In equilibrium, the association process is

“a point in space, where ions with the same mass arrive simultaneously regardless of their starting
position



2.2. Analysis of kinetic data 25

balanced by a dissociation of the formed product back to the reactants, and the over-
all reaction is characterized by the equilibrium constant K = %, where k¢ and k;, are
the rates constants of forward and backward reactions respectively. The dissociation
is not the only reaction pathway accessible to the excited complex MA™*. When a
gas-phase reaction occurs in excess of a buffer gas, collisions with its molecules may
lead either to the formation of stable MA™ complex (Eq. 2.4) or to atomic rearrange-
ments and product formation (Eq. 2.5). These two processes compete with each
other, and the branching ratios are dependent on the kinetics of both pathways.

k
M* + A = MA™ 2, MA* 2.4)
k He
b
K K
M* + A == MA*+* —"5 MB* +C° (2.5)
kp He

When the partial pressure of the buffer gas is insufficient, collisional stabilization
competes with the relaxation of the excited complex through fragmentation:

k kp,
M* + A k:f\ MA™* L B 4 Fy+ .5, (2.6)
b

where F; stands for molecular fragments. The latter case is characteristic of very
exothermic reactions occurring under single-collision conditions, but such reactivity
can also be observed in systems under multi-collisional conditions[123, 124].

Since the kinetic experiments considered in this thesis feature relatively high
pressures in the REIT, and quick thermalisation within 1 ms is enabled for the react-
ing species, the reactions given in equations 2.4 and 2.5 are more relevant for further
discussion and will be scrutinized here in more details. The rate responsible for the
change in the concentration of [MA ] in each reaction pathway can be expressed in
the following form:

d[MA*]
dt

where k denotes the rate constant of either intermediate stabilization ks or prod-

— ks [M"[A] — k,[MA™*] — K[MA**][He], 2.7)

uct formation k. In a simplistic model, the concentration of [MA™*] is assumed

R , d[MA™]
constant; the steady-state approximation is therefore applicable, and T 0,
which results in
ke[MT][A]
+%x] __ f
and
dMX*] . _ kky[M*][A][He]
T k[MA™*]|[He] = K ko] (2.9)

S5since the abundance of products is negligibly low in comparison to that of reactant and buffer

gases, the back reactions can be omitted
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where X is either A or B. The reactions of collisional stabilization of an interme-
diate or formation of products can therefore be described with a termolecular rate

constant k(3):
ks

K& =__ "7
ky + k[He]

(2.10)

In the kinetic low-pressure regime when k;, >>k[He], this can be further reduced to

_ My

(3) _
k b

(2.11)
Since the concentrations of reactant and buffer gases are many orders of magnitude
higher than those of ions stored in the trap and are continuously replenished, they
can be considered to remain constant, and the overall reaction rate becomes pseudo-
tirst-order.

d[MXT] dM™]

= = UM
o G =M (2.12)

k) = k2 [A] = k) [A][He] (2.13)

The analytical solution of the differential equation 2.12 is given by

M*](t) = [M*Joe ", (2.14)

which describes the temporal evolution of the concentration of reactant ions as
a function of initial concentration and pseudo-first-order reaction rate. Chemical
systems with complex reaction pathways are described by sets of differential equa-
tions in multiple variables, which makes finding their analytical solutions a time-

consuming or even impossible task.

2.2.2 Numeric Fitting of Experimental Data

A home-written python 3 program provides a platform to fit experimental data
points with kinetic curves and extract corresponding pseudo-first-order reaction
rates. A matrix containing normalized intensities of different ions against storage
time is transferred to the program by a user, who also sets up reaction pathways
between different species. The program translates the given model into a set of
differential equations which is then solved by the algorithm based on the LSODA
method[125]. Values of rate constants in the equations are automatically adjusted by
the Levenberg-Marquardt algorithm[126, 127] to minimize least-square errors be-
tween experimental data points and fitted curves until a certain criterion of fit qual-
ity is met. The program outputs a list of pseudo-first-order reaction rates for each
reaction of the input reaction model and draws kinetic curves which fit temporal
distributions of experimental values of intensities for each ion. A user can propose
several reaction models and choose the best one basing on the quality of fit reflected
in the values of least-square errors and the simplicity of the models.
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Apparent pseudo-first-order kinetic rate constants can be turned into second-
order rate constants with the help of Eq. 2.13. The concentration of reactant gas is
calculated under assumption of the validity of the ideal gas approximation:

Ptotal = Nyotakp T, (2.15)

[A] =NA = A Nyptql, (216)

where pyorar and nyyy, are total pressure and concentration of the gas inside the
trap, na is the concentration of the gas A, a is the proportion of the gas A in gas mix-
ture, kp is the Boltzmann constant, and T is temperature of the reaction. Therefore,

[A] = n = 2 Protal 'k};t;t”’ , (2.17)
and
1@ _ gy ksT (2.18)
a - Piotal

2.3 IRMPD Spectroscopy

Infrared multiphoton dissociation spectroscopy (IRMPD) is an experimental tech-
nique used in most cases for structural analysis of ions and molecules in gas phase.
The method is based on resonant absorption of multiple infrared photons by vi-
brational modes of a molecule, which leads to the dissociation of molecular bonds
and the fragmentation of the molecule. Theoretical principles of IRMPD and the de-
scription of the technical equipment employed in the experiments are given in the
sections below.

2.3.1 Vibrational Spectroscopy

In a general case of polyatomic nonlinear molecule, the number of vibrational modes
is equal to 3N-6, where N stands for the number of atoms in this molecule, and the
vibrational potential lies therefore in a (3N-6)-dimensional space. For the sake of
simplicity, only the case of a diatomic molecule, featuring only oscillatory stretching
along its axis, will be considered in this subsection in order to outline important con-
cepts; however, a similar reasoning can be carried through for a more general case.
In the zero-order approximation, the vibrational potential of a diatomic molecule
has the form of a harmonic oscillator:

ww?s?, (2.19)

- k
where V is the potential energy operator, w = o is the angular frequency of the

oscillator, k is the zero-order force constant of the oscillator, u is the reduced mass of
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the molecule, and X is the coordinate operator, which stands here for the momentary
internuclear separation. The solution of the corresponding eigenvalue problem is
1
E,=(n+ i)hw, (2.20)
where 7 is the reduced Planck constant and n = 0,1,2... is the index number of
the equidistant energy levels (Fig. 2.5a). A more accurate model is described by the

Morse potential:

. Hw?

V=D,(1-e%)? a= 5D (2.21)
e

where D, is the depth of the potential well. This representation accounts for
anharmonicity of bond’s oscillation, and the corresponding energy levels are then
equal to

E,=(n+ %)hw —(n+ %)2%})(, (2.22)

Here x is an anharmonicity constant. Note, that the distance between adjacent en-
ergy level reduces with increasing number n, converging to a continuum at the dis-

sociation limit (Fig. 2.5b). When the energy of the bond stretching reaches this limit,
the bond breaks.

a) A b) A

X

FIGURE 2.5: Quantum harmonic oscillator (a) and Morse poten-

tial (b) and corresponding stationary states. D, is the depth of

the potential well and Dy is the dissociation energy, that is equal

to the difference between a dissociation threshold and an energy
of the zero vibrational level.

When a molecule interacts with a monochromatic electromagnetic wave, a res-
onant transition (n = k) —> (n = k+1), k>0 may occur, if the energy gap between
these states matches the energy of the wave. Further transitions (n = k+1) —> (n
= k+2) are out of resonance due to anharmonicity of the potential and are there-

fore not possible. There are two relaxation channels available for an isolated excited



2.3. IRMPD Spectroscopy 29

molecule: emission of a photon and intramolecular vibrational energy redistribution
(IVR)[128]. The probability of elastic scattering is insignificant in the IR range, be-
cause of its dependence on the wavelength of the incident light. In contrast, the IVR
describes an efficient process in which the energy pumped into the system is redis-
tributed among other vibrational degrees of freedom. Its efficiency is proportional to
the number of vibrational modes with which the excited state is coupled and there-
fore is usually higher for larger molecules. The adsorption of a quantum of energy
followed by IVR leads to the increase of the density of states, what makes available
further adsorption of electromagnetic radiation at the same resonant frequency. In
such a manner, multiple adsorption events may happen, and the total inner energy
of the system increases.

In the model of the harmonic oscillator (Eq. 2.19), transitions between non-
adjacent energy levels (n = k) —> (n = k+2, k43, k+...), k>0 are forbidden due to
selection rules; however, for the anharmonic oscillator these restrictions are lifted
and corresponding low-intensity transitions can be observed. In addition to that, in
thermal systems, the distribution of molecules in the space of vibrational levels (k =
0,1,2,...) is describes by the Boltzmann distribution. Therefore, even relatively small
molecules can be characterised by rather complex vibrational spectra.

When the amount of heat accumulated by a molecule through adsorption of mul-
tiple photons reaches its lowest dissociation limit, the molecule can undergo relax-
ation through several distinct processes. Emission of IR photons is typically of very
low intensity and can be therefore neglected. Two other processes — namely, emis-
sion of an electron and fragmentation of the molecule, compete with each other, and
their intensities depend on the molecular properties. Thus, electron loss is in partic-
ular characteristic of anionic particles M, for which the electron affinity of a neutral
M is typically lower than a bond strength of the anion. Therefore, if internal energy
of an anion M~ exceeds this electron affinity, M~ may emit an electron rather than
undergo dissociation, what results in the decrease of the MS-signal corresponding
to this anion[129]. For cations M*, dissociation of a molecular bond prevails in the
vast majority of cases, resulting in a depletion of the M -signal and a raise of a sig-
nal corresponding to charged fragments. This phenomenon underlies the principle
of IRMPD and is utilized to probe structures of molecules where vibrational modes
lie in the IR range. A big advantage of the IRMPD technique lies in its applica-
bility to studies of low-pressure gas-phase systems, where conventional adsorption
spectroscopy is no longer applicable due to insufficient densities of particles, and

feasibility of construction of tunable high-fluence IR lasers (i.e., free-electron lasers).

2.3.2 Free-Electron Laser

In the early days of IRMPD, the only light source capable to bring on multiple-
photon molecular fragmentation in gas phase was the CO, laser[130]. More specifi-
cally, the emission of a CO; laser contains only rotational-vibrational lines in a nar-
row band between 9.2 and 10.8 um. This substantially limited the applicability of
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the technique to the identification of the loss of few characteristic moieties in or-
ganic molecules. The breakthrough in the field of the multiple-photon dissociation
spectroscopy happened with the construction of free-electron lasers (FEL). In partic-
ular, to attain to the region of lower frequencies, the use of FELs has been proven
highly beneficial for IRMPD[131]. The operation of a FEL is based on the coher-
ent motion of free relativistic electrons in a spatially periodic magnetic field, which
induces dipole radiation with an energy and a frequency depending on the parame-
ters of an apparatus (Fig. 2.6). More specifically, a bunch of electrons produced in an
electron gun pass through a magnetic field with a spatial periodicity along the axis
of the electrons’ propagation. The assembly of multiple magnets which generate
this field is called undulator or wiggler. The undulator is positioned between two
mirrors that form a resonator of the laser. Affected by the Lorenz force, the electrons
move along a periodic curved trajectory inside the undulator, which induces dipole
radiation with wavelength A; expressed in the following form:
2

A = Au(lz; K%) (2.23)
Here, A, is the spatial period between the magnets, y is the Lorentz factor account-
ing for relativistic energies of moving electrons, and K reflects the strength of the
magnetic field. In more detail,

= — 2.24
Y - (2.24)
and
eBA,
K= , 2.25
27tm,C ( )

where c is the speed of light in vacuum, v, is the velocity of electrons along the
axis of the undulator, e is the charge of an electron, m, is its mass, and B is the am-
plitude of the magnetic flux density varying sinusoidally along the undulator axis.
The square of the Lorentz factor accounts, first, for the contraction of the undulator
experienced by relativistic electrons, and second, the relativistic Doppler effect re-
sulting from the transition between the electron frame of reference to the laboratory
one. For the period of the undulator in the order of tens of mm, these relativistic
effects bring about the output radiation in the IR range.

During the propagation of the electrons along the axis of the undulator, the trans-
verse motion of an electron couples with the transverse component of the electric
field of the radiation, which causes a phase-dependent modulation of the electron’s
transverse velocity. Since the electrons are equally distributed over the phases, this
phenomenon induces a modulation of the electron density along the axis of prop-
agation and the formation of micro-bunches of electrons, the number of which is
equal to the number of periods of the undulator. Therefore, a macropulse of a FEL
represents a few-um-long series of ultrashort (few pm) equidistant pulses. A more
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FIGURE 2.6: A schematic representation of the free-electron laser experimental setup.
Adopted with permission from [132].

elaborate description and derivation of the FEL principles can be found in the ref.
[133].
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3 Catalytic Non-Oxidative Coupling of Methane

Activation of methane by atomic cations in gas phase was thoroughly investigated
both in kinetic experiments[81, 82, 134, 135] and spectroscopically[91], and Ta™ was
found to be one of the few investigated atoms, able to activate CHy. Due to these
discoveries, Ta received increased attention from the researchers in this field, and
several studies covered the reactivity of Ta™, Ta, clusters, and oxides thereof with
methane[108-112, 136]. In particular, is was discovered that the rates of methane
dehydrogenation by Ta;O" and TasO" are much higher than those by Taj[111],
whereas bare clusters comprising five or more Ta atoms cannot dehydrogenate methane
at all[112]. This striking discoveries incited further exploration of reactions between
Ta,O;; and methane. Among all investigated clusters of this kind, TagO; demon-
strated an unexpected kinetic behaviour, which can be explained in terms of a cat-
alytic cycle. Previously, various metal, mainly noble-metal, clusters were reported
to perform catalytic oxidation of CO to CO, in gas phase[137-146]. Examples of cat-
alytic methane conversion are, in contrast, scarce and are represented only by Au, -
and Pd;r -based systems[87, 88, 147, 148].

