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Abstract

Gas phase metal clusters are regarded as good model systems for catalysis. The
study of their properties can facilitate the development of new catalysts. In the first
part of the thesis an experimental setup which enables the study of the reactivity
of metal clusters under multi-collision conditions has been designed, implemented
and characterized. Metal clusters are produced by a laser vaporization source and
size-selected by a quadrupole mass filter, subsequently stored and exposed to a
reactive gas in a newly built ring electrode ion trap. Charged clusters in a broad
mass range from 200 u to more than 16’000 u can be trapped for up to multiple
seconds. The temperature of the trap can be varied between 20 K and 325 K.
The special geometry of the trap in combination with a home-built electronics unit
allows an efficient ejection of the ions after a set storage time. The very defined
extraction procedure enables product characterization by a reflectron time-of-flight
mass spectrometer. As all reaction products can be monitored at the same time,
this approach facilitates the study of complex reaction networks with many reaction

products.

In the second part of the present thesis, the reaction of molecular oxygen with
cationic tantalum clusters comprising four to forty atoms is investigated with the
afore described experimental setup and the kinetics of this reaction were determined.
All cluster sizes reacted readily by the consecutive uptake of oxygen. Interestingly,

three size regimes featuring different reaction pathways could be identified.

Larger clusters, composed of thirteen atoms or more, remain intact upon oxidation.
The oxygen molecule dissociates and two isolated oxygen atoms are bound to the
cluster. After the uptake of a certain number of oxygen molecules, additionally
adsorbed oxygen molecules remain intact. The reaction stops after a certain number

of oxygen molecules are attached to the cluster.



Smaller clusters with four to eight atoms cannot remain intact upon oxidation.
Instead a TaO fragment is ejected from the cluster. The newly formed oxide species
fragments as well. The degradation of the cluster proceeds until eventually an oxide

is formed that does not degrade.

For clusters with nine to twelve atoms oxidative degradation as well as intact ox-
idation is possible. The size-dependent reactivity of the tantalum clusters can be
attributed to the increased heat capacity of larger clusters due to more degrees of
freedom. Hence, larger cluster can be stabilized, whereas smaller clusters relax by
the ejection of a TaO fragment. The three reaction regimes are reflected by the
oxygen to tantalum ratio of the final reaction products. For smaller clusters a ratio
close to the stochiometric value of 2.5 is found, whereas a ratio of approximately
1 is observed for larger clusters. Smaller clusters incorporate oxygen into the clus-
ter structure by the formation of a metal-oxide cluster, for larger clusters only the

surface of the cluster is oxidized.
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1 Introduction 3

1 Introduction

Catalysts increase the rate of chemical reactions by lowering the activation energy [1].
Per definition the catalyst itself is not consumed during the reaction [2]. Today
catalysts are exploited to facilitate numerous processes like the formation of bio-
fuels [3], the refinement of mineral oil [4] or the reduction of toxic pollutants in
exhaust gases [5]. In fact, catalysts are used in 90% of the chemical processes world-
wide [6]. Furthermore, catalytic processes play an important role in atmospheric
chemistry [7], enzymes catalyze a huge variety of biological processes [8]. Conse-
quently, catalytic reactions have been studied intensively for at least two hundred
years [9][10]. The term catalysis was coined in 1835 by Berzelius [11]. Despite the
huge interest, trial-and-error strategies were and often still are the only possibility
to design new catalysts [12]. A striking example are early efforts for the produc-
tion of ammonia on a large industrial scale. The osmium catalyst employed by
Haber [13] [14] had to be replaced by a more economic alternative. Two years and
several tens of thousands attempts were necessary to identify a suitable catalyst
based on iron oxide [15] [16]. The development of tailor-made catalysts requires
understanding of the involved mechanisms on a molecular level [17]. An example is
the systematic search for catalysts promoting the direct conversion of methane into
methanol [18].

1.1 Gas phase model systems for catalysis

A particular promising class of heterogeneous catalysts are supported metallic nanopar-
ticles [19]. Consequently, they have been studied extensively during the last decades
e.g. [20, 21, 22, 23|. A striking observation was that the catalytic activity often
strongly depends on the exact number of atoms comprised in the nanoparticle [24].
In contrast to conventional catalysts which often work at elevated temperatures,

nanoparticles catalyze reactions at much lower temperatures [20]. Consequently,
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they are regarded as environmentally friendly alternatives [16] [25], although their
lifetime is still limited [26]. Beside the nanoparticles themselves, also the support
has a crucial effect on the catalytic properties [27]. Not only the material of the
support itself is important, but other properties as its structure and density of
surface defects play a role [16]. In fact, nanoparticles and support often have to
be regarded as one catalytic system. One possibility to disentangle nanoparticles
from the support is to study the reactivity of free nanoparticles. Especially when
carrying a charge, free nanoparticles tend to be a lot more reactive compared to
the condensed phase [18] [28]. Nevertheless, gas phase experiments combined with
theoretical studies have shown to contribute significantly to the understanding of
catalytic processes on a molecular level [28]. One striking observation is the odd-
even oscillation of the reactivity of small free gold cluster anions towards oxygen [29],
another is the catalytic formation of benzene precursors on free Fef clusters [30].
Consequently, gas phase reactions of free metal clusters with molecules have been
studied thoroughly during the last decades and continue to be an active field of
research. A huge variety of experimental techniques from rather simple collision gas
cells [31] up to more complex designs like ion cyclotron mass spectrometers [32] have
been employed. In the following a selection of various experimental approaches to
study gas phase reactions in a controlled manner is presented. Emphasis is set on

the reactions of metal clusters with neutral molecules.