This chapter describes in details the gas-phase reactivity of TagO, towards acti-
vation of methane. It shows conclusively, that this ion can bring about the dehydro-
genation of one methane molecule with the formation of a [TagO,CH;]" intermedi-
ate, followed by the coupling with another molecule of methane and the consecutive
elimination of C,Hg with the regeneration of initial TagO;r . The text of the chapter is
based on the publication "Catalytic Non-Oxidative Coupling of Methane on TagO; "
written by N. Levin, J. Lengyel, J. F. Eckhard, M. Tschurl, and U. Heiz (Technical
University of Munich, Chair of Physical Chemistry)[149].

3.1 Results

Tantalum-oxide clusters are produced in the laser vaporization cluster source (sec-
tion 2.1.1). Oxygen (Air Liquide, 5.5) was injected into the nozzle to enable the for-
mation of oxides. The ion trap was filled with mixtures of helium with either CHy
(Riefsner-Gase, 5.5) or CDy4 (Cambridge Isotope Laboratories, 99%). The content of
methane in the mixture amounted to 20 ppm (0.02 %). Figure 3.1(a-c) displays the
mass spectra reflecting the products of reactions between TagO, and CD; in the REIT
for specific storage times and temperatures. The mass difference between H and D
makes the mass spectra for the reaction with CDj4 to be better resolved and more
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demonstrative; however, the discussion and conclusions given below are applicable
to the reaction with CHy too (Fig. 3.6). As can be seen in the Fig. 3.1a, the only
detectable product in the reaction between TagO, and CDy at room temperature is a
carbene [TagO,CD;]*. It originates from the dehydrogenation of methane, a reaction
which was previously observed for various Ta-based clusters[109-112]. Normally,
the reaction of dehydrogenation proceeds in gas phase with full conversion of an
initial cluster to a carbene species. This is not the case, however, for the reaction of
TagO; : as can be seen in Fig. 3.1d, the reaction proceeds until the intensities of the
initial cluster and its carbene reach a steady state.

At lower temperatures, additional peaks appear on the mass spectra. The new
peaks at 169 K can be assigned to [TagO,(CD4)]™ and [TagO,CD,(CD4)]*. They result
from the association between methane and TagOzr and [TagO,CD;] ™ respectively. At
even lower temperatures, for example at 147 K, two more peaks appear with stoi-
chiometries [TagO2(CDy),] " and [TagO2CD,(CDy),] ", which can be assigned to the
products of further association with methane. Regardless of the temperature, the
main reaction channel — namely, dehydrogenation of methane on TagO, — exhibit
the same behaviour: after the reaction starts, the intensity of the cluster-carbene
species grows on the expense of the initial cluster TagO; until a steady state is
reached. At lower temperatures, in parallel with this process, the intensities of these
two ions continue to slowly decrease because of the reactions of methane physisorp-
tion, until the only observable ions are the products of these association reactions
(Fig. 3.1e/f).

3.1.1 Comparison of Kinetic Models

Thorough analysis of the reaction kinetics can help unravel mechanisms of the for-
mation of observed products. At 300 K, when the abundance of the products of
methane physisorption is negligibly small and cannot be detected, the two observed
compounds, namely TagOzr and [TagO,CD;,] ", coexist in a steady state, and the cor-
responding reactivity can be formally described in terms of a chemical equilibrium:

r = kM [Tag0f ] = r_y = k))[TagO,CDJ ], (3.1)

where r; and r_ are reaction rates and kgl) and k(_lg are corresponding pseudo-
first-order rate constants.

The comparison of different kinetic models for the reactions at lower temper-
atures reveals the role of the products of methane physisorption in the overall re-
action mechanism (Figures 3.2). The results show, that the ions TagOQCDI and
TagozCDzCDZ represent the products of the reversible side reactions of intact CHy
adsorption (Fig. 3.2b). These ions can therefore be interpreted as products of weak
intact adsorption of methane on the corresponding cluster with an unfavourable ad-
sorption geometry, what hampers the further reaction of methane dehydrogenation.
This reasoning can be extended to the reaction model for even lower temperatures.
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FIGURE 3.1: Left: mass spectra of the TagO, /CD,-system measured at the storage time

of 0.06 s. Right: pseudo-first-order kinetic fits of the reaction between TagO; and CDj.

The experimental data points correspond to the normalized intensities of the reactants, in-

termediates, and products marked as follows: M TagO,, e TagO,CD;, A TagO,CD;,

TagO,CD,CD},  TagO»(CDy);, % TagO,CD,(CDy)y . Mass spectra and kinetic fits cor-

respond to the various temperatures of the reaction system: 300 K (a, d), 169 K (b, e), and
147 K (c, ). Reprinted with permission from [149].

Similarly, the ions TagO2(CDy); and TasO,CD,(CDy); are the products of the side-
reaction physisorption of an additional methane molecule. The solid lines in the Fig.
3.1 denote the kinetic traces corresponding to this model.

The discovery of a correct kinetic model that best fits the experimental data does
not provide insight into the real mechanisms underlying the observed reactivity.
For example, the apparent steady state between TagOEr and [TagO>CD5] " can be ex-
plained in terms of three different scenarios within the same kinetic fit: a genuine
chemical equilibrium between these two compounds (Eq. 3.2), existence of at least
two isomers of TagO, with significantly differing reactivities (Eq. 3.3), and a full
catalytic cycle, in which coupling of two methane molecules is mediated by a TagO5
cluster with its subsequent regeneration(Eq. 3.4). Therefore, additional experiments
on the reaction kinetics must be carried out in order to distinguish these three sce-

narios.

Ta802+ —|— CH4 : Ta802CH2+ + H2 (3.2)

(TagO, ™ )jsom. 1 + CHy — TagO,CH, " +H, (3.3a)
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(Ta802+)isom. 2+ CH4 7L> (33]9)
TagO," + CH; — TagO,CH, " + H, (3.4a)
TaBOZCH2+ + CH4 — Ta802+ + C2H6 (34b)
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FIGURE 3.2: Kinetic fits corresponding to two different models of the reaction between

Tag;O;r and CHy at 163 K. Panel (a): the product of the methane adsorption on TagO;r ob-

served in the mass spectrum reacts further to form TagO,CH; . The latter adsorbs another

molecule of methane to form a cluster-ethane complex which further dissociates to release

CyHg. Panel (b): TagOzr and Taf;OzCH;_ coexist in a steady-state equilibrium, whereas the

side reactions of methane physisorption occur in parallel. The kinetic fits by additional mod-
els are shown in Fig. 3.9. Reprinted with permission from [149].

3.1.2 Variation of Methane Partial Pressure

The hypothesis of a chemical equilibrium (Eq. 3.2) between TagOiF and [TagO,CH,]™
is not tenable due to the following reasoning: first, the concentration of Hy in the ion

trap during the experiment is insignificant in comparison to that of methane, and
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the rate of the reverse reaction is therefore too low to account for the regeneration
of the initial TagO5 cluster. Moreover, as shown in the Fig. 3.3, the apparent rate
coefficients yielded from the fits of the Eq. 3.1 scale linearly with the concentration
of methane not only for the "forward" reaction of the methane dehydrogenation, but
also for the reaction back to TagO, . With the involvement of the Eq. 2.13, this implies
that the values of the bimolecular rates for both forward and reverse reactions scale
linearly with the concentration of methane, which contradicts with the formulation
of the equilibrium given in Eq. 3.2. It can thus be concluded, that the observed

steady state cannot be assigned to a chemical equilibrium.

250

0.00 0.05 0.10 015 020
% of methane

FIGURE 3.3: Values of apparent pseudo-first-order rate coefficients kgl) (red circles) and k(j%

(blue squares) corresponding to the reaction 3.1 plotted against the proportion of methane
in the helium mixture at total pressure of 0.88 Pa. Reprinted with permission from [149].

3.1.3 Kinetic Isotopic Effects

For the further investigation of the reactivity of Tago; towards methane, it is neces-
sary to appeal to the notion of kinetic isotope effect (KIE). KIE is reflected in a change
of a reaction rate, when one or several nuclei in reactant molecules are substituted
by their isotopologues. For the reactions of methane activation, which involve either
CHy or CDy, this effect is quantitatively expressed as

ke-n

KIE = 0.9 - ,
kc-p

(3.5)

where kc.y and kc.p are rate coefficients of reactions with CHy and CDy respec-
tively, and the factor 0.9 accounts for the difference between collisional cross-sections
of CHy and CDy4[111, 112]. The phenomenon of intramolecular KIE originates from
the change of zero-point vibrational energy of a bond (Ep in Eq. 2.20). In a sim-

ple model of a harmonic oscillator (Eq. 2.19), a chemical bond is approximated as

|k
a spring with an oscillation angular frequency w = W where k is the zero-order
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force constant of the oscillator and p is the reduced mass of the molecule. There-
fore, for a bond formed between two nuclei with masses M and m (M > m), the

angular frequency can be rewritten as w ~ % In a C-H bond, the substitution
of the H-atom by a D-atom leads to the reduction of the oscillation frequency by the
factor of v/2. In order to dissociate, a chemical bond in the ground vibrational state
needs to absorb the amount of energy that equals to a dissociation energy Dy (Fig.
2.5). Therefore, for a reaction of dissociation, —kgTIn(k) = Dy = D, — Eg, where k is
a reaction rate coefficient and Dy is the depth of the potential well of the oscillator.
Therefore, the theoretical value of KIE for the reaction of C-H bond dissociation is
given by

1
kep exp< 2kpT ' &0

where kc.g and kc.g are rates of C-H and C-D dissociation, and wpg is a C-H oscil-
lation frequency. This simple model is applicable to very exothermic reactions that
proceed as simple H-atom abstraction, and relatively low values of KIE (1.3—1.5)
are expected for such systems[150]. Rates of more complex reactions with multiple
transition states may have more intricate dependence on the isotopic composition
of involved molecules. Therefore, values of KIE can specify the nature of a rate-
limiting step and thus clarify the mechanism of a reaction [150]. For example, KIEs
below ~1.3 bring evidence that a rate-limiting step is not related to the bond scission,
but rather to the release of a product[151, 152] or to the cross-over between two spin
surfaces[153, 154], whereas high KIEs can be indicative of c-bond metathesis[155],
multiple C-H bond scissions[111], or the formation of an insertion intermediate H-
M-CH3[156].

In this work, reactions with methane isotopologues were used to probe the na-
ture of the steady state between the initial cluster TagOz+ and [TagO,CH(D),]". Rate
coefficients for the reactions with CHy, CD4 and the corresponding KIE values are
listed in Table 3.2, Table 3.3, and Table 3.4 respectively. The values of the KIE are
below two, what makes the reaction of methane dehydrogenation by TagO; similar
to that by the atomic tantalum cation[82]. Moreover, these two ions carry out this re-
action in the gas phase at similar rates (k(*) = 1.15-:107° cm® s ! for Ta* at 300 K, and
k@ =7.00-1071° cm? s~ for TagO; at 300 K). Therefore, the theoretical treatment of
the reactivity of Ta™ towards methane might be applied to the reactivity of TagO5 .
For example, as noted by Parke et al., the Ta* /CH, system must undergo spin re-
arrangements at the reaction entrance channel in order to match the experimental
observation of the barrierlessness of the dehydrogenation reaction[136], what can
explain the comparatively low KIE values and reaction rates. Alternatively, the for-
mation of a hydrogen molecule may have rather high barriers and therefore can be
the rate-determining step, as was previously exemplified in the study of Ta*[136].
The relatively low KIE values of the regeneration of TagO; can be associated with
a high-barrier of the coupling reaction between two carbon atoms, as this process is
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not affected by the isotopic substitution of the hydrogen atoms.

Furthermore, the comparison of the kinetics of TagO; towards activation of dif-
ferent methane isotopologues proves the invalidity of the concept, that suggests
the explanation of the steady state by the presence of isomers with significantly
different reactivities. Several considerations must be noted for this interpretation.
First, if there were multiple isomers that reacted with methane with different rates,
then the initial cluster TagO; would eventually completely turn into the product
[TagO2CH,] ™, and the corresponding kinetic traces in Fig 3.1b would not exhibit the
steady-state behaviour. Second, the same result would be received even if one or
several isomers were unreactive, but interconversion between all the isomers was
feasible (i.e. they could transform into each other[157]). In this case the equilibrium
between isomers would be shifted toward the reactive ones due to their continuous
removal from the reaction. As a result, the conversion of all Tago;_ -clusters would
eventually be achieved. Lastly, in the case of kinetically trapped unreactive isomers,
the ratio of the intensity of the bare cluster to that after the dehydrogenation reac-
tion is not expected to be affected by the isotopic composition of methane. Indeed,
assuming that the distribution of isomers generated in the cluster source remains
the same all the time, the share of unreactive ones would stay identical in all the
experiments, and the reaction would proceed until the steady state with the same
[TagO,CH(D)S 1, ]

[TagOy5 L,
case, what already makes the explanation by unreactive isomers doubtful. Such be-

ratio is reached. Figure 3.4a shows that this, however, is not the

haviour (Fig. 3.4a) does not contradict though the hypothesis of a catalytic cycle, as
reaction rates of dehydrogenation and liberation of the product may depend differ-

ently on the isotopic composition of methane.
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bene moiety for the reaction of TagO; with CHy at 147 K. Reprinted with permission from
[149].

FIGURE 3.4: (a) Ratios
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An even stronger evidence against the "isomers"-theory is demonstrated in Fig.
3.4b. In this figure, the sums of the normalized intensities of ions containing and
not containing a -CH; moiety are plotted against the storage time (see figure caption
for details). The occurrence of the maximum (or the minimum, respectively) cannot
be explained by the presence of unreactive isomers, because in this case the "flat"
behaviour would be expected. A reaction cycle in turn provides an adequate model
of this observation. Indeed, the rates of dehydrogenation and product formation in
the cycle are significantly higher than the rates of the side-reactions of methane ph-
ysisorption. This quickly leads to the establishment of the steady state over the initial
period of time limited by the extremum around 15 ms in Fig. 3.4b. After some time,
the intensities of the products of methane physisorption become significant. Since
the physisorption occurs faster on the bare TagOZ+ than on the [TagO,CX,] " -clusters,
the summed intensities of all ions containing the -CH, motif slowly decreases in
time, until the only species present in the system are the products of physisorption.
All the considerations are summarized in Figure 3.5. It gives a clear evidence that
the reaction occurs via the catalytic cycle shown in Scheme 3.1.

3.2 Discussion

TagD,™ /}(\
“Clle FCHa M\ TagO,'
\ / I|||| K& Equil
! f Isom2 4 -~
+CA, / *H, j e TIsom2 - G, CHa 4 H,
Tag0,CH,"  Isoml Isom1 _/
Steady-state \/ \/ >< \/
Pressure
dependence \/ \/ — X
KIE affects V4 X v

steady-state

Progression of

-CH, species v X - v

FIGURE 3.5: Summary of possible scenarios to explain the reaction behaviour. The catalytic

cycle (first column) is the only model that provides an adequate treatment of the experimen-

tal observations. The interpretation based on the presence of unreactive isomers (columns

two and three) cannot explain the formation of the steady state or the observed kinetic iso-

tope effects. The suggestion of the chemical equilibrium between TagOz+ and [TagO,CH,|™

does not agree with the linear dependence of the reaction rates on the methane partial pres-
sure. Reprinted with permission from [149].

The kinetic experiments on small metal clusters are usually reinforced by DFT
calculations of potential energy surface (PES), along which the reaction system evolves.
The TagO; cluster however represents a too complex system, and accurate calcula-
tions of the corresponding PES would be very demanding. Even the structure of
this ion could not be confidently established in the experiment, as the assignment of
its IR vibrational spectrum was not unequivocally possible[158]. Nevertheless, even
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TagO; (CHa),*
-CHq LT +CH,§
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SCHEME 3.1: Proposed catalytic cycle for the reaction of TagO, with methane. Reprinted
with permission from [149].

though the detection of neutral reaction products is hampered by their extremely
low concentrations, some conclusions about the products of the cycle can be made
based on the thermochemical considerations and comparison to the literature. First,
among all possible products of C-C coupling reactions (see Table 3.1), ethane is the
most stable from the perspective of thermochemistry, even though the reaction of its
formation from two molecules of methane is already endorgonic. This does not con-
tradict with the observation of the reaction in the REIT experiment, because in a sys-
tem starting without any reaction products, their formation is thermodynamically
favored, as long as the overall Gibbs free energy of the system (A, G°) is negative, and
the equilibrium concentrations are not reached. The temperature dependence of the
reactions in the cycle is, at first sight, at odds with their endergonicity. This behav-
ior, however, has already been described previously for a different system and can be
explained by a combination of an adsorption pre-equilibrium and an apparent acti-
vation energy lower than the endothermic potential of the reaction[159]. Second, the
formation of ethane and molecular hydrogen was observed for tantalum-hydride-
doped silica catalysts[160]. The comparison of this work to the study of TagO; re-
veals numerous similarities in the reaction mechanisms in both systems (Scheme
3.2), even though the differences in their reaction environments and compositions of
catalysts are significant. Analogously to the mechanism proposed for the activation
of methane by TagOj, Soulivong et al. also discovered that the catalytic cycle initiates
through the formation of carbene species in the reaction of methane dehydrogena-
tion[160]. This carbene further undergoes a C-C coupling with another molecule of
methane, and the cycle closes with the elimination of an ethane molecule. The details
of the coupling mechanisms proposed for the gas-phase TagO, /CH, system and
supported tantalum hydride are, however, different. For the latter, the crucial step
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TABLE 3.1: Thermochemistry for the possible reactions at standard temperature and pres-
sure. For all individual reactions, standard molar enthalpies A.H°/Gibbs energies of forma-
tion A,G° are taken from Ref. [161]. Furthermore, the equilibrium constant (K) is calculated
from the equation K = exp(-A,G°/RT). (R denotes the gas constant with a value of 8.314

J/(K-mol).)
Reaction AH°(298K) / AG°(298K) / K (298 K)
kJ mol~! kJ mol !
2CHy — CGHg+H,; 652 69.0 8.0-10~13
2CHy — CHs+2H, 201.6 169.4 2.0-107%
2CHy — CHy; +3H, 376.6 310.9 32107
2CHy — 2CH; +Hy 4406 396.8 2.8:1077°

of methane activation is the HAT enabled by a carbene-hydride, which results in the
formation of methyl and elimination of an Hy. This methyl couples with the carbene
group which in turn brings about a HAT from another methane molecule. Finally, a
C,Hg is desorbed, and the remaining methyl reacts to form a carbene and hydride
(Scheme 3.2). In contrast, potential methyl species formed in the course of the gas-
phase reaction between TagO;r and CHy4 were not detected on our experiment, and
the kinetic analysis suggests that the coupling occurs directly via activation of the
second methane molecule by the carbene intermediate. Another difference to the
observations made by Soulivong et al. is that no side-reactions like further dehy-
drogenation or the migration of methyl groups[160] were observed in the gas-phase

experiment.
. CHy CHiCHs ¢y, " MMy ey Chs
. : —_— _
uriace:  ta—cH, Ta H—Ta—CH, ~  Ta
Trapped +CH N TN -C,H
fons: Tag0,*(CH,) —— HTag0,"(CH,) (CH;) — HTagO,*(CH,CH;) — = Tag0,*

SCHEME 3.2: Comparison of the proposed reaction mechanism for the catalytic non-
oxidative coupling of methane to ethane by supported silica-hidrides (top) and gas-phase
TagOZr (bottom). Reprinted with permission from [149].

The reaction of catalytic non-oxidative coupling of methane (NOCM) to ethane
in gas-phase was also observed on Pd,O"[147]. The reaction conditions in this work
are similar to the ones described in the Thesis with the multi-collisional thermalisa-
tion of clusters enabled in the reactor. The exact mechanism of methane coupling in
this reaction system however differs significantly from the one proposed for TagO;
and is much less unambiguous. It was suggested by the authors, that the reaction
of methane dehydrogenation, which similar to the reaction on TagO; leads to the
formation of carbene, occurs only after cooperative coadsorption of three methane
molecules on Pd;O" (Scheme 3.3). Since collisional stabilization of physisorbed
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species is more efficient at lower temperatures (because only the reaction of des-
orption, denoted by the reaction coefficient k; in the Eq. 2.4, depends on the temper-
ature), the reaction was only observed at the temperatures around 260 K. After the
reaction of methane dehydrogenation, which leads to the formation of Pd,OC3DY;,
a molecule of ethane is released thus reforming a Pd,OCD} (Scheme 3.3). Therefore,
not the Pd,O™ cluster itself takes part in the catalytic cycle, but rather its methanated

form.

SCHEME 3.3: Proposed reaction mechanism for the reaction of Pd,O" with methane.
Adopted from [147].

3.3 Summary

Conversion of methane mediated by TagO; in the gas phase proceeds through a cat-
alytic cycle, in which two molecules of CHy4 couple to form ethane and molecular hy-
drogen. Thorough kinetic analysis involving pressure- and temperature-dependant
experiments as well as isotopic substitution of CHy with CD4 allows to discard in-
terpretations suggesting the presence of unreactive isomers or a backward reaction.
At room temperature, the formation of the products of methane intact adsorption
is not observed; however, at lower temperatures these side reactions poison the cat-
alytic conversion. This reaction of NOCM was compared to its previous examples —
namely, by supported silica-hidrides and by gas-phase Pd,O™. The reaction mech-
anisms proposed for all three reaction systems demonstrate significant differences;
however, the process of C-C coupling itself most likely proceeds through the same
steps.
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3.4 Supplementary Information

Listed below (Eq. 3.7) are the reactions occurring in the catalytic cycle, described
in detail in the previous sections. The rate coefficients are denoted as k;, and their
values are listed in Table 3.2 for the reactions with CHy and in Table 3.3 for the
reactions with CDy. Note, that in Eq. 3.7a k; corresponds to the reaction of methane

dehydrogenation, whereas k_; stands for the TagO, regeneration reaction.

TasO; %_ TasO,CH; (3.7a)
TasO; \::22 TagO2(CHy)* (3.7b)
TasO,CH; ::3 TagO,CH, (CH, ) * (3.70)
TagO»(CH,)* % TasO2(CH,); (3.7d)
TagO,CH, (CH, )+ % TasO2CH, (CH, )} (3.7¢)

TABLE 3.2: Termolecular rate constants (k(3)) of forward reactions including k(_“? (in 1072

cm® s~1) and bimolecular rate constants (k(2)) of true back reactions (in 1074 cm3 s™1) of the

catalytic non-oxidative coupling of CHy on TagOj . The labelling follows Eq. 3.7. The abso-

lute error of 50% is estimated by the uncertainty of the pressure gauge, which is expected to
represent the largest contribution.

3 3 3 2 3 2 3 2 3 2
¢ A S S T S S S < A 1 SRR S AN v B N O

300 3.3 2.7

255 6.0 5.0

220 6.7 53

2060 73 5.7

197 7.7 59

189 106 8.6

182 132 112 03 25

157 204 229 09 <01 09 0.7 0.2 3.8 0.2 <0.1
152 219 248 138 <01 11 <01 1.0 132 0.6 25
147 241 267 25 <01 17 1.2 0.8 6.6 1.1 3.3
142 3.2 <01 23 4.1 1.1 7.2 1.5 24
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TABLE 3.3: Termolecular rate constants (k(3)) of forward reactions including k(ﬂ (in 1072
cm® s71) and bimolecular rate constants (k(2)) of true back reactions (in 10714 ecm?® s~1) of the
catalytic non-oxidative coupling of CD, on TagO; . The labelling follows Eq. 3.7. The abso-
lute error of 50% is estimated by the uncertainty of the pressure gauge, which is expected to

represent the largest contribution.

T P K P B P P g kP @

300 1.8 1.3

255 3.2 23

220 4.0 29

205 5.0 3.7

197 51 3.6

189 5.9 44

182 6.7 51

175 8.8 7.2 0.1 3.0

169 13.3 10.9 0.1 0.8 0.3 3.2
163 14.4 12.1 0.4 1.2 0.4 1.8

152 14.8 15.0 1.0 <0.1 0.9 0.2 04 1.3
147 17.2 20.0 2.7 <0.1 1.7 3.9 0.6 3.8 1.2 8.5
142 39 <0.1 2.7 1.3 1.6 6.9 1.8 4.7

Table 3.4 displays the values of KIE corresponding to the reactions 3.7a. The
values are calculated as described in the Eq. 3.5. Figure 3.6 exhibits mass spectra

TABLE 3.4: Kinetic isotope effect (KIE) corresponding to the reactions of the catalytic cycle.

T KIE (k1) KIE (k_;)
300 1.62 1.85
255 1.69 2.00
220 1.50 1.68
205 1.31 1.39
197 1.37 1.48
189 1.62 1.76
182 1.76 1.99
152 1.33 1.49
147 1.26 1.20

reflecting the products of reactions between Tago; and CHy in the REIT for specific
storage times and temperatures and the kinetic fits of these reactions. Figures 3.7 3.8
show additional plots of the sums of the normalized intensities of ions containing
and not containing a -CH, (-CD;) moiety against the storage time.

Figure 3.9 represents additional kinetic models for the reaction between TagO;
and CHy in the REIT. None of these models is capable of reproducing the experi-

mental data.
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FIGURE 3.6: Left: mass spectra of the TagO; /CHj-system measured at the storage time of

0.048 s (a), 0.1 s (b), and 0.036 s (c). Right: pseudo-first-order kinetic fits of the reaction be-

tween TagO; and CHy. The experimental data points correspond to the normalized intensi-

ties of the reactants, intermediates, and products marked as follows: l TagOF, e TagOZCHz+ ,

A TagO,CH, ¢ TagO,CH,CHJ,  TagO,(CHy);, % TagO,CH,(CHy)5 . Mass spectra and

kinetic fits correspond to the various temperatures of the reaction system: 300 K (a, d), 169
K (b, e), and 147 K (c, f). Reprinted with permission from [149].
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FIGURE 3.7: Sum of normalized intensities of ions containing a carbene-moiety (red), and
ions not containing a carbene-moiety (blue) in the reaction of Tago;_ with CHy at three dif-
ferent temperatures. Reprinted with permission from [149].
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FIGURE 3.9: Comparison of four additional reaction schemes of Tago;_ with CHy at 163 K.
The models are different to the two shown in the main chapter. a) Methane irreversibly
adsorbs on TagO; and then undergoes dehydrogenation to [TasO,CHy]"; the latter takes
up another molecule of methane to irreversibly form [TagO,CoHg] ™, which further reacts
to form the initial cluster. b) Tag;OiIr reacts directly to form [TagO,CH,] " in the reaction of
methane dehydrogenation. The cluster-methylene complex transforms into [TagO,CoHg]*
via methane physisorption, which is followed by the release of C;Hg and the regeneration
of the bare cluster. In addition, a reversible clustering of methane on TagO; occurs in the
parallel reaction. c) Methane reversibly adsorbs on Tago;_ to form [TagO,CHy4]T, which
converts into [TagO,CH;]" in a single dehydrogenation step. The carbene reacts directly
to the bare Tagoz+ . The model includes the intact adsorption of methane on [TagO,CH,] ™"
in parallel to the main reaction channel. d) TagO;r transforms into [TagO,CH;] " through a
dehydrogenation process. The reaction back to TagO; does not occur. Both species enable a
reversible methane clustering. Reprinted with permission from [149].
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4 Spectroscopic Identification of the [4Ta,C,2H]"
Structure

IRMPD is an important analytical tool which provides information about structures
of reaction intermediates, complementary to kinetic data. Knowledge about struc-
tures of intermediates and products provides insights about reaction mechanisms
and thus facilitates the rational design of state-of-the-art catalysts. A rich body of
literature addresses the problem of methane activation by charged transition metal
atoms and clusters. In particular, the structures of the products of methane dehy-
drogenation by atomic cations of several metals were probed by IRMPD[162-167].
Prior to this work, the structural investigations of methane activation by clusters
were limited only to the characterization of intermediates from the entrance channel
(i.e.methane adsorption and insertion of the metal into the C-H bond) for cationic
gold[168] and platinum[169, 170] clusters.