1.2 Experimental techniques to study gas phase

reactions

Gas phase reactions can be studied in two different regimes. Under single-collision
conditions on average only one collision between the reactants takes place. The
available energy is given by the sum of the internal energies of the reactants and
the kinetic energy. Reactions with a higher activation energy are suppressed. Under
multi-collision additional many collisions with a buffer gas take place. The buffer
gas acts as a heat bath and constantly thermalizes reactants as well as reaction
intermediates. Hence, multi-collision techniques are closer to the condensed phase
than single-collision experiments. The application of ion-trapping techniques enables
control of the reaction time. Consequently, this approach allows to elucidate the

kinetics of ion-molecule reactions.
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1.2.1 Flow tube reactors

One of the first experimental approaches for the study of gas phase reactions were
flow tube reactors[33]. In 1929 Smallwood and co-workers used this technique for
the investigation of the recombination rate of hydrogen atoms [34]. Figure 1.1
illustrates a typical experimental setup for the study of gas phase kinetics with a flow
tube reactor. The subsequent discussion loosely follows the review by Howard [33].
Beside the two reactants, a reactive gas and typically an atom or radical, an inert
carrier gas constantly streams into the flow tube. The absolute pressure in the
flow tube is in the range of a few mbar. The role of the carrier gas is actually
twofold. As the dominant species in the gas mixture it defines for example the
temperature of the reactants. For this purpose, the reactor is surrounded by a
variable temperature jacket. Hence, the reaction temperature can be controlled and
systematically varied, usually between 200 K and 600 K. Specialized setups even
allow the study of reactions at 77 K [35] or more than 1000 K [36]. The buffer gas,
furthermore, acts as a heat bath as it constantly thermalizes the reaction products.
The reactions take place in the so-called reaction zone z, where both reactants are
mixed. By shifting the reactant gas inlet, the length of the reaction zone can be

varied and consequently rate constants determined.

Atom or Radical/ Pressure Measurement
Source 01~
r l I 1L 1l
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Reactant Gas A LW

Carrier Gas

Figure 1.1: Schematic of a typical flow tube reactor setup to study kinetic of gas
phase reactions. Adapted with permission from [33]. Copyright 1979
American Chemical Society.

One of the first attempts to study the reactivity of free metal clusters was the
addition of a flow tube reactor to a laser vaporization cluster source [37] by Geusic
et al. [38]. The design and working principle of a state-of-the-art laser vaporization
cluster source will be discussed in the experimental section. For this purpose, a
10 ecm long flow tube reactor was directly mounted on the cluster source. Typically,

the flow tube reactor was filled with a mixture of a reactive gas and a buffer gas (e.g.
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Figure 1.2: Mass spectra for the reaction of small anionic gold clusters composed
of 10 atoms or fewer with orygen in a fast flow tube reactor. a) Pure
helium is introduced into the flow tube reactor, b) 20% oxygen is mized
wnto the helium buffer gas. Peaks marked with an asterisk correspond
to AuyOy-species. Adapted with permission from [29]. Copyright 2000
Elsevier.

helium). As the length of the reaction zone cannot be changed, the concentration

of the reactive gas is varied instead [23].

In 2000 Salisbury et al. utilized such a setup to study the reactivity of small anionic
gold clusters towards oxygen [29]. Figure 1.2 a) depicts a mass spectrum when pure
helium is injected into the flow tube reactor. Beside the pure gold clusters only
peaks which corresponds to the reaction with the background gas appear. As soon
as oxygen is mixed into the helium the intensity distribution changes drastically.
Figure 1.2 b) illustrates a mass spectrum for a mixture of 20% oxygen and 80%
helium. While clusters with an odd number of gold atoms are almost unaffected,
clusters with an even number are depleted by the reaction with oxygen. The formed
reaction product is exclusively AuyO;. The significant odd-even oscillation of the
reactivity towards oxygen has been already observed in 1991 by Cox et al. [39].
This phenomenon can be immediately linked to the electron affinity of anionic gold
cluster [29] [40]. However, in contrast to nickel clusters no additional adsorption
of further oxygen molecules is observed [41]. Later also co-adsorption effects of
oxygen and carbon dioxide on anionic gold clusters could be revealed with a similar
setup [42].
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1.2.2 Collision gas cells

Combinations of flow tube reactors and cluster sources suffer from a significant draw-
back. Due to the comparably high pressure within the tube, flow tube reactors have
to be directly mounted to the cluster source. Otherwise the supersonic cluster beam
ejected from the cluster source would be deflected due to scattering. It is often not
possible to select a specific cluster size. Interference due to fragmentation of a par-
ticular cluster size upon reaction cannot be excluded. Furthermore, nascent charged
species cannot be distinguished from neutral species [43]. A possibility to avoid
these drawbacks is the utilization of collision cells. In contrast to flow tube reactors,
collision cells are significantly shorter [31] and no buffer gas is required. Collision
cells are, therefore, filled with the pure reactive gas. The pressure of the reactive gas
within the cell is optimized for single-collision-conditions [23]. Each cluster will on
average undergo only one collision with the reactive gas. This method enables deter-
mination of sticking coefficients [44]. Due to the much lower pressure cluster source
and reaction region can be spatially separated. Consequently, unwanted charged
species can be deflected or a specific cluster size selected [45]. The lack of buffer gas
also prevents thermalization of reactants and reaction products as well. They have
to be regarded as isolated systems. Especially, small clusters with a relatively small
heat capacity cannot absorb the excess heat of a reaction and thus fragment [23].
The lack of thermalization, furthermore, has a crucial effect on the formed reaction

products.

In 2006 He et al. studied the reaction of benzene with neutral niobium clusters in a
collision cell. The neutral reaction products have been ionized by 193 nm excimer
laser radiation with a low fluence of 50 pJ/Cm2. Figure 1.3 depicts a mass spectrum
for a benzene pressure of approximately 0.8 - 10 mbar in the collision cell. Main
reaction products for clusters with more than four niobium atoms are completely
dehydrogenated species like Nb,C,. For smaller clusters partially dehydrogenated
species as well as adsorption of intact benzene have been detected. Consecutively

adsorbed benzene molecules are completely dehydrogenated as well.
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Figure 1.3: Mass Spectra for the reaction of neutral niobium clusters with benzene.
Neutral reaction products are ionized by an 193 nm excimer laser with
a fluence of 50 ,uJ/ch and detected by a time-of-flight mass spectrom-
eter. Peaks labeled in red are formed by a single collision with benzene,
whereas peaks color-coded in blue are the result of at least two collisions.