Previously, the DFT calculations supporting the study of methane activation by
Taj revealed that a carbide dihydride structure of the intermediate [Tas,C,2H]" is
energetically preferred over a carbene structure[111]. This compound was found to
be very reactive towards O;, potentially enabling the formation of such products
as syngas and/or formaldehyde[86]. It is therefore essential to determine the exact
structure of the [4Ta,C2H]" compound. It must be noted, that previous IRMPD
studies of [M,C,2H] " structures identified exclusively carbenes (-CH,) and carbyne
hydrides (-H and -CH) moieties[162-167].

This chapter describes in details the IRMPD-characterization of [4Ta,C,2H] " sup-
ported by quantum chemical calculations. It demonstrates, that spectra of [4Ta,C,2H]*
are dominated by vibrational bands of an HTa4C™" carbide dihydride over those in-
dicative for an HTa4CH™ carbyne hydride. This finding was verified by an exper-
iment employing various methane isotopologues. The text of the chapter is based
on the publication "Carbide Dihydrides: Carbonaceous Species Identified in Ta; -
Mediated Methane Dehydrogenation" written by J. Lengyel, N. Levin, M. Tschurl, U.
Heiz (Technical University of Munich, Chair of Physical Chemistry), F. Wensink, O.
Lushchikova, J. Bakker (Radboud University, Institute for Molecules and Materials,
FELIX Laboratory), R. Barnett, and U. Landman (Georgia Institute of Technology,
School of Physics)[171].
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41 Results

The IRMPD spectra were obtained in the FELICE experiment at the FELIX lab, Ni-
jmegen, the Netherlands. The parameters of the experiment are given in the section
4.3. The details of DFT computations performed by J. Lengyel, R. Barnett, and U.
Landman can be found in the Supporting Information of the Ref. [171].

Figure 4.1 shows experimental IRMPD- and calculated DFT spectra of[4Ta,C,2H] "
and some of its isotopologues. The experimental spectra correspond to the fragmen-
tation into the channel of [4Ta,C]™.
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FIGURE 4.1: Top row: experimental IRMPD spectra of [4Ta,C,2H]* (A), [4Ta,'2C/13C,2H]*
(B), and [4Ta,C,H,D]" (C). Corresponding calculated spectra are displayed in rows I-1II for
three different structures, namely: carbide dihydride (I), carbyne hydride (II), and carbene
(III). Modelling harmonic spectra were calculated and scaled at the PBE+D2/TZVP level of
theory. The energy values (in units of eV) of various isomers are related to the lowest-energy
structural isomer (marked as "0 eV"). Reprinted with permission from [171]

Two broad features are observed in the Fig. 4.1A at 695 and 1400 cm~!. The for-
mer one has a shoulder at 630 cm ™!, indicating the presence of an additional band.
Another low-intense resonance is situated between two most prominent bands. The
calculated spectrum of a carbene isomer does not predict any peaks above 700 cm ™,
other than a tiny signal at 1200 cm™~!. In contrast, two other calculated spectra (for
carbide dihydride and carbyne hydride) demonstrate a much better accordance with
the experimental results. In particular, the experimental feature around 1400 cm !
corresponds to the Ta-H stretch vibration, and the one around 695 cm ™! to the Ta-C
bond stretching. These findings already suggest that the structure of [4Ta,C,2H]"
most likely is represented not by carbene. However, a distinction between the other
two proposed structures cannot be made based on this one experimental spectrum
only. Therefore, the spectra of [4Ta,C,2H]" were compared to the spectra of its

isotopologues. Fig. 4.1B shows the results of the experiment with the mixture of
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12CH, /BCHj,. Both gases were injected in the flow tube in a 1:1 proportion, and the
IRMPD spectra were recorded for both isotopes simultaneously to avoid calibration
errors. The substitution of >C with its 1*C isotope leads to the red-shift of about
27 cm~ ! of the peak at 695 cm L. This peak, however, remains at the same position
upon deuteration of methane (Fig. 4.1C), what confirms that it indeed derives from
the vibration of a C-bond. The shift of a peak position upon isotopic substitution
has an origin similar to that of the kinetic isotope effect (KIE), which is explained
in the subsection 3.1.3. The best agreement with the experimental results is demon-
strated by the calculated spectrum for carbide dihydride (Fig. 4.1B:I). The presence
of carbyne hydride cannot be discarded nonetheless, even though the shift of the
C-H vibrational frequency around 630 cm~! is less pronounced upon 2C/!3C sub-
stitution. It can be suggested therefore, that in Fig. 4.1A the peak at 695 cm ™! stems
from Ta-C stretching in carbide dihydride, and the one at 630 cm~! from the motion
of a C-H group in carbyne hydride.

When one hydrogen atom in [4Ta,C,2H] " is replaced by a deuterium atom, sev-
eral additional pronounced features appear in the IRMPD spectrum (Fig. 4.1C). The
most intense of those is the peak around 1000 cm ™. In the meantime, the intensity
of the peak at 1400 cm ™! is remarkably reduced. The shifted positions of the peaks
in [4Ta,C,H,D]" in comparison to [4Ta,C,2H]" can be attributed to the vibrational
bands predicted by DFT-calculations (Fig. 4.1C:I-III). Thus, the new peak around
1000 cm™~! matches the Ta-D vibration in both carbide dihydride and carbyne hy-
dride. This also explains the reduction of the intensity of the peak at 1400 cm™!:
as one of the H-atoms is replaces by a D-atom, the intensity of the Ta-H vibration
declines accordingly. A further distinction based on the experimental spectrum of
[4Ta,C,H,D]* is impeded by the similarity of the calculated spectra corresponding
to these two structures.

Further investigation is based on the dissociation patterns of [4Ta,C,2D]", in
which both hydrogen atoms are replaced by deuterium. Due to a very large KIE as-
sociated with dehydrogenation of methane by Ta; [111], mass spectra of the Ta; /CD,
and Ta; /CD,H, systems are dominated by the product of the intact methane ad-
sorption (Fig. 4.3). The IR-induced fragmentation of this species contaminates the
fragmentation channel of [4Ta,C,2D] ", which leads to the overlapping of vibrational
features from [4Ta,C,2D]" and TaZ(CD4) / TaZ(CHQDZ). In order to deduce the ef-
fect of perdeuteration on dissociation energies, the IRMPD spectra of methane (CDy
and CH;D,) complexes on [4Ta,C,2D] " were compared with the spectra of methane
complexes on bare Ta; (Fig. 4.2A,B). Due to the phenomenon of internal vibrational
energy redistribution and relatively low binding energies of adsorbates, a single act
of fragmentation requires fewer photons what is reflected in less broadened spectral
peaks [172]. However, the presence of loosely bound methane molecules brings in
additional absorption bands in the spectra. As can be seen in Figures 4.2(A,B), these

bands occur at the high-energy end of the spectra (above 900 cm ). This conclusion
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can be made based on the similarity between spectral features of the methane com-
plexes of both bare Ta;r and [4Ta,C,2D], in this energy region. In addition, ground
state vibrational frequencies of free methane molecules[173], marked with dashed
lines in Fig. 4.2(A,B), almost coincide with peak maxima. Slight mismatches be-
tween peak positions and dashed lines can result from the complexation with tan-
talum clusters. A split band at 690 and 720 cm~! is not featured in the spectra of
[4Ta]"-(CDy), and [4Ta]™-(CH;Dy),, and it can be therefore concluded that it rep-
resents one of the adsorption bands of [4Ta,C,2D]". The DFT computations predict
a Ta-C stretching and a Ta-D-Ta bending vibrations at 687 and 706 cm ™! in the car-

bide dihydride isomer, what perfectly matches the experimental spectra. However,
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FIGURE 4.2: Panel A: experimental IRMPD spectra of [4Ta,C,2D]"+(CDy), (black line) and
[4Ta]"-(CDy), (red line). Panel B: experimental IRMPD spectra of [4Ta,C,2D]*"-(CH,D,),
(black line) and [4Ta]"-(CH,D,), (red line). Panels (I-1II): modelled spectra of HyTayC™
carbide dihydride (I), HTayCH" carbyne hydride (II), and Ta4CH£Ir carbene (III), calculated
at the PBE+D2/TZVP level of theory. Experimental IR frequencies of free methane moieties
are marked by vertical dashed lines[173]. The energy values (in units of eV) of various
isomers are related to the lowest-energy structural isomer (marked as "0 eV"). Reprinted
with permission from [171]

even though the same computations for both carbide dihydride and carbyne hydride

suggest several peaks below 900 cm ™!

, no signals in addition to the aforementioned
doublet around 700 cm~! were detected experimentally in this region. This can be
explained by the low efficiency of the excitation of respective vibrational modes,
what in principle agrees with relatively low calculated intensities of these peaks.

Therefore, the presence of carbyne hydride can be neither discarded nor confirmed
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based on this spectrum only.

4.2 Summary

The structure of the [4Ta,C,2H]"-compound, an intermediate formed in the reaction
of methane dehydrogenation by Ta;, was investigated by means of IRMPD spec-
troscopy supported by DFT calculations of its various isomers. The analysis of the
IR spectra did not show any features which would evidence the presence of a car-
bene isomer. The distinction between carbyne hydride and carbide dihydride is
based on the examination of the IR patterns resulted from isotopic substitutions of
the carbon and hydrogen atoms. Thus, the split band at 690 and 720 cm ! was un-
ambiguously assigned to a Ta-C stretching and a Ta-D-Ta bending vibrations in the
carbide dihydride isomer. Such type of products of methane dehydrogenation has
not been reported previously for other metal-cluster systems and was believed to
be too endothermic to be considered[165, 166]. This study shows that this structure
must not be neglected. The presence of the carbyne hydride structure of [4Ta,C,2H] "
cannot be discarded though, as the bands at 630, 695, and 1400 cm ™! inits IR spectra
can be assigned to the Ta-H and Ta-C vibrations.

The dominance of the carbyne hydride isomer can justify the formation of valu-
able products in the reactions of TayCH; towards oxygen[86]. In this regard, IRMPD
spectroscopy has again proved to be a valuable complementary technique to gas-
phase kinetic experiments, and gas-phase studies in general have been demonstrated
to be a useful tool to investigate the chemistry of metal-cluster catalysts.

4.3 Supplementary Information

Given below are the details of the experiment on the structural analysis of [4Ta,C,2H] "
performed at the Free Electron Laser for Intra-Cavity Experiments (FELICE) facility.
More specifically, the process of the cluster formation and the parameters of the laser
radiation are described.

Charged tantalum clusters are generated in a Smalley-type laser ablation cluster
source[62]. More specifically, a pulse of the second harmonic of a Nd:YAG laser
(Quantel Brio, 80 mJ/pulse, 532 nm wavelength, 5 ns pulse length, 10 Hz repetition
rate) ablates a rotating and translating metal rod driven by a two-phase stepper mo-
tor. The produced metal plasma expands into a molecular beam channel, one end
of which is connected to a gas valve (General Valve Series 9, backing pressure up to
8 bar) to inject buffer gas, and the other one — to a copper reaction flow tube. The
helium buffer gas enables cluster formation and plays the role of the cluster carrier.
Reactant gases are injected in the flow tube via a pulsed valve (General Valve Series
9). Upon leaving the reaction channel, the ion beam first undergoes expansion into

vacuum and is then shaped by a skimmer and a slit aperture to enter the interaction
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chamber, where it interacts with an IR laser pulse. A pulse of high voltage applied to
the ToF acceleration plates bends ions into the reflectron-ToF tube (R ~ 1500), where
the ion masses are recorded by a chevron-type microchannel plate detector.

During the experiments at FELICE, the molecular ion beam is studied inside
the optical cavity of the FEL, which greatly enhances the intensity of the radiation
accessible to the studied molecules and ions. In the FELICE experiment discussed in
this thesis, the spectral range covered 300 to 1800 cm ! and consisted of two regions
corresponding to different energies of used electrons. The 8-us-long macropulses
were characterised by a spectral width (full-width at half-maximum) of ca. 0.6%
of the central frequency and the repetition rate of 5 Hz. Their energy ranged from
0.5 at 1800 cm~! to 1.1 J at 600 cm ™!, and the maximum IR fluence amounted to 5
J/cm? at 1800 cm L. Since FEL operates at 5 Hz frequency, and the Nd:YAG laser for
cluster generation at 10 Hz, each measurement of fragments can be compared with
an aforegoing measurement of parent ions. The resulting spectra are converted to
laser-power corrected fragmentation yield Yy(w):

(4.1)

Yi(w) = ln<1 + If(w)—l(w)>’

Ip(w)

where If(w) and I,,(w) are the integrated intensities of fragment and parent ions
after IR laser irradiation at frequency w, and and Iy is the integrated intensity of
fragment ions without laser irradiation.

The IRMPD spectra recorded in this work represent the fragmentation-yield chan-
nel [4Ta,C,2H]" —— TasC" + Hy. The endothermicity of this reaction calculated
at PBE+D2/TZVP level of theory amounts to 1.2 eV for the carbene, 1.8 eV for the
carbide dihydride, and 1.9 eV for the carbyne hydride. The dissociation therefore
requires the absorption of multiple photons.

The theoretical atomic arrangements and vibrational characteristics were obtained
using Born-Oppenheimer spin-density-functional theory molecular-dynamics(BO-
SDFT-MD) calculations performed by R. Barnett and U. Landman[174]. In addition,
IR spectra and reaction energetics were modeled by J. Lengyel with DFT calculations
at the PBE/TZVP level of theory[175] with Grimme’s D2 dispersion correction[176]
as implemented in the Gaussian package[177]. In this work, the experimental mea-
surements are compared to the results from the latter one due to excellent agreement
between results obtained with both calculation approaches. Harmonic frequencies
were scaled by the factor of 0.96 to correct for anharmonicities, and convoluted with
a20 cm~! (47 cm~! FWHM) Gaussian line-shape function to facilitate comparison
to the experiment. More detailed description of the DFT computations along with
the tables of vibrational frequencies of [4Ta,'2/13C,21/2H] " isomers can be found in
the Supporting Information of the Ref. [171].
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5 COs-activation by size-selected tantalum
cluster cations (Ta;” /)

The gradually increasing level of CO;[25], the primary greenhouse gas, poses an
unignorable threat of global warming[178]. Therefore, control and reduction of CO,
emissions represent the most significant environmental challenge for the industry
and energy production sector. One way to tackle this issue is to employ catalysts
to convert carbon dioxide into industrially valuable products[179], which may also
help mitigate the dependence on depleting fossil fuels.

In recent decades, numerous kinetic studies were performed to elucidate reac-
tion patterns in the interactions between charged metal clusters with CO; in the gas
phase[96, 97,101, 103, 104, 109]. Tantalum compounds serve as ideal model systems
for studying this reaction due to the element’s unique reactivity originating from
relativistic effects, which for example play an important role in Ta-C bond forma-
tions, or its oxophilicity, which represents a strong driving force in reactions with
oxygen-containing species[73, 83]. Furthermore, tantalum was also found to be one
of the few elements whose singly charged atom cations promote decarbonylation of
CO; molecules[96]. In the course of this reaction, the tantalum cation is getting oxi-
dized with the formation of TaO™, and a neutral CO moiety is released into the gas
phase. For bare tantalum clusters this oxidation may lead to additional complica-
tions, as the oxophilicity of the metal results in a highly exothermic oxide formation
so that even under multi-collision conditions fragmentation may occur. Such a sce-
nario is observed for small and intermediate tantalum cluster cations when being
reacted with O,[123, 124], and only for clusters with more than 12 atoms fragmenta-
tion by the ejection of TaO units is not observed any longer[180]. However, as CO,
is a much weaker oxidant, it is questionable if such a pathway does occur at all in
reactions with carbon dioxide.

In this chapter the reaction sequences of bare tantalum cluster cations Ta; (n =

1-16) with CO, under multi collision conditions is present.
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5.1 Results

As can be seen in the mass spectra in Fig. 5.1, the reaction of CO, (Westfalen, 5.0)
with tantalum cluster cations follows two different pathways. The priority of either
of them depends on the cluster size and on the number of CO, molecules that have
already reacted with this cluster.
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FIGURE 5.1: Mass spectra of size-selected Ta,; (n = 1-6) and the corresponding products

of their reaction with CO, after being stored in the ion trap for 29 ms. Peaks denoted by

asterisks indicate products of molecular adsorption of CO,. The total pressure in the trap
amounts to 0.82 Pa, the proportion of carbon dioxide in the mixture is 10 ppm.

Already upon the association with the first CO,, Ta,} clusters facilitate both path-
ways depending on the number of atoms in the clusters: the first pathway represents
a decarbonylation process, in which an oxygen atom transfer (OAT) from CO; to
the metal species is accompanied by a loss of neutral CO, thus yielding a tantalum
monoxide Ta,O". The second reaction occurs via the adsorption of carbon diox-
ide and subsequent formation of products with elemental composition [Tan,C,20] .
Both reaction pathways can be expressed accordingly:
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Tal + CO» 1 Ta, O + CO, (5.1)
k
Ta! 4+ CO, = 2 Ta,COJ, (5.2)
-2

where kq, ky, and k_, denote the rate coefficients of the respective reaction. In a
very good approximation, the decarbonylation reaction (Eq. 5.1) can be considered
irreversible and, therefore, its back reaction can formally be omitted. This assump-
tion is justified by the very low concentrations of CO in the trap, what originates
from low reaction conversions due to the low amount of clusters in the trap and a
constant replenishment of the reactant gas. In contrast to the OAT, it remains un-
clear for the second pathway, whether a C-O bond is cleaved or even weakened,
because mass-spectrometric detection alone does not supply any structural infor-
mation on the investigated compounds. However, as the observed reactions occur
at room temperature and in a consecutive manner, they can be easily distinguished
from a mere condensation/physisorption of CO,. It seems thus much more likely
that a chemisorption process occurs in these reactions. Different to an oxidation by
dioxygen[123, 124], fragmentation of the metal clusters is not observed. Further-
more, formation of carbides (Ta,C") or a release of one oxygen molecule (Ta,CO™)
does not occur as well. The selectivity of the two reaction pathways can therefore be
expressed with the corresponding branching ratios (BR), given for the OAT by:

kg
kg +ky

When evaluated as a function of cluster size, the BRs of the reaction with the
first CO, molecule (Tab. 5.1) exhibit a particular trend (Fig. 5.2a). While species with
less than six tantalum atom exclusively undergo OAT, larger clusters start to fea-

BRoar = (5.3)

ture the incorporation of entire CO, molecules without a desorption of any neutral
fragment. While this second reaction pathway is already observed for Ta;, it only
becomes the dominant reaction for Tag and larger clusters. For the clusters of such
sizes BRs toward OAT lie in the range of 0-30% (Fig 5.2a). The reaction behavior of
Ta; marks the transition from one reaction regime into another and reflects prop-
erties of both small and larger clusters. On the one hand, this cluster preferably
enables decarbonylation of CO; with a BRpar of 87+12%, sharing this characteristic
with the reactions of smaller clusters. On the other hand, adsorption of CO, without
desorption of a neutral already becomes a significant pathway that is dominant for
larger sizes. When the reactivity of both pathways is evaluated, it becomes appar-
ent that the decrease of the OAT rates (Fig. 5.2b) is compensated by the increase in
the rates of CO; adsorption. This results in a modest but constant rise of the total
reactivity, which is the sum of both reaction rates (or rate coefficients), with increas-
ing cluster size (Fig. 5.2c). The origin of the particular reaction behavior most likely

stems from an increase in the steric factor for larger clusters and further indicates
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TABLE 5.1: Bimolecular rate coefficients k() in units of 1078 cm® s=! and branching ratios

(see Eq. 5.3) of the first-step CO,-decarbonylation and CO,-adsorption reactions by bare

Ta,; . For each cluster size an average value of two or more measurements is presented with

error bars reflecting corresponding statistical uncertainties. Fractions of CO; in buffer gas
vary between 10 and 25 ppm, the total pressure in the trap is 0.82 Pa.

n ng) ng) BROAT

1 1.1+0.1 100

2 1.610.2 100

3 2.7£0.1 100

4 3.3+0.3 100

5 3704 100

6 54+1.3 100

7 52433 0.8+0.7 87.4+12.1
8 1.440.9 3.5+2.5 29.1£19.8
9 0.5+0.4 59+3.1 8.4+7.5
10 0.6+0.4 7.31+2.7 7.84+5.5
11 0.1+0.1 55+£1.7 1.7£1.7
12 2.6£1.1 49+1.5 34.6+114
13 22+0.1 55+£1.6 28.4+6.1
14 0.7£0.5 6.8£2.9 9.0L£6.6
15 1.5£1.5 7.6+1.2 16.3+13.8
16 1.1+1.1 7.1+£1.38 13.1£11.8

that the course of the reaction features similar characteristics (e.g. similar reaction

steps) even for different cluster sizes.

5.1.1 Reactivity of Ta]  -clusters

As shown in Fig. 5.1, small Ta; clusters with n = 1-6 can react with CO, with sub-
sequent CO elimination. In this case, multiple decarbonylation steps, i.e., tantalum
oxidation, occur in a sequence of consecutive reactions, and the number of such steps
is strongly size-dependent. While all these small clusters are characteristic to facili-
tate the decarbonylation as a first reaction step, only monomer, trimer, and tetramer
exclusively form tantalum oxides in all the consecutive reaction steps. Dimer and
pentamer strongly prefer decarbonylation, but a trace amount of intermediates cor-
responding to CO, adsorption are detected in the mass spectra as well. Ta/ forms
exclusively an oxide in the first reaction step, but features significant rates for both
reaction pathway in every consecutive reaction step until the clusters are saturated
with CO,.

The atomic tantalum cation, Ta®, was found to be selective toward the decar-
bonylation reaction and facilitates two consecutive reactions yielding TaO; and two
CO molecules as products. The bimolecular rate coefficient of decarbonylation reac-
tionsis 1.1 £0.1 x 1078 cm3 s~! for both the first and the second steps. The observed
two-step reaction is in line with the previously reported Ta*-mediated activation of
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FIGURE 5.2: Selectivities and total reactivities of bare tantalum clusters Ta;} (7 = 1-16) in
their reaction with the first CO, molecule. a) Branching ratios of the oxygen atom transfer
(BRpar) for a reaction between the first CO, molecule and bare Ta{r_16 clusters; b) bimolecu-

lar rate coefficients (k(z)) of the decarbonylation reaction (black) and the adsorption of CO,

without fragmentation (gray); c¢) bimolecular rate coefficients of the total reactivity. For each

cluster size an average value of two or more measurements is presented with error bars

reflecting corresponding statistical uncertainties. All data represent values obtained at the

total pressure of 0.82 Pa in the trap with the proportion of carbon dioxide in the mixture of
10 ppm.

CO; by the groups of Schwarz[85] and Bohme[96]. Their reaction rates are, how-
ever, an order of magnitude lower than those received in our experiment. This dis-
crepancy can be explained by significantly different reaction conditions in all three
experiments. It ought to be mentioned that this work focuses not on reporting the
absolute rate coefficients but rather trends in relative reactivity, providing how clus-
ter size affects the CO, activation. Tazr is more reactive than the monomer, with a
rate coefficient of 1.6 = 0.2 x 1078 cm?® s™! for the first decarbonylation step, and
offers four consecutive decarbonylations with gradually increasing reaction rates.
For larger clusters in this series, i.e., Ta;L —Tag, the number of successive decarbony-
lations typically increase with increasing cluster size, as shown in Fig. 5.1. Eq. 5.4
summarizes this sequential process, which yields tantalum oxides with maximum
coverage of Ta;| clusters with oxygen:

+ +COZ + +COZ +C02 +
Ta, W Ta,,O W W Ta, O, (54)

For example, the final oxidation product for the trimer and the tetramer is Ta3,4O§,
for the pentamer is Ta1507+ , and for the hexamer Ta6O;r . The bimolecular reaction
coefficients for the reactions of bare Ta;_g with CO, are listed in Table 5.2.

An upward trend in the reaction rates associated with decarbonylation of CO,
is also found for the first reaction step (Fig. 5.2b), indicating that larger clusters

are more reactive than smaller ones likely due to a more efficient uptake of CO,
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molecules by larger tantalum clusters (as their geometrical cross-section increases as
a function of the cluster size). This hypothesis is supported by comparing Figs. 5.2b
and 5.2¢, when the overall reactivity (decarbonylation and adsorption) is gradually

increasing even for clusters with n > 7.

5.1.2 Reactivity of Ta;) , -clusters

Ta; and larger clusters exhibit the adsorption of an entire carbon dioxide species in
every reaction step. Consequently, the kinetic models (Fig. 5.7) become quite com-
plex following the scheme displayed in Fig. 5.3. However, for all larger clusters CO,
adsorption without fragmentation in general dominates over OAT. This trend is par-
ticularly pronounced at later reaction steps, in which usually only this pathway is

observed.

+CO,

Ta; <o Ta,O" Ta, 03 D
o
1S)
¥
Ta,CO; Ta,0CO; Ta,0,CO;
Tan(Coz)E TanO(COZ)E TanOZ(COZ)E

FIGURE 5.3: Reaction scheme for Ta, -clusters with n>6 for several

consecutive reactions with CO,. In every reaction step, both reaction

pathways are in principle enabled, but ultimately adsorption of CO,
without any fragmentation prevails entirely over OAT.

The rates of decarbonylation change accordingly, as shown in Fig. 5.1b. While
Ta;r facilitates the reaction with the rate of 5.2 + 3.3 x 1078 cm3®s~1, similar to Tag,
the same reaction on Ta; is four times slower. Only trace amounts of Ta;;O" are
observed in the mass-spectra, which may come unfiltered from the cluster source or
be the result of interactions with residual water in the ion trap. However, Taf2 and
Ta;, both reduce CO, with significant rates: 2.6:£1.1 x 10 8cm3s~! and 2.2+0.1 x
10-8cm3s ! respectively. Moreover, Taj; can perform three, and Taj; — two consec-
utive OAT reactions. It ought to be mentioned that in the case of large Ta, -clusters,
the adsorption of CO; starts to be dominant. Therefore, the rate of the total reactivity

(2)

of an initial cluster, k;; , has to be expressed as:

K2 = kP + k), (5.5)

to

where k§2) and kéz) are the bimolecular rate coefficients for decarbonylation and in-
tact adsorption, respectively. As shown in Fig. 5.1c, the rate coefficients measured
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as a function of cluster size are gradually increasing with increasing size of Ta,
clusters, even in the case when the reaction rates of decarbonylation significantly
drops (Fig. 5.1b). Kinetic modelling reveals that compounds with compositions
Ta7_16(COZ);r>0 are not intermediates for Ta7_16O(COz);1. Therefore, these two
types of species must be considered products of different reaction channels, which
infers that species with formally intact adsorption of CO, represent stable products
rather than quenched intermediates.