Adapted with permission from [43]. Copyright AIP PUBLISHING LLC

2006.
4 5 6 7 8 9 10 M
2000 4 Nb, + i
| Nb,C, i
1600 [ | ’ s
| | | |
| 5
> ||
= 1200 |
C
9
£ 800
400 4 L . MMJ U
0 U T T T T T T T
371.6 557.4 743.2 929.0 1114.8
m/z

Figure 1.4: Mass Spectra for the reaction of neutral niobium clusters with benzene.
Neutral reaction products are tonized by an 193 nm excimer laser with
an energy below 50 pJ/pulse and detected by a time-of-flight mass spec-
trometer. Adapted with permission from [46]. Copyright 1987 Ameri-
can Chemical Society.
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The same reaction had been studied almost two decades earlier by utilizing a fast
flow reactor [46][47][48]. Neutral reaction products were ionized by a 193 nm ex-
cimer laser. The energy per pulse was below 50 pJ. A mass spectrum for an ab-
solute pressure of approximately 150 mbar and a benzene concentration of 0.1%
to 0.2% is shown in Figure 1.4. Beside the bare unreacted niobium clusters, also
Nb,C¢ and, in contrast to the experiment conducted in the collision cell, Nb,CsHg
species are detected. Additional benzene molecules attached to the cluster have
been found to remain intact, as well. Adsorption of a benzene molecule, even when
it is completely dehydrogenated, seems to passivate the niobium clusters [43]. For
the niobium dimer, trimer and tetramer also partial dehydrogenation was observed.
The same effect has also been found for cationic niobium clusters. These striking
differences in the reactivity of niobium clusters towards benzene can be explained
by the presence or the absence of a heat bath [43]. For both experiments niobium
clusters form an activated complex anCGHZ upon reaction with benzene. The ex-
cess heat is then released into the cluster. Under single-collision conditions, which
prevail in the collision cell setup, the total energy of the cluster remains constant. In
order to relax, benzene is dehydrogenated and hydrogen atoms are ejected from the
cluster. In a flow tube reactor many collisions with the buffer gas take place. Quick
thermalization and stabilization of the formed complex enables a second reaction
pathway. Benzene molecules can remain intact upon reaction with the cluster. The
simultaneous study of the same reaction system under single- and multi-collision
conditions respectively can provide new insights into the reaction mechanism of free

metal clusters.

1.2.3 Guided ion beam experiments

In guided ion beam experiments reactions are performed within an ion-guide. Of-
ten octupole devices [49] are utilized for this purpose. Typically, the trespassing
ion beam is surrounded by a symmetrical arrangement of electrodes. By supplying
an RF-potential to the electrodes of the ion-guide, ions are confined in radial di-
rection [50|, preventing loss of both, charged reactants as well as formed reaction
products [51]. The drawback of this method is its limitation to ion-molecule reac-
tions, whereas flow tube reactors and collision gas cells also enables the study of
the reactivity of for example neutral metal clusters. The main advantage of this
method is the precise control of the kinetic energy of the charged reactants over four

orders of magnitudes, from below 0.1 eV up to roughly 1 keV [52]. Experimentally,
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Figure 1.5: Typical experimental setup to study the reactivity of metal clusters at
low kinetic energies with a guided beam experiment. Reactions take
place in the Ton-Guide. Adapted with permission from [54]. Copyright
1987 American Chemical Society.

the kinetic energy of the particles is varied by applying a DC-potential to the ion-
guide [53]. Figure 1.5 illustrates a common guided ion beam setup. Charged metal
clusters are produced by a sputter cluster source. Only clusters with a certain kinetic
energy can trespass the energy analyzer. A quadrupole mass filter (QMS) allows
mass-selection of a specific cluster size. Reactions take place within the ion-guide.
Product analysis is performed by a second quadrupole mass spectrometer. Woste
and co-workers utilized this setup to study for example the reactivity of cationic

nickel clusters towards carbon monoxide |54].

Figure 1.6 depicts a mass spectrum for a low pressure of CO within the reaction
zone at the ion-guide for mass-selected Ni, clusters. The main reaction products
are Niy(CO)_ species. Later, the pressure of CO in the drift tube is increased up to
3-10™ mbar. The highest amount of CO molecules adsorbed onto the nickel clusters
was found to be 10. This phenomenon can be related to the presence of sixty valence
electrons, that provide enhanced stability for tetrahedral clusters [54]. Armentrout
and co-workers used a similar setup to measure the cross section of various, mostly
endothermic reactions, by systematic variation of the kinetic energy of the charged
metal clusters e.g. [49, 53, 55]. This method enables determination of, for example,
bond energies not only for pure metal clusters but also for metal oxide species by
deliberate fragmentation of the metal clusters. Furthermore, reaction pathways can
be identified, electronic structure of the clusters can be revealed and thermochemical
data be obtained [52].
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Figure 1.6: Mass Spectrum for the reaction of NZZ with molecular CO. Main
reaction products are N@(C’O);L—species. Adapted with permaission
from [54]. Copyright 1987 American Chemical Society.

1.2.4 Fourier transform ion cyclotron resonance

While being powerful tools to study the reactivity of charged metal clusters, none
of the presented techniques enables a precise control of the reaction time. Kinetic
data is usually obtained by varying the pressure of the reactive gas. Controlling the
reaction time requires secure storage of clusters for at least some seconds. In the
following, two different concepts, Fourier Transform Ion Cyclotron Resonance Mass

Spectrometry (FT-ICR MS) and multipole ion traps will be discussed.

Figure 1.7 illustrates the experimental setup Bondybey and co-workers used to study
the reactivity of hydrocarbons with cationic niobium clusters |56]. Clusters are
produced in a laser vaporization cluster source. Formed clusters are then transferred
into the ion cyclotron resonance (ICR) cell. Source and ICR~cell are separated by
four differential pumping stages. This setup allows the pressure in the ICR-cell to
be held at 1-10"™ mbar while simultaneously operating the cluster source. Ionic
metal clusters entering the ICR-cell are accelerated by an RF-pulse. Due to the
presence of a magnetic field H (4.7 T), the ions are forced into a circular orbit. The
frequency of this movement, the so called cyclotron frequency
zeH

= 1.1
We =g (1.1)

depends upon the mass of the particle. Note, that also the charge ze of the particle
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Figure 1.7: Typical setup to study the reactivity of metal cluster with a Fourier
Transform ITon Cyclotron Resonance Mass Spectrometer. Adapted
from [56] with permission. Copyright 1995 FElsevier

influences the frequency. In fact, in all mass spectrometric techniques the mass-to-
charge-ratio is measured and not just the actual mass of the particle. Assuming par-
ticles carry only one elementary charge it is often, and also for the course of present
work, abbreviated to 'mass’. In this respect, by measuring w,, the mass of a particle
can be determined. Moreover, the application of the FT-ICR MS technique even
allows the measurement of the mass of all ions in the ICR-cell simultaneously [57].
A resolution of more than 100’000 has been achieved [58]. Tt is also possible to
restrict the ion movement to a relatively small radius for a long time. Consequently,
a ICR-cell can be used as an ion trap as well as a mass spectrometer. As a reactive
gas can be additionally introduced into the ICR-cell it is additionally possible to
monitor reactions between the ion and the reactive gas in a time resolved manner.
The pressure of the reactive gas must be kept low enough in order to not influence
the motion of the ion. Consequently FT-ICR studies are limited to single-collision

conditions.

Due to long ion storage times of several tens of seconds and an excellent mass
resolution, the combination of FT-ICR mass spectrometry with laser vaporization
cluster sources is an established technique that has been employed for almost three
decades [59]. Ome of the first studies investigated the dissociation of molecular

hydrogen on niobium clusters [60]. Schnabel et al. found one of the first examples
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Figure 1.8: a) Mass Spectrum when no reactive gas is injected into the ICR-cell.
Minor peaks marked with an asterisk arise due to impurities present
in the ICR-cell. b) Mass spectrum for a carbon monozxide pressure of
2.3-107 mbar carbon monozide in the ICR-cell. The storage time is set
to 8 s. The inset shows the remarkable reactivity of Auz&w compared
to similar cluster sizes. Adapted with permission from [62]. Copyright
2005 American Chemical Society.

for a catalytic cycle in the gas phase [30]. Wesendrup and Schwarz observed that
tantalum ions can mediate the coupling of carbon dioxide to methane [61]. Later
Bondybey and co-workers studied the adsorption of CO on various cationic and
anionic metal clusters. In 2005 Neumaier et al. investigated the reaction of carbon

monoxide with cationic gold clusters and observed a striking size dependence |62].

Figure 1.8 b) depicts a mass spectrum for Aug ; for a reaction time of 8 s when car-
bon monoxide is present in the ICR-cell. The partial pressure of CO was
2.3-107 mbar. Main reaction products are Aun(CO)I;—species. For this particu-
lar reaction time species with m=1 are dominant, at longer reaction times peaks
correlated to m=2, 3 and 4 become more prominent. Kinetic simulations showed
a consecutive adsorption of carbon monoxide molecules. For some cluster sizes like
Auyg a steady state between m—=0 and m—=1 is observed. The cationic gold atom,
dimer and trimer are found to be inert towards carbon monoxide. Au, fragmented
upon reaction with carbon monoxide. While cationic gold clusters with fewer than
25 atoms are reactive towards carbon monoxide, larger clusters are found to be
inert. Strikingly Aui&49 show some reactivity, while similar cluster sizes do not re-
act with carbon monoxide at all. The measured kinetic data in combination with
density functional theory (DFT) allowed to determine the binding strength between
cationic gold clusters and carbon monoxide, revealing a quick decrease of the binding

strength with increasing cluster size.
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1.2.5 Multipole ion traps

Like collision gas cells, FT-ICR MS studies are limited to the single-collision regime.
Reactants and intermediate species have to be regarded as isolated systems. The
sum of their internal and kinetic energy upon collision define the maximal available
energy [16]. As a consequence only reactions with activation energies below the total
available energy can proceed. Multipole ion traps allow the storage of ions at much
higher pressures of several Pa. Usually a small fraction of a reactive gas is mixed
into a buffer gas. Under such conditions many collisions between reactants and
the buffer gas take place [63]. Reactants and intermediates are therefore constantly
thermalized. Thus, the energy distribution is given by the Boltzmann distribu-
tion. Reactants 'in the high energy tail’ of the distribution may overcome activation
barriers which are prohibited under single-collision conditions. The multi-collision
regime is much closer to the condensed phase compared to single-collision conditions.
Hence, studies in multipole ion traps are a step towards bridging the pressure gap
between surface reactions at ultra high vacuum conditions and technical catalysis

at much higher pressures of several bars [16].

Multipole ion traps allow the precise control of reaction time, reaction temperature
and concentration of the reactive gas [23]. Beside the investigation of possible reac-
tion pathways, it is also possible to elucidate the kinetics of these reactions. Steady
thermalization, furthermore, enables to determine activation energies. Multipole ion
traps have been realized in various geometries with the main difference being the
quantity and arrangement of electrodes used to confine the motion of ions. Exam-
ples for trap geometries are the octupole [50], the 22 pole [50] or the ring electrode
trap |64|. A brief discussion on the theoretical considerations and working principles

of those traps will be given later on.

Figure 1.9 depicts a scheme of the experimental setup Socaciu et al. used to study
the reaction of cationic silver dimers with molecular oxygen [65]. Hot metal clusters
are produced by a sputter cluster source [23] and subsequently cooled down to
room temperature by collisions with helium within a quadrupole ion-guide (Q).
A quadrupole mass filter (Q;) allows the selection of a specific cluster size. Size-
selected clusters are then transferred into the octupole ion trap which is filled with a
gas mixture. The gas mixture typically consists of a buffer gas and a small fraction
of a reactive gas. The trap is operated at a total pressure of 1 Pa. The temperature

of the trap can be varied between 20 K and 320 K. Thus, temperature-dependent
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Figure 1.9: a) Typical experimental setup to study the reactivity of charged metal
clusters with a multipole ton trap. Synthesized metal clusters are mass-
selected by a quadrupole mass filter, then transferred to the octupole
ion trap. After a defined reaction time all charged particles in the trap
are ejected into a second quadrupole mass spectrometer. Adapted with
permission from [65]. Copyright 2005 American Chemical Society.

reaction pathways can be revealed. Product analysis is performed by a second

quadrupole mass spectrometer (Q,).