5.2 Discussion

The results of the reactions of bare Ta,! (n=1-16) clusters exposed to carbon dioxide
demonstrated strong dependence of the degree of Ta; -oxidation and CO,-adsorption
rates on the number of Ta atoms in a reactant cluster. Geometric as well as electronic
effects may be considered to affect the reactivity and will be discussed in the follow-
ing in application to the current study. The total reactivity of small bare Ta; , scales
almost linearly with incrementing number of Ta atoms in a cluster (Fig. 5.2). The
observed behaviour may be attributed to the increase in the sizes of clusters, which
in turn may lead to the increase of the reaction cross-section. For larger clusters
(Taj_,4), the dependence of the total reactivity of a bare cluster on its size flattens,
what is in line with the assumption that the steric factors of large spherical clusters
(and consequently their collision rates) follow roughly n'/? dependence, where 7 is
the number of atoms in a cluster. This is supported by the calculations performed
by Fa et al. for Tay (N=2-23), predicting that all clusters in the investigated range
have convex shapes with the exception of Tajs, thus suggesting the increase of the
cluster’s size with each addition of one Ta-atom[181]. Apart from reaction rates and
selectivity towards decarbonylation of CO,, the reaction properties stay nearly the
same and no pronounced size effects are observed.

Molecular configurations were investigated both experimentally and theoret-
ically in previous publications for selected oxides of Ta-clusters. It was discov-
ered, that oxygen atoms bind a metal core in a bridging manner[111, 182, 183],
thus limiting the number of available sites of bonding. Therefore, based on the pro-
posed geometries of Ta, clusters[181], much higher oxidation states are expected
in the final products of reactions of Ta,, with CO,, than it has been observed in
the experiment. For example, Ta;f, which has a shape of a slightly Jahn-Teller-
distorted tetrahedron[111, 181] with six edges, can indeed bring about six consec-
utive OATs in reactions with CO,, but Tagr, whose shape is calculated to be a heav-
ily distorted trigonal bipyramid[111, 181], can only perform seven decarbonylation
steps, with the the rate of the seventh step being largely suppressed in comparison
to the sixth one. To explain this phenomenon, electronic effects must be regarded
as well. Activation of a CO,-molecule, which represents a closed-shell system, by
atomic cations of transition metals is promoted by donation of electrons from d-
orbitals into a 77*-antibonding molecular orbital of CO,, thus bending and loosening
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the C=0 bond, which may lead to its complete rupture and formation of a metal-
oxygen bond stronger than that of CO-O. Therefore, the probability of an OAT from
a CO;, molecule to a metal cation depends on the availability of valence electrons on
the metal centers. It can be thus inferred, that metal cores in Ta;  -oxides with specific
oxidation states of Ta do not possess enough electronic density to promote activation
of yet another molecule of carbon dioxide.

The oxidation of bare Ta clusters by CO; is in striking contrast with the results
of the kinetic study on the reactivity of bare Ta; -clusters towards O,. In this study,
typically much higher oxides were observed[123, 124, 180]. This can be directly ex-
plained with significantly different thermodynamic preconditions: carbon dioxide is
almost 400 kJ /mol more stable than molecular oxygen. This can be attributed, again,
to the closed-shell stabilization, thus making the activation of CO; energetically less
efficient. Thermochemical effects are also reflected in the stability of metal clusters.
Heat released in the reactions between small Ta,l and O,, destabilized the metal core
facilitating the release of TaO neutral fragment; however, no degradation of metal
clusters was observed in the reaction towards CO,.

Electron density and structural features may cause the transition between almost
exclusive O-atom transfer from a CO, molecule to smaller Ta, clusters (1=1-6) to
the formation of COz-adducts on larger clusters. Assuming a less exothermic reac-
tion and a progressing delocalization of d-orbitals hindering the activation of carbon
dioxide, the intermediate cluster-CO, complex can be stabilized more efficiently, and
the corresponding signal occurs in the mass-spectra for larger Ta,! clusters. Similar
effect was previously observed in the study of large Ta-cations (Taj; ,,) in their re-
actions with molecular oxygen[180].

5.3 Summary and Outlook

The gas-phase kinetic experiments reveal two regimes in the reactivity of bare cationic
Ta;} clusters (n = 1-16) towards carbon dioxide. In the first regime, Ta; . perform ex-
clusively decarbonylation reactions upon association with the first molecule of CO,,
i.e. an OAT from the CO; molecule to a metal cluster followed by the desorption of
a neutral CO. The number of such consecutive OATs that a cluster can perform and
corresponding reaction rates are size-dependent. Slow reactions of CO, adsorption
not followed by the release of a neutral fragment were also observed for Ta;, TaJ,
and Ta, . In the second reaction regime, the dominant pathway for larger tantalum
clusters (Ta; ;) is the adsorption of CO,, what is reflected in the branching ratios
of OAT (Eq. 5.3) being lower than 50%. These clusters exhibit rather complex re-
action patterns, where the products of CO, adsorption are also capable to perform
OATs. Ta; represents the transition from one reaction regime into another and re-
flects properties of both small and larger clusters.

The abrupt change of reaction behaviour can be related to its thermodynamics.
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Preliminary DFT calculations made by Johannes Margraf (FHI Berlin) using har-
monic approximation already demonstrate a significant drop of the heat of the OAT
reaction for Ta; in comparison to the smaller clusters (Fig. 5.4). Calculated heat ca-
pacities of Ta;\, n = 2,4,6,8,10 show that larger clusters heat significantly less because
they have more vibrational modes to distribute the energy in. Taken together, these
results support the idea that the CO desorbs from the small clusters because they
heat up much more during the reaction. Such heat effects may play a crucial role in
heterogeneous catalysis[184] too, and aspects such as the catalyst’s heat capacity or
the thermal coupling to the support may prove essential for the reaction outcome.
Taking into account vibrational anharmonicities will bring more quantitatively ac-
curate results for small clusters (e.g. Tazr and Tajf).
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FIGURE 5.4: Reaction energy for Ta,} + CO; — Ta,O" 4+ CO, n = 24,6,8,10. The reac-
tion of OAT by Tag is much less exothermic than the one performed by smaller clusters.
Preliminary results, calculated by Johannes Margraf (FHI Berlin).
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FIGURE 5.5: Integrated heat capacities of Ta,f, n =2,4,6,8,10. The position at which a curve

crossed the dashed line shows how much the corresponding cluster would heat up from

OK if one puts 1 eV of energy into its vibrational modes.Preliminary results, calculated by
Johannes Margraf (FHI Berlin).

5.4 Supplementary Information

This section provides additional information on the reaction kinetics. Tables 5.3,5.2,5.4
list the reaction rates of CO;-decarbonylation and adsorption reactions by bare and
ligated Ta,; (n = 1-10). Figure 5.6 exhibits mass spectra of bare clusters Taf,z,4,5,6 and
the products of their reaction with C!30,. The comparison with Fig. 5.1 confirms the
correct assignment of the observed masses. Finally, figure 5.7 displays kinetic traces
for the reactions of isolated bare Ta;}, n = 1-10 with COs.

For the DFT computations of Ta,; and Ta,O", the ORCA package with the revPBE
functional and def2-TZVP basis set was used[185-187]. Geometry optimization were
carried out with tight convergence settings for both the self-consistent-field and op-
timizer. To verify that the optimized geometries are true minima on the potential en-
ergy surface, frequency calculations were carried out, and the absence of vibrational
modes with imaginary frequencies was confirmed. Reported reaction energies in-
clude the zero-point vibrational energy contribution, but no thermal effects. Heat
capacities were calculated within the harmonic approximation. Initial geometries of
global minimum structures were taken from the work of Du and coworkers[188].
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TABLE 5.2: Bimolecular rate coefficients k) in units of 1078 cm3 s~ of consecutive CO,-

decarbonylation and adsorption reactions by Ta," (1 = 1-6) and TagOCOj . For each reaction

an average value of two or more measurements is presented with error bars reflecting corre-

sponding statistical uncertainties. Fractions of CO; in the buffer gas vary between 10 and 25
ppm, the total pressure in the trap is 0.82 Pa.

products Ta™ Ta; Ta; Ta; Ta; Ta/ TasOCO;
+O 1.1+0.1 1.6+0.2 2.7£0.1 3.3£0.3 3.74+04 54413 2240.1
+C02

+0O, 1.1+0.1 1.94+0.3 3.2+0.03 3.2+0.3 4.0+0.3 45+1.0 3.7£0.6
+0CO;, <0.1 2.8+0.8
+03 32403 3.5+02 3.8+04 3.6+£0.2 40+0.8 5.1£14
+0,CO, 0.5+0.2 04403
+04 3.8+03 39+0.1 4.0+05 4.0£0.3 3.0+0.8 3.3£0.3
+03CO, 2440.8 05
+Os5 42404 3.6+05 4.0+0.3 34422 0.5+02
+04CO, 3.6t£1.5

+O0¢ 33406 32405 3.8405 3.8+2.1
+O5C02 1.441.0

+Oy 0.0840.05 4.14+0.7
+06CO, <0.1

+Og 2.6+0.3
+O7C02

+O9 3.2+0.6
+08C02

TABLE 5.3: Bimolecular rate coefficients k) in units of 1078 cm3 s~ of consecutive CO,-

decarbonylation and adsorption reactions by Ta; (n = 7-8). For each reaction an average

value of two or more measurements is presented with error bars reflecting corresponding

statistical uncertainties. Fractions of CO, in buffer gas vary between 10 and 25 ppm, the
total pressure in the trap is 0.82 Pa.

products Ta; Ta;CO;  Tay(COy);  Tag TasCO;  Tag(COy)s
+O 59428 6.2+3.9 - 214+04 2.6+0.8 0.9+0.6
+CO, 1.54+04 29409 44423 3.0£1.2 3.5+1.1
+O» 44416 - - 22403 23+14 2.240.6
+OCO, 1.74+0.7 3.9+1.7 5.0+15 37415 3.740.7 2.0+0.6
+0O3 1.7£0.5 1.3+09 0.8+0.2 - 3.34+2.1 1.8+0.7
+0,CO, 4.0+22 35411 1.5+0.7 6.4+27 45+0.6 3.6+0.3
+QOy4 - 29+1.8 0.6+0.4 - 1.9+0.3
+0O3CO, 82+45 5.0+£15 3.2+2.5 13.1+3.8

+Os 5.4+0.1 1.5+1.3

+04CO, 6.84+3.7 2.0+0.8

+O6 -

+05CO; 3.4£0.6
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TABLE 5.4: Bimolecular rate coefficients k() in units of 1078 cm3 s~! of consecutive CO,-

decarbonylation and adsorption reactions by Ta,} (17 = 9-10). For each reaction an average

value of two or more measurements is presented with error bars reflecting corresponding

statistical uncertainties. Fractions of CO; in buffer gas vary between 10 and 25 ppm, the
total pressure in the trap is 0.82 Pa.

products Tag TayCO; Tag(COy), Taj, Ta;oCO;  Tap(COy);
+O 0.8+0.2 1.1+0.1 1.0+0.1 0.6+04 21404 1.1+0.5
+CO» 4.6+0.6 3.14+0.1 2.6+0.0 9.1+1.6 5.1£0.8 324104
+Oy - 1.7+0.5 05404 - - 3.0+1.4
+OCO, 52417 3.84+0.7 2.710.1 97431 115+1.8 3.1+1.2
+03 - - -
+0,CO, 9.0+4.1 4.54+0.2 10.3£5.1
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FIGURE 5.6: Mass spectra of size-selected Ta,| (n =1,2,4,5,6) and the corresponding products

of their reaction with C'80, at different ion-trap storage times. Peaks denoted by asterisks

indicate products of molecular adsorption of C'80,. The total pressure in the trap amounts
to 0.82 Pa, the proportion of carbon dioxide in the mixture is 20 ppm.
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6 Direct Coupling of Methane and Car-
bon Dioxide on Ta;,

Despite the high value of products of methane and carbon dioxide valorisation, the
efficient use of both molecules together is still not feasible commercially. Until now,
only dry reforming of CH; and CO, (Eq. 1.10)has been applied on the industrial
scale to produce syngas (CO + H)[189] in an energetically highly demanding pro-
cess. Catalytic coupling of CH4 and CO; under mild conditions is a very attrac-
tive route, which, however, requires a catalyst that can activate both molecules and
bring about coupling thereof (C-C or C-O bond formation). Although there are a
few reports on the heterogeneous catalysis of such processes[190-194], they usually
exhibit relatively poor selectivity and low yields of the desired products like acetic
acid, which makes them commercially not competitive.

Gas-phase investigations can provide mechanistic insights into chemical pro-
cesses occurring in the activation of methane and carbon dioxide. While there are
quite some studies focused on either of these two reactions, the number of papers ad-
dressing the direct coupling of CO;, and CHy is limited to studies of atomic Ta™[85],
bimetallic CuB*[106], and anionic RhVO; [107]. Tantalum is a prospective catalyst,
as this element has been demonstrated to enable various coupling reactions, such
as non-oxidative coupling of methane (see Chapter 3), methane oxidation[86], and
potentially ammonia synthesis[195].

In this chapter, the reactions of Tat and Ta, towards activation of methane and
CO; are scrutinised in both gas-phase kinetic experiments and DFT calculations.