Figure 1.10 depicts mass spectra recorded for reaction temperatures of 50 K, 95 K
and 130 K respectively. At 50 K only two reaction products Ag,O;5 and Ag,O
are formed. At a higher reaction temperature of 95 K again two reaction products
are detected Ag,0" and Ag,O,. The presence of Ag,O" is a clear indication that
oxygen dissociates on the cluster at such temperatures. At an even higher temper-
ature of 130 K also Ag,O5 is formed. Figure 1.10 b) illustrates the concentration
of the various reaction products as function of the reaction time for temperatures of
95 K, 110 K and 130 K. By fitting the time dependent concentrations the subsequent

reaction scheme could be revealed:

ky
AQJOQ k# 149205r (1-2)

k4
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Figure 1.10: a) Mass spectrum for the reaction of cationic silver dimers with molec-
ular oxygen at temperatures of 50 K, 110 K and 130 K. b) Concentra-
tion of detected reaction products. The solid lines represent the result
of a kinetic fit. Reprinted with permission from [65]. Copyright 2005
American Chemical Society.

The solid lines in Figure 1.10 b) represent the result of the kinetic fit. Variation
of the reaction temperature enables determination of the activation energies for the
reaction of Agy to Ag,05 and Ag,O", respectively. With a similar setup methane
activation on cationic gold dimers [66], co-adsorption effects between oxygen and
methane on small gold and palladium clusters [67] have been studied. A further
striking result was the catalytic formation of formaldehyde and ethylene out of
oxygen and methane on the gold dimer. The reaction temperature determines the
ratio between the two formed products [68]. These experimental findings clearly
demonstrate how control of reaction time and temperature can help to elucidate

reaction mechanisms in the gas phase.
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1.3 Motivation

The aim of present thesis is the development of an experimental setup that enables
the investigation of the reactivity of metal clusters of a broad size range. The
reactions shall be studied under well defined multi-collision conditions. Product
characterization has to be fast enough to elucidate complex reaction networks. In
the multi-collision regime reactants and formed reaction products are constantly
thermalized. Compared to single-collision studies, different reaction pathways are
possible. The defined reaction temperature enables to overcome initial activation
energies, which is impossible at single-collision conditions. Three techniques exist:
flow tube reactors, guided beam experiments and multipole ion traps. Uniquely
ion traps allow precise variation of the reaction time. Up to now mostly small
cluster with typically four atoms or fewer have been studied with such an approach
[63]. For supported size-selected clusters, the catalytic properties can depend on
the exact number of atoms. For example, gold clusters composed of seven atoms or
fewer are inert towards carbon monoxide but Aug catalyzes the formation of CO,.
This observation indicates that larger metal clusters may also show unique catalytic

properties in the gas phase.

Product characterization for ion-molecule reactions is often done with scanning de-
vices like quadrupole mass spectrometers [63]. The drawback of this method is that
only one species can be detected at a time. Especially, for complex reaction net-
works this results in long measurement times. Product analysis techniques which
enable simultaneous detection of all reaction produces are highly favorable. A pos-
sible approach is the combination of a multipole ion trap with a time-of-flight mass
spectrometer. Equipped with an additional reflector stage, a high sensitivity as well
as a high resolution can be achieved with such a setup. Two problems arise, firstly
a controlled and efficient ion extraction from the trap into the mass spectrometer is
necessary. Therefore, an ion trap with a special geometry, a so-called ring electrode,
is utilized. Such an approach has been recently applied for spectroscopic applica-
tions [64]. Secondly, the high pressure required to thermalize ions within the trap
significantly hampers the resolution of the mass spectrometer. A time-of-flight mass

spectrometer specialized for such conditions has to be developed.

The described setup is used to study the reaction of tantalum clusters composed of
4 to 40 atoms with molecular oxygen. Tantalum oxides are utilized, for example,

as an anode material in electrochemistry [69]. In the gas phase, tantalum oxides
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facilitate the activation of methane [70]. C-C insertation has been observed upon
the reaction of cation tantalum oxide clusters with benzene [71]. Thus, tantalum

oxides are promising candidates for catalytic applications.

While in the first part of this work the new experimental setup is described and
characterized in detail (chapter 2 and 3), the subsequent chapters deal with the

oxidation of cationic tantalum clusters.

For the latter it is found that all clusters sizes show a quick reaction with oxygen.
Reaction pathways depend on the size of the cluster. For clusters with 8 atoms
or fewer (chapter 4.3), fragmentation of the metal cluster upon reaction with oxy-
gen occurs. The formed tantalum oxides undergo further fragmentation. Certain
species, however, may remain intact upon oxidation. Final, highly oxidized, reac-
tion products have a tantalum to oxygen ratio close to the stochiometric value. This

observation indicates that oxygen is incorporated into the cluster structure.

Clusters composed of 13 atoms or more remain intact upon oxidation (chapter 4.4).
Tantalum clusters are oxidized by multiple, consecutive reactions with molecular
oxygen. For the final species the ratio between tantalum and oxygen atoms is much
lower compared to the size regime discussed before. This indicates that oxygen is

only bound to the surface of the clusters.

Clusters in the intermediate regime feature both pathways resulting in a complex
reaction network (chapter 4.5). The size-dependent reaction pathways can be at-
tributed to the heat capacity of the cluster. Upon oxidation, heat is released into the
cluster. The higher heat capacity of larger clusters, due to more degrees of freedom,
enables an effective redistribution of the excess heat. Consequently, these species

can be stabilized whereas smaller clusters fragment.
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2 Experimental setup and

methods

In this chapter an overview of the experimental setup is first presented. Major com-
ponents which have been developed, tuned and implemented during the course of
this work are discussed in more detail. Figure 2.1 depicts a scheme of the exper-
imental setup. Metal clusters are produced by a laser vaporization cluster source.
This type of cluster source was developed during the early eighties by Smalley and
co-workers [37]. Since then, the design of the source has been improved steadily
(e.g. [72]). The source used during this work is based on the laser vaporization
source described by Heiz et al. [73]. The implemented modifications are described
in [74]. A detailed working principle of this type of cluster source can be found for
example in [75]. In short, the second harmonic of a pulsed Nd:YAG laser (DPSS
Spitlight, Innolas, 100 Hz, 120 mJ/pulse @ 532 nm) is incident upon a rotating
metal disc and ejects neutral as well as charged metal atoms [76] into the waiting
room. The waiting room is prefilled with a buffer gas, usually helium (Westfalen,
6.0). The buffer gas is pulsed into the waiting room by a home build piezo valve.
The valve is triggered some hundreds s before the laser pulse. Via collisions with
the buffer gas, the hot metal atoms thermalize and can agglomerate and eventually
form clusters, which comprise from one to more than hundred atoms [77] . Due to
the pressure difference between gas inlet of the buffer gas (usually 7 bar) and the
nozzle of the source (less than 0.1 mbar), the clusters undergo supersonic expansion.
The clusters are cooled to at least 100 K [78] [79]. Cluster temperatures down to
20 K can be achieved by active cooling and special design of the nozzle [75]. The
supersonic expansion of the clusters results in a narrow kinetic energy distribution of
the formed clusters [73]. The combination of supersonic expansion with the before
mentioned laser ablation, which enables evaporation of materials with a high melt-
ing point, makes laser vaporization an ideal tool for spectroscopic studies. The high

peak outputs compared to continuous sources |75] reduces the time to fill ion traps
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Figure 2.1: Scheme of the experimental setup. Metal clusters are formed in a laser
vaporization cluster source, size-selected by a quadrupole mass filter
and stored within a ring electrode trap. Inside the trap they are ex-
posed to a reactive gas which is mized into a buffer gas. The formed
reaction products are characterized by a reflectron time-of-flight mass
spectrometer. (* In a second part of the experiment, metal clusters can
be investigated spectroscopically.)
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to just a few ms. Hence, laser vaporization sources are also well suited for kinetic

studies. A detailed comparison of different cluster sources can be found in [79].

The supersonic cluster (helium) beam is skimmed (skimmer: 5 mm diameter) and
is then guided by several Einzel lenses into a quadrupole bender. While uncharged
particles, like neutral clusters and the major part of the buffer gas pass without being
influenced, charged clusters are bent into a quadrupole mass filter (Extrel 16’000 u).
Hence, one specific cluster size can be mass-selected and subsequently stored within
a ring electrode ion trap, which has been designed and built during the course of the
present work. The trap is filled with a mixture of a buffer gas (helium 6.0, Westfalen)
and one or more reactive gases. Two pinholes confine the buffer gas within the ion
trap chamber. After a chosen storage time, charged reaction products are ejected
into a home built reflectron time-of-flight mass spectrometer and analyzed. Ion
detection is performed by a multi channel plate detector (54 mm diameter active
areas, Chevron configuration, Scientific Instruments). The measured spectra are
visualized by a four channel oscilloscope (Waverunner 44Xi, LeCroy). Besides the
reaction time (10 ms - 10 s), also the reaction temperature (35 K - 320 K) and
to some degree the pressure (1 Pa - 5 Pa) can be varied, thus the kinetics of the
reaction are elucidated in detail. An additionally installed gas reservoir allows for a
quick variation of the partial pressure of the reactive gas, providing further insight

into the studied reaction.

2.1 Quadrupole mass filter

Laser vaporization cluster sources typically produce a broad distribution of various
cluster sizes. The selection of one particular cluster size enables the study of its
reaction properties without interference from other cluster sizes. Mass selection
is performed by a quadrupole mass filter (QMF). It is operated at a frequency of
440 kHz and an amplitude of up to 6 kV. The diameter of the rods is 3/8 inch. Ions
up to 16’000 u can be mass-selected. Operation in ion-guide mode allows ions of
wide mass range to traverse the mass filter. A detailed discussion about the so-called

RF-only mode can be found in [80].

Figure 2.2 depicts the mounting of the quadrupole. The actual quadrupole rods
are surrounded by a stainless steel housing. The housing itself is fixed in position

by a clam ring which is bolted to a CF-160 flange. At both ends an Einzel lens is
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Figure 2.2: 3D CAD drawing of the quadrupole mounting onto a CF-160 flange.

mounted onto the quadrupole housing. To enhance the transmission characteristics
of the quadrupole it is additionally equipped wit pre- and post-filters [81]. The
quadrupole chamber is evacuated by a 270 1/s turbo pump (Balzer TPU 270).

Quadrupole mass filters, developed by Paul and co-workers [82] [83] more than sixty
years ago, exploit a combination of time-dependent (RF) and time-independent (DC)
fields to discriminate between masses. While only a short description of the working
principle is given here, a more in depth discussion of the theoretical background is

provided by [84]. The subsequent section loosely follows the discussion given in [85].

Figure 2.3 a) depicts a sketch of the physical structure of a quadrupole mass filter.
While hyperbolic electrodes are the optimal shape, often cylindrical rods are used
as they are easier to manufacture [86]. At each of the four electrodes an electric

potential is applied, opposite electrodes are kept at same potential ®:
P, =+Veos(wt) + U, (2.1)

Op = —Vcos(wt) — U. (2.2)

where V' is the amplitude of the RF-potential, w the frequency, ¢ the time and U
the superposed DC-potential. The potential in between the rods (at position (z,y))

is then given by:
2 2
O(x,y) =U + Vcos(wt)$ 5 2y (2.3)
To

where 2r; is the distance between two opposite rods. The force F experienced by
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Figure 2.3: a) Sketch of the electrode arrangement of a quadrupole mass filter with
cylindrical rods. Opposite Electrodes (A,B) share the same potential.
b) Stability diagram for the quadrupole mass filter. Only ions with
masses within the region of stability can trespass the quadrupole. Data

taken from [85].

an ion in the mass filter can be written as:

= 0P

F.=qE, = Tg = —[U + Vcos(wt)]% (2.4)
To
~ ~ 0P
F,=qE, = TG, = +[U + Vcos(wt)]%, (2.5)
Y 7o

where ¢ is the charge of the particle and m its mass. It should be noted that the

particles are not accelerated in the axial direction. Together with Newton’s second

law

F =mi (2.6)

and el

e

a=—57 (2.7)

mr w

2qV
¢=—5 (2.8)

mr w

Equations 2.4 and 2.5 can be transformed to a Mathieu’s type of differential equa-
tion. For stable solutions the oscillations of the particle stay finite while traversing
the quadrupole mass filter, whereas for unstable solutions the oscillations grow with-
out bound, resulting in collisions between particles and the rods or the housing of
the quadrupole mass filter. The first stability region for a quadrupole mass filter

is depicted in Figure 2.3 as a function of a and ¢. Note, that many other stable
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regions exist [87]. Typical commercial quadrupole mass filters, however, only exploit
the first one. While U and V' can, in principle, be chosen completely freely, they are
usually kept at a certain ratio, illustrated in Figure 2.3 b) as the ’Mass Scan Line’.
As only ions within the stability region can trespass the mass filter, the increased U
and V allows only ions with a higher mass to pass the mass filter. For the present
experiment this principle is exploited to mass select a certain cluster size and store

it within the ring electrode ion trap.