6.1 Results

6.1.1 Reactions between isolated T:111,4CH2+ and CO; in the gas phase

The focus of the first experiment is on the reaction of the size-selected TaCH, with
carbon dioxide, i.e., the system with already activated methane. Several studies re-
ported that the dissociative adsorption of methane on the metal is the first step in the
CH4/CO; coupling[190, 196, 197]. Activation of methane prior to the reaction with
CO; significantly simplifies the reaction scheme by eliminating the collisions of re-
action intermediates with additional methane molecules. The mass spectra, shown
in Figure 6.1, reveal a total of six different species in the reaction sequence, namely
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FIGURE 6.1: Mass spectra taken at different reaction times (A) and kinetic analysis (B) of

room-temperature reactions of mass-selected TaCH; ions with CO,. The experimental data

points correspond to the normalized intensities of the reactants, intermediates, and prod-

ucts marked as follows: l TaCHzr , o TaOt, A Ta(O)CH;r P / TaO; , ¢ Ta(O)CH,CO,

Ta(O)CH,(CO,); . Panel (C) represents the underlying mechanism suggested by the kinetic

fit. The total pressure in the trap amounts to 0.82 Pa, the proportion of carbon dioxide in the
mixture is 100 ppm

TaOiZ, Ta(O)CHJ, and Ta(O)CHz(COz)fQ. The underlying reaction mech-
anism analyzed by a pseudo-first order kinetic fit confirms that the process starts
with two competing parallel reactions. While Ta(O)CHj is formed through the CO,
deoxygenation on the carbene, the presence of TaO" indicates that Ta(O)CH, can
also undergo C—C coupling with CO, by the loss of a C;H,O unit. Both interme-
diates can, however, react further with CO5: Ta(O)CH2+ is converted either to the
adsorption products Ta(O)CHz(COZ)f2 or to TaO5, which likely again results from
C—C coupling with concomitant elimination of a C;H,O moiety. Overall, the pri-
mary gaseous reaction products are CO formed in a deoxygenation and the ketene
C,H,0 (ethenone). The formation of ketene is energetically favored over other pos-
sible stereoisomers such as ethynol or an oxirene[85]. It should be stressed that the
observation of the two-step coupling, i.e., deoxygenation (Eq. 6.1) followed by C-C
coupling (Eq. 6.2), is in agreement with the earlier measurement of Wesendrup and
Schwarz[85].

TaCH; + CO, — TaOCH, + CO (6.1)

TaOCH; + CO, — TaOJ + HyC,0 6.2)
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Similar to the trend noticed in the discussion of the reactivity of the bare Ta™ to-
wards CO, (Chapter 5), the rates reported by Wesendrup and Schwarz are an order
of magnitude lower than those received in our experiment (Table 6.1), what can be
ascribed to the significantly different reaction conditions. In addition to these two

TABLE 6.1: Bimolecular rate coefficients k(2) in units of 10~ cm® s ! of the reactions between
isolated TaCH; and CO,. For each reaction an average value of two or more measurements
is presented with error bars reflecting corresponding statistical uncertainties. Fractions of
CO; in the buffer gas vary between 25 and 200 ppm, the total pressure in the trap is 0.82 Pa.

reactions k()

TaCH; + CO, — TaO™" 4+ H,C,0 1.8+1.1
TaCH; + CO, — TaOCH; + CO 9.0+2.4
TaO" + CO, — TaO; + CO 7.1+4.6
TaOCH; + CO, — TaO5 4+ H,C,0 42424
TaOCH; + CO, — TaOCH,CO; 9.24+4.9
TaOCH,CO; + CO; — TaOCH(COy); 8.61+2.8

reactions, the kinetic fit identifies a new coupling reaction, which occurs directly
from TaCH; as a single-step process without the necessity to generate Ta(O)CH; .
A more detailed kinetic analysis reveals that CO, deoxygenation as the first step is
preferred over C—-C coupling with a branching ratio of 82%:18%. Yet, as the subse-
quent C—C coupling on Ta(O)CHj is suppressed by a factor of 2.3 in comparison to
the CO, adsorption (30%:70%), the contribution of both pathways yields approxi-
mately 43%. In the reactions of the size-selected Ta4CH§r with CO,, seven species
are detected in the mass spectra, shown in Figure 6.2. Within the first 9 ms, the
mass spectrum is dominated by the reactant, as well as a less intense signal associ-
ated with Ta4CO™ and traces of Tay;C*, Ta;COZ, and Tay,C(CO,)T. As the reaction
progresses, further oxygenated species, TasCO; ,, appear along with trace amounts
of the CO; adsorption product, Ta;CO;_7(CO,)". According to the kinetic models,
TayCH, exclusively dissociates either into a formaldehyde-like (H,CO) species or
syngas (Hy + CO). After that, further carbon dioxide molecules are either adsorbed
or deoxygenated.

6.1.2 Quantum-Chemical Investigations of the Coupling Reactions

It appears in the above results, that there is a fundamental difference between tan-
talum clusters” ability to mediate CHy and CO, coupling: monomers promote C-C
coupling, whereas tetramers lead to C-O coupling. The atomic tantalum ion path-
way has been examined extensively in the literature[85, 105]. However, as described
above, a single step coupling was identified in this experiment, and therefore the re-
spective quantum chemical exploration has not been discussed in the previous work.
To this end, density functional theory (calculations were performed by Konstantin
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FIGURE 6.2: Mass spectra taken at different reaction times (A) and kinetic analysis (B) of the
room-temperature reaction of mass-selected TayCH; ions with CO;. The experimental data
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and TayCHj . For the sake of clarity, the products of physisorption are not displayed. Panel
(C) represents the underlying mechanism suggested by the kinetic fit. The total pressure in
the trap amounts to 0.82 Pa, the proportion of carbon dioxide in the mixture is 100 ppm

Jakob, TU Munich) is applied to calculate ground state energies and other thermo-
chemical properties of the suggested mechanism. The main focus is, therefore, set
on the two different channels leading to the same reaction outcome, TaOEr :

TaCH; +2CO, — TaO5 + CO + C,H,0 (6.3)
TaCH; + CO, — Ta(O)CH; +CO (Ta)
Ta(O)CH; + CO; — TaOj + CH0 (Ib)
TaCHZr +CO; — TaO™ + C,H,O (IIa)

TaO*t + CO, — TaOjf +CO (IIb)
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TABLE 6.2: Bimolecular rate coefficients k(2) in units of 10~2 cm? s ! of the reactions between

isolated Ta4CH2+ and CO;. For each reaction an average value of two or more measurements
is presented with error bars reflecting corresponding statistical uncertainties. Fractions of
CO; in the buffer gas vary between 25 and 200 ppm, the total pressure in the trap is 0.82 Pa.

reactions k(@)
TayCH; + CO, — TayCO™ + H,CO 13.142.6
TasCO™ + CO; — TayCOJ + CO 13.4+2.7
TayCO; + CO, — TayCOJ + CO 11.942.1
TasCO; + CO; — TayCO; + CO 9.3+2.3
TayCO; + CO, — TayCOZ + CO 10.3£3.0
TasCOZ + CO; — TayCO; + CO 3.6+1.4
Ta4C02_ +COp, — Ta4CO;“ + CO 4.7+£2.2
TasCO™ 4+ CO, — TayCO(CO2)* 29423
TayCO; + CO; — TayCO(COL)* 1.6+0.8
TasCO5 4 CO, — TayCO(COL)* 0.740.5
TayCO; + CO, — TayCO(COL)* <0.1
TasCOZ 4+ CO, — TayCO(CO2)* 29416

An investigation of initial and final state reveals (Fig. 6.3) that the overall reac-
tion is exergonic in the singlet case with a reaction energy of AE, = -1.13 eV (AG;
=-1.18 eV) and endergonic in the triplet with AE, = 0.95 eV (AG; = 0.88 eV). Other
multiplicities are not considered in the following investigation as they are energeti-
cally unfavorable. This striking difference arises as the triplet state is favored in case
of the carbene (by 0.56 eV) while TaO; strongly favors a singlet configuration (by
1.52 eV). Interestingly, the situation is inverted in case of the reaction intermediates
where the carbene Ta(O)CHzr prefers the singlet (0.33 eV) and the tantalum monox-
ide, TaO™, prefers the triplet state (1.02 eV). Therefore, spin-crossing effects must be
considered to play a role in this process[78].

Focusing on the first reaction channel (Eq. Ia,Ib), one finds that the formation
of the reaction intermediate is energetically downhill in case of both multiplicities,
even though the reaction is more favored for singlet states, as shown in Figure 6.3A.
These observations are in good agreement with the earlier calculations by Sandig
and Koch[105]. However, the conversion of the intermediates into the final prod-
uct is endergonic for both spin multiplicities. At the same time, the physisorption
of carbon dioxide is exergonic with an adsorption energy of 1.1-1.4 eV, meaning
that the adsorption of CO, is energetically preferential in this case. The second re-
action channel (Figure 6.3B) is significantly different. While an exergonic reaction
is found in the triplet case, the formation of TaO" and H,C,O is actually slightly
endergonic by about 0.01 eV, showing that path II (Eq. Ila,lIb) is less favorable than
pathI(Eq. Ia,Ib). However, due to a strong chemisorption of the evolving ketene, the
reaction is likely to occur regardless of the overall reaction energy. In this case, the
TaCH; acts like typical nucleophilic carbene, which explains its tendency to allow
direct C-C coupling with carbon dioxide, as the carbon atom in CO; is positively



76 Chapter 6. Direct Coupling of Methane and Carbon Dioxide on Taf 4

polarized. The following product formation, TaOj, is then significantly exergonic
for singlet states, in contrast to reaction path I, and strongly exergonic for triplet
states. Hence, the triplet state of TaO™ can be considered as a trap state, as its forma-
tion is energetically favorable while consequent reactions are energetically unlikely.
Overall, the thermochemical calculations are in line with the experimental reaction
rates. The calculations correctly predict that CO, deoxygenation leading to forma-
tion of Ta(O)CH; is favored over the one step coupling. Additionally, further kinetic
reasons might support this conclusion as deoxygenation will likely proceed via a
less complex transition state compared to the direct coupling (triangular instead of
square transition state). Secondly, the reaction intermediate Ta(O)CH, energetically
prefers CO, adsorption over C-C coupling, in agreement with the branching ratio of
30:70. However, as the calculations might predict this branching too much in favor of
CO; adsorption, it is important to mention that this adsorption process might also
be a crucial part of the coupling reaction, enabling the formation of the transition
state.

While for atomic tantalum ions the spin state plays a fairly significant role, it is
known that cationic tantalum tetramers prefer to be in a doublet state[111]. Since
the higher number of atoms leads to an increase in structural complexity, several
stereoisomers of the involved species must be considered. In the previous study
which was described in detail in Chapter 4 and in Ref. [171], structure and energet-
ics of the possible initial stereoisomers have already been discussed. It was found
that a carbyne hydride (HTa4CH™) and carbide dihydride (H,TasC™) isomers are
favored over the carbene one. On the tantalum tetramers, the single charge can dis-
tribute somewhat evenly on the four different atoms[111], which consequently leads
to a decrease in partial charge. This destabilizes the carbene compared to the other
stereoisomers, as the tantalum sites are less electrophilic. In this work, the carbyne
hydride is found to be 0.07 eV below the carbide dihydride (Fig. 6.3C), in line with
the previous study[171] given the accuracy of the different computational methods.
The investigation of the final state also shows possible formation of two different
stereoisomers of [Ta4CO]": a carbide oxide (OTayC") and a carbonyl (Ta;CO™).
Structural optimization, however, reveal a striking energy difference of almost 2.0
eV, strongly favoring OTasC™". Hence, from a thermodynamic point of view the for-
mation of a carbide oxide during the reaction is preferred. However, it is likely that
kinetic phenomena dominate the reaction outcome as the formation of a carbide ox-
ide might need the cleavage of two C=O bonds, while formation of a carbonyl might
only require one to be broken. In the latter case, one has also to consider a struc-
ture of the dissociated CH,O species, which can be either a formaldehyde molecule
(H>CO) or a mixture of CO and H; (also known as a syngas) products. Note that
H,CO is favored energetically over the formation of syngas by 0.07 eV[10]. This
difference is relatively small compared to the large difference between the tantalum

stereoisomers. However, a strong chemisorption of formaldehyde on both tantalum
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species indicates that formaldehyde is likely to form. Further, the quantum chemi-
cal calculations also show that hydrogen evolution would be connected to a reaction
barrier of at least 0.39 eV and is hence unlikely. In any case, the formation of syngas
molecules is also a plausible option as recently reported for rhodium-titanium oxide
anions[198]. As a result, the CH,O species might be either a formaldehyde molecule,
CO/H;, or a mixture thereof.

TasCHJ + CO, — TayCO* + H,CO (6.4)

6.1.3 Reactions between isolated Taff4 and CO; in the gas phase

Finally, the capability of small bare clusters to mediate the coupling of methane and
carbon dioxide is addressed experimentally by probing the respective reaction me-
diated by bare metal cluster ions. The bare cluster cations are generated in a laser
vaporization source, mass-selected (i.e., Ta™ and Ta4+) and stored for a reactivity ex-
periment in the ion trap reactor, in which a mixture of methane and carbon diox-
ide were introduced. The results of the kinetic analysis are presented in Figure 6.4
and Table 6.3. Scheme 6.3A illustrates the underlying mechanism for the reaction of
mass-selected Ta™ cations with methane and carbon dioxide at 300 K under multi-
collisional conditions. It is obvious that Ta™ can react first either with CHy or with
CO;. Despite the complex reaction scheme, four types of reactions were identified
using reaction kinetics, namely CHy/CO; coupling, CO, deoxygenation, CH4 dehy-
drogenation, and adsorption of CO, or CHy. The experiment showed that both cou-
pling reactions occurred: one via the Ta(O)CH, intermediate and the other through
direct conversion. While the latter reaction produces TaO", CO, oxygenation by
Ta™ is another reaction channel contributing to TaO" moiety. As shown by kinetic
modeling, the dominant process is coupling with a rate of 2.0 0.7 x 1078 cm? s~ !
compared to decarbonylation 3.3 times slower. It should be noted, however, that the
kinetics does not fit experimental data without accounting for coupling reactions. In
parallel, a four step consecutive dehydrogenation of methane molecules is observed,
which is consistent with previous experiments on the reaction of tantalum cations
with methane[112]. Almost all intermediates are involved in CO, deoxygenation,
which is consistent with a recent report on CO, activation (see Chapter 5).

Both methane and CO, react in parallel with Ta; . This reaction scheme appears
to be even more complex than the Ta™ chemistry, since the tantalum tetramer offers
more oxidation steps than its monomeric analogue (see Chapter 5). Furthermore, it
also offers different reactions like those involving intact adsorption. However, de-
spite the complex reaction scheme, Ta;CH; + CO, chemistry can still be identified,
just as can the ion chemistry reactions between bare clusters and either methane or

CO; can be observed (see Figure 6.5 and Table 6.4).
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FIGURE 6.3: Zero-point corrected energies of all considered initial and final states as well
as reaction intermediates for different reaction channel. Panel A and Panel B illustrate the
coupling reactions mediated by single tantalum ions, TaCH; + CO,, Panel A the reaction
channel (I), Panel B the reaction channel (II). In both cases, singlet multiplicity is shown in
dark blue, while triplet multiplicity is shown in light blue. Panel C illustrates pathways
for tetrameric tantalum ions, Tay,CHJ + CO,, with carbyne hydride on the left and carbide
dihydride on the right. Note that all values are derived from the lowest energy initial /final
states - TaOZr for an atomic tantalum and HTa;CH™ for a tetrameric tantalum. Calculated
by Konstantin Jakob (TU Munich).
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6.2 Summary

The reaction of C-C coupling was previously observed in the Ta* /CH4/CO; sys-
tem under single-collision conditions[85]. The proposed mechanism includes three
steps: in the first one, Ta® performs a dehydrogenation reaction, the as-formed
TaCHzr further reacts with a molecule of CO, to form a TaOCHzr intermediate, which
in turn enables the coupling with another CO, molecule followed by the dissocia-
tion of a neutral H,C;,0. In the experiment described in this chapter, the alternative
pathway was observed, that suggests direct coupling of isolated TaCH, with CO,.
As revealed by DFT calculations, this pathway features significant barriers, which is
reflected in its relatively low branching ratios.

Coupling of methane and carbon dioxide molecules was also observed and de-
scribed for their reaction with Ta, . In this system, a bare cluster first performs a
methane dehydrogenation to form TayCH; , which then reacts with CO, to form a C-
O bond and release a neutral [2H,C,O]. DFT analysis demonstrates that the Ta4CH2+
ion that takes part in the coupling reaction most likely features the carbyne hydride
structure (HTa4C™). While its reaction with COj is slightly endothermic, the reaction
of carbide dihydride, which was previously found to be the most dominant isomer
of [4Ta,C,2H] " (see Chapter 4), is endothermic by over 2 eV.

These findings yet again demonstrated the high potential of Ta clusters to become
useful catalysts in the future. Even though their chemistry is highly unselective in
the systems described in this chapter, tantalum atoms and clusters can be used in

more complex environments to tune the reactivity of a catalyst.
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6.3 Supplementary Information

This section provides additional information about the reaction kinetics and details
of the DFT calculations. Tables 6.3,6.4 list the reaction rates of different reactions of
bare Ta™ and Ta™ and their intermediates with CO, and methane. Figures 6.4 and 6.5
demonstrate kinetic traces for the reactions of isolated bare Ta;’,4 with CO, and CHy,
and Figure 6.6 shows the corresponding mass spectra and reaction mechanisms.

The DFT calculations were realized by Konstantin Jakob (Technical University of
Munich, Chair of Physical Chemistry). Electronic structure calculations were per-
formed using the Gaussian 09 software package (Release B.01)[199]. In the rest of
the work, the HSE06 hybrid level functional was used in combination with the triple-
zeta Karlsruhe basis set def2TZVP for DFT calculations[187, 200, 201]. This combina-
tion has proven most accurate in the description of binding energies in metal organic
TaH and TaCH, clusters in comparison to experiment. In order to calculate thermo-
chemical properties of reactants and products as well as reaction intermediates, an
initial geometry is either taken directly from the literature or prepared based on the
geometries of similar reaction species. This geometry is then re-optimized for the
given method and used for calculations of electronic energies, forces and force con-
stants. Transition states are identified using a Synchronous Transit Quasi-Newton
algorithm provided by Gaussian 09 (keyword: QST2), i.e. the combination of the
quadratic synchronous transit and a Newton-Raphson optimization step that con-
verges the system to the transition state. The two required input geometries are

taken from the results of prior thermochemistry calculations.
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TABLE 6.3: Bimolecular rate coefficients k(2) in units of 1079 cm3 s~! of the reactions be-

tween isolated Ta™ and a mixture of CHy and CO,. For each reaction an average value of

two or more measurements is presented with error bars reflecting corresponding statistical

uncertainties. Fractions of CO; in the buffer gas vary between 35 and 100 ppm, fractions of

methane vary between 50 and 300 ppm, relative ratios [CH4]:[CO,] are equal to either 1, 4.3,
5, 6.7, or 8.6. The total pressure in the trap is 0.82 Pa.

reactions k)

Tat +CHy — TaCHJ + Hp 1.540.8
TaCH; + CHy; — Ta(CHy); + Ho 1.0+0.3
Ta(CHy); 4+ CHy — Ta(CHy); + Ha 1.9+0.6
Ta(CH,)7 + CHy — Ta(CHy); + Ho 0.1440.03
Tat + CO, — TaO* 4+ CO 5.842.3
TaO* + CO, — TaO; + CO 5.0+1.3
TaO* + CHy — TaOCHJ + Hp 1.3+1.1
TaOCHJ + CO, — TaO; + C,H,0 20.34+11.4
Ta(CHy); + CHy — Ta(CHz)o(CHy)* 3.5+3.1
TaOf + CHy — TaO,(CH4) ™ 24414
TaCHJ + CO; — TaO™ + H,C,0 19.847.0
TaOCH; + CO, — TaOCH,(CO,) ™" 6.3+1.5
TaOp(CH4)t + COy — TaOn(CH4) T (CO,) T 12.446.7
TaOCH,(CO,)* 4+ CO, — TaOCH,(COy)5 15.449.7

TABLE 6.4: Bimolecular rate coefficients k(2) in units of 10710 cm3 s~! of the reactions be-

tween isolated Tazr and a mixture of CHs and CO,. For most of the reactions an average
value of two measurements is presented with error bars reflecting corresponding statistical
uncertainties. Fractions of CO; in the buffer gas are either 25 or 50 ppm, fractions of methane
are either 2500 or 5000 ppm, the relative ratio [CH4]:[CO,] is equal to 100. The total pressure

in the trap is 0.82 Pa. Note, that Ta;CO™ is isobaric with Ta4(CH2)2+ .

reactions k@)

Taj + CHy — TayCH; +H, 0.17+0.08
TayCH; + CHy — Tas(CHy); + Ha 0.144-0.01
TayCH, + CO, — TagsCO™ + H,CO 6.7+£6.3
TayCO™ + CO; — Tay,CO; + CO no fit
TasCO; + CO; — TayCOS + CO 29.8420.1
T?:14C()3+ +CO, — TE':I4CO4+ + CO 15.3
Ta;CO; + CO; — TayCOZ + CO 30.1+6.4
Taj + CO; — TasO™ + CO 26.3+8.7
Ta,O" + CO; — TasOF + CO 19.4+6.7
Ta,O" + CHy — TasOCHS + Hp 0.44+0.12
Ta,OCH; + CHy — TayO(CH,)S + Ho 0.4440.16
TayCH, + CO, — TagsCH,(CO,) ™ 110.0450.2
Ta4CH2(COZ)+ +CO; — Ta4CH2(COz)§L 48.8+18.1
TasOF + CO; — TaysO(COL)* 3.4+0.8
Ta4O§“ +CO; — T&l402(COz)jL 91.1
TasCOt + COy — TayCO(CO,) T 38.84-20.2
Ta4C()2+ +CO, — TE':I4COQ(C02)Jr 34.3+17.4
TayCH,O" + CO, — TayCH,O(COo)* 24.1+16.9
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FIGURE 6.4: Kinetic analysis of the room-temperature reaction of mass-selected Ta™ ions
with a mixture of CO, and CHy4. The experimental data points correspond to the normal-
ized intensities of the reactants, intermediates, and products. The total pressure in the trap
amounts to 0.82 Pa, the proportion of carbon dioxide in the mixture is 20 ppm and of CHy
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FIGURE 6.5: Kinetic analysis of the room-temperature reaction of mass-selected Ta; ions

with a mixture of CO, and CHy. The experimental data points correspond to the normal-

ized intensities of the reactants, intermediates, and products. The total pressure in the trap

amounts to 0.82 Pa, the proportion of carbon dioxide in the mixture is 25 ppm and of CHy
2500 ppm.
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7 Conclusion and Outlook

Among atomic cations of all transition metals, only Nb*, Ta™, and W™ are capa-
ble to perform both methane dehydrogenation and CO, decarbonylation reactions
in the gas phase[81, 96]. The chemistry of tantalum clusters of various sizes and
their oxides towards methane activation has been covered in numerous publications
from both experimental and theoretical perspectives[73, 108-112, 135, 136, 162, 163].
The process of CO, activation by Ta clusters, however, has not received any atten-
tion prior to the work presented in this thesis. In this work, bare Ta;! clusters (n =
1-16) reacted with CO;, under multi-collisional conditions in the ring electrode ion
trap (REIT). Two reaction regimes were discovered for this system: whereas small
bare clusters Ta;”  carry out exclusively an oxygen-atom transfer when associated
with the first reacting molecule of carbon dioxide, the dominating pathway for the
reactions between Tag ;. and CO; is physi- or chemisorption without the release
of CO. Ta; makes up a transition between these regimes with OAT being the main
pathway, but with some CO, molecules being adsorbed. The reactivity of the bare
tantalum clusters towards carbon dioxide can be explained in terms of thermochem-
ical, electronic, and geometric considerations. Thus, preliminary calculations of the
reaction heats revealed that there is a substantial shift in exothermicity between the
decarbonylation of CO; by Ta/ and Tag . Kinetically, inefficient decarbonylation by
larger clusters can be attributed to the lack of valent 6s electrons which are necessary
to activate a C-OC bond.

Furthermore, the activation of both methane and carbon dioxide in a single re-
action system was investigated for Ta* and Ta; . The former system was previously
studied by Wesendrup and Schwarz under single-collision conditions[85]. They dis-
covered, that a tantalum-carbene complex TaCHzr carries out an OAT from a CO,
molecule to form TaOCH;r , which further reacts with another molecule of CO, with
the release of a neutral [2C,2H,O] species and formation of TaO;' . The results of
the REIT experiment under multi-collision conditions indicate the presence of a par-
allel reaction pathway — namely, the direct coupling of TaCH; with CO, to form
TaO™ with the release of [2C,2H,0O]. The quantum-chemical insight into the reac-
tivity pattern reveals a high energy barrier related to the dissociation of a neutral
moiety, which is consistent with the experimental observation of rather low reac-
tion efficiency. Besides, the reaction of C-O coupling was discovered to occur in the
TayCH, /CO, system. More specifically, TasCH; undergoes a C-O coupling with a

CO; molecule followed by the dissociation of [2H,C,0] compound and formation of
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TayCO™.

The carbide dihydride structure of the [4Ta,C,2H]" ion was previously calcu-
lated to lie lower in energy than the more usual carbene[111]. This motivated a thor-
ough structural analysis of this species using the IRMPD spectroscopy[171]. In this
work, the calculated vibrational spectra of three structural isomers were compared
with the experimental data. The spectra show no indication of the carbene structure,
which has been usually determined for [M,C,2H]" species before[162-164, 166, 167].
Moreover, the vibrational patterns evidenced rather the dominance of the carbide
dihydride isomer; however, the presence of a carbyne hydrides cannot be discarded.
The carbide dihydride structure has not been reported before for the products of
methane dehydrogenation by metal clusters. However, this very atomic arrange-
ment of [4Ta,C,2H]" can be responsible for the aforementioned reactivity of this ion
with CO; and for its reactivity with O,[86]. These findings emphasise once more
the importance of extensive investigations of metal clusters by various gas-phase
techniques.

Finally, the reaction of Ta802+ with CHy was studied in the REIT under vari-
ous temperatures. Previously, it has been demonstrated that an oxygen-atom ligand
can significantly enhance the reactivity of tantalum clusters towards activation of
methane[111]. The accurate kinetic analysis involving the isotopic substitution of
methane by its deuterated analogue revealed that the reaction of TagO, with CH,
proceeds via a catalytic cycle, in which two methane molecules couple to form two
neutral reaction products: a molecule of hydrogen and a molecule of, presumably,

ethane.

The scientific works discussed in this thesis exemplify the importance of gas-phase
investigations of size-selected metal clusters as fine models for the "real-world" cat-
alytic systems. The ability to detect reaction intermediates enables thorough kinetic
analysis of reaction pathways. Coupled with quantum-chemical modelling of stud-
ied systems, it allows to match the reactivity of clusters to their physical properties.
Thus, the spectroscopic investigation of [4Ta,C,2H]" supported by DFT calculations
allows to gain insight into the reactivity of this species towards oxygen or carbon
dioxide. Analogously, a theoretical treatment of Ta; /CO, system helps explain its
two-regime evolution, which can be found useful in further studies of CO, activa-
tion.

The design of the ring electrode ion trap allows to conduct gas-phase experi-
ments under multi-collision conditions at various temperatures. Such experimen-
tal conditions may be able to bridge the "pressure gap" between the high vacuum
and condensed phases[72] and allow for the detection of reaction pathways, inac-
cessible under single-collision environment[46]. For example, the discovery of the
second path of C-C coupling by Tat proves REIT experiments advantageous over
those conducted under ultra-high-vacuum. The observation of a catalytic cycle in
the TagO, /CHy system further evidences the advantage of gas-phase experiments,
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in which the kinetics of relatively large, ligated clusters can be accurately studied.

The latter system is subject to further analysis, both theoretical and experimental.
First, spectroscopic examination of the physical and electronic structure of TagO5
may help uncover the cause of its extraordinary reactivity with methane. Second,
deposited tantalum clusters of various sizes can be probed by surface techniques
and tuned to serve as active sites of heterogeneous catalysts. Such an experiment
would bridge the gas-phase and surface approaches. Alternatively, the remarkable
ability of Ta clusters to perform C-C and C-O coupling reactions can be employed
in the design of atomically precise bi-metallic catalysts for controllable conversion
of CO, and CHy. In this regard, gas-phase experimental techniques serve excellent
tools for discovery and characterization of such candidates.
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