2.2 Ring electrode ion trap

A key part of the present work has been the construction, implementation and
characterization of a ring electrode ion trap. Ions of a broad mass range must be
safely stored for several seconds. As the ion trap is coupled with a time-of-flight
mass spectrometer also a very controlled ejection of the stored ions is necessary.
For this purpose, a special electronics unit has been developed which supplies the
necessary RF- and DC-potentials. Consequently, the physical setup of the ring
electrode ion trap as well as the home-built electronics unit will be covered during

the next sections.

2.2.1 Charged particles in RF-fields

Firstly, the motion of charged particles in an oscillating electric field will be dis-
cussed briefly. A more detailed description can be found in [50]. As it is not
possible to create a potential minimum in three dimensions with purely electrostatic
potentials [88], more complex approaches have to be applied. One possibility is the
superposition of an electrostatic field with a static magnetic field [89]. Another pos-
sibility is the exploitation of radio-frequency (RF) fields instead of static fields [82].
The movement of a particle with charge (¢) in an oscillating electric field is given
by the equation of motion:

mr = qBE(t) (2.9)

While for quadrupole geometries it is possible to separate the motion in the x-
direction from the motion in the y-direction, this is no longer the case for more
complex electrode arrangements. Examples are the octupole or the ring electrode

ion trap. In such cases, it is possible to apply the so-called adiabatic approximation.
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Figure 2.4: Effective potentials for the quadrupole, octupole, 22-pole and ring elec-
trode ion trap as a function of the reduced distance v. Data taken

from [50].

The motion of a charged particle within the electric field is described by a slow
drift superposed by a fast oscillation [90]. While the oscillation can be neglected
if the frequency of the RF-field is high enough, the drift motion is described by
the effective potential V™. For multipole arrangements, like the octupole trap, the

effective potential is proportional to:
Vg2 (2.10)

where 7 = r/ry is the reduced distance to the electrodes and n is the number
of electrodes. In the case of the ring electrode ion trap, the effective potential is

proportional to:

I} (F)cos®(2) 4 I5(7)sin®(2) 1)
2/m x €
HEn

V* x [50] [91]. (2.11)
where Z, is the distance between two electrodes and [, and I; are modified Bessel
functions. Figure 2.4 illustrates the effective potentials for quadrupole, octupole, 22-

pole and ring electrode traps. The latter two feature a steep increase of the effective
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potential whereas the effective potential of quadrupole and octupole trap is much
shallower. In fact, 22-pole and ring electrode ion trap possess a wide ’field-free’
area in the center of the trap minimizing the interaction between the RF-field and
stored particles. Hence, these trap geometries are especially suited for the study of

ion-molecule reactions due to defined energies of the stored particles.

2.2.2 Design

In the case of linear quadrupole or multipole traps the confining field is evoked by a
set of cylindrical rods surrounding the ion storage volume. In contrast to that, the
ring electrode ion trap utilizes a stack of annular rings to limit the movement of ions.
Compared to other multipole ion traps, the unique geometry of the ring electrode
ion trap has two major advantages. Firstly, the stack of metal ring electrodes and
insulating sapphire rings creates a gas tight cylinder [64]. The retention time of the
gas within the trap increases, resulting in a better thermalization. Secondly, this

special geometry enables an efficient ion extraction into the mass spectrometer.

a) Copper Block b)
Heating Cartridge
Gas Leak
Channel

Sapphire Rings

Ring Electrodes

?\\\m\m Exit Electrode
O @il

Entrance Electrode

Figure 2.5: a) 3D-CAD drawing section of the newly built ring electrode ion trap.
The entrance and exit electrode confine the ion movement in azxial di-
rection, whereas the radial confinement is provided by 24 annular elec-
trodes. The ring electrodes are electrically insulated by sapphire rings,
making up a cylindrical ion storage volume. b) 8D CAD drawing of a
ring electrode with a gas leak channel.

Figure 2.5 a) illustrates the implemented ring electrode ion trap. The concept of this
type of ion trap was developed by Gerlich and co-workers [50] [92]. The design of the
present trap is based on the work performed by the group of Asmis |64], who have
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improved the before mentioned design by Gerlich. A CAD drawing of a molybdenum
ring electrode is provided by Figure 2.5 b). The electrodes are 1.4 mm thick and
have an outer diameter of 32 mm and an inner diameter of 11 mm. Molybdenum
is chosen due to the minimal variation in the work function for different faces [93]
resulting in low patch potentials. Ring electrodes are electrically insulated from each
other by annular sapphire disks, which provide a good thermal conductivity across
the trap, especially at lower temperatures [94]. The molybdenum and sapphire rings
have the same outer diameter as well as the same thickness. The sapphire rings are
kept in position by 0.4 mm high notches on the ring electrodes. At either end of the
trap, two larger electrodes (outer diameter 54 mm), referred to as the entrance and
exit electrodes are placed. While the ring electrodes provide ion confinement in the
radial direction, these two electrodes confine ion motion in the axial direction. The
potentials applied to the electrodes for ion confinement are discussed in the next
Chapter 2.2.3.
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Figure 2.6: Picture of the ring electrode ion trap , illustrating temperature measure-
ment, gas-inlet, pressure measurement as well as electric connections

As shown in Figure 2.6, each electrode is individually connected by a 0.14 mm
thick manganine wire (Allectra) to a SUB-D feedthrough. These wires are chosen
to minimize the heat transfer to the trap assembly at the expanse of comparatively
high electric resistance. Entrance and exit electrodes are mounted to a oxygen-free
copper block, which itself is bolted to the head of closed cycle helium cryostat (RW2,
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Leybold). This setup allows cooling of the complete trap down to at least 15 K.
To reach such low temperatures it is necessary to shield the trap assembly from the
black body radiation of the vacuum chamber, which stays at room temperature.
Hence, to prevent heating of the ring electrode ion trap by black body radiation,
it is almost completely surrounded by a copper box. The box itself is mounted to
the second stage of the cryostat. The second stage has a significantly higher cooling
power at a fixed temperatures of 70 K. The temperature of the trap is measured by
two CERNOX sensors (Lakeshore).

The positions of both sensors are depicted in Figure 2.6. One is attached to the
copper block, while the second is placed at the very bottom of the entrance electrode.
A heating cartridge (100 W, Lakeshore) is pressed into the copper block, so that the
temperature of the trap can be varied between 15 K and 325 K. The upper limit of the
temperature is given by the cryostat which can only be operated below 325 K. The
introduction of thermal decoupling at high temperatures between cryostat and trap,
by e.g. a sapphire plate or a evacuable gas cell, heating to even higher temperatures
would be possible. As a side effect no bake-out of the vacuum chamber where the
ring electrode ion trap setup is positioned is possible. Hence, the base pressure
within the chamber is roughly 1 - 10® mbar, with water being the major impurity.
The chamber is evacuated by a 500 1/s turbo pump (Pfeifer TPU 510) and the
pressure is measured by a combination of a pirani and hot cathode gauge (Compact
Gauge, Pfeifer).

Buffer gas, as well as, the reactive gases have to be introduced into the trap. For
this purpose, a Teflon capillary with an inner diameter of 0.9 mm directly connects
the ion storage volume of the trap with a gas reservoir (roughly 33 1) via the gas
leak channel shown in Figure 2.5 a). The gas reservoir is positioned outside the
vacuum chamber. The flow of the gas mixture into the trap can be adjusted by
either a flow controller (MKS, 500 sccm) or a full metal leak valve (VAT). The
gas inlet is positioned at the center of the trap. This simple injection method
comes at the expense of a inconstant pressure along the axis of the traps [95]. The
described setup, however, allows the preparation of gas mixtures containing a buffer
gas, usually helium and one or more reactive gases. The role of the injected buffer
gas is twofold. Firstly, ions entering the ion storage volume lose a part of their
initial kinetic energy due to collisions with the buffer gas and cannot overcome the
confining potential created by the electrodes anymore. Secondly, the stored ions get

thermalized (again via collisions with the buffer gas) within a few ms for gas pressures
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in the range of 1 Pa [96]. This method enables an easy variation of the concentration
of the reactive gas in the buffer gas. Test measurements showed the feasibility of
using reactive gas concentrations down to 10 ppm. At lower concentrations, side

reactions with impurities became dominant.

Due to the injected gas, the pressure inside the trap deviates significantly from the
pressure within the surrounding chamber. To measure the pressure within the trap,
as illustrated in Figure 2.6, a capacitive gauge (Baratron, MKS), is directly con-
nected to the ion storage volume by a thin capillary (0.9 mm inner diameter) via
the gas leak channel shown in Figure 2.5 b). The connection to the baratron is
located in the center between the gas inlet and the exit electrode. The measured
pressure, hence, represents an averaged value of the underlying pressure distribution.
The error of the absolute pressure measurement is estimated to be 50% [62]. Fur-
thermore, the measured pressure has to be corrected for thermal transpiration [97].
However, as the flow remains constant, pressure fluctuations with time are estimated
to be much smaller (5%).

2.2.3 Electronics

The ring electrode ion trap has to fulfill two major requirements:

a) Secure storage of ions over a large mass range (typically 200 u - 20’000 u) for

at least some seconds.
b) Controlled extraction of ions into a reflectron time-of-flight mass spectrometer.

Storage of charged clusters within a ring electrode ion trap requires suitable po-
tentials at the different types of electrodes. At the ring electrodes an RF-potential
has to be applied. As shown in Figure 2.7, the phase of the potential has to shift
by 180 degrees for adjacent electrodes. In the case of square wave potentials this
directly translates to opposite signs of the applied potential. This procedure creates
an electric field that confines the ions in the radial direction. The frequency of the
RF-potentials has to match the mass of the ions that shall be stored |50]. Tradition-
ally sinusoidal potentials are utilized. As the trap is part of the LC-circuit of the
power supply it is technically demanding to build power supplies with variable fre-
quencies [98|. Instead, the amplitude of the RF-potential is increased to equalize the

imperfect frequency. Metal clusters may comprise between one and hundred atoms.
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Figure 2.7: a) Sketch of the ring electrode ion trap with electrode labels. b) Square
Wave RF-potentials applied to the ring electrodes during ion storage.
Note the phase shift of 180 degrees for adjacent electrodes. Adapted
with permission from [105]. Copyright 2015 Elsevier.

In the case of tantalum this translates to a mass range between roughly 200 u and
20’000 u. To store such a wide mass range, the required amplitudes can easily exceed
several kV [50]. A better alternative is to exploit square wave potentials instead, as
in this case no LC-circuit is involved. Instead the potential is directly forced onto
the electrode. The exploitation of square waves for quadrupole mass filters or ion
traps dates back to at least the seventies of the last decade when Richards and co-
workers described such a concept for quadrupole mass filters [99]. Recently, renewed
interest in this concept has shown up. Ding [100] and Brabeck [101], beside others,
studied the digital ion trap, as it is often referred to, theoretically. Bandelow et
al. showed the feasibility of this concept experimentally [102]. Major advantages of
this methods are the comparably simple design of the power supplies and the vari-
able frequency. Variation of the duty cycle, enables an easy ion injection into the
trap [103] [104]. While this concept is well established for quadrupole geometries,
it has been applied to a multipole trap for the first time during the course of the
present work [105]. The challenges at hand, include the larger amount of electrodes
and the higher amplitudes needed to store ions within multipole traps compared to
quadrupole devices. To overcome these problems and to exploit the advantageous
geometrical properties of the ring electrode ion trap, as the feasibility of a controlled
ion extraction combined with the steep potential ideally suited for kinetic studies,

an electronics control unit has been developed during the course of this project.
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Figure 2.8: a) Block Diagram of the power supply for the ring electrode ion trap.
b) Circuit Diagram of the HV Stage which generates the RF-potentials.
¢) The HV-Grid allows superposition of the RF-potential with a switch-
able DC-Offset. Adapted with permission from [105]. Copyright 2015

Elsevier.

Figure 2.8 a) depicts a block diagram of the newly developed power supply for the
ring electrode ion trap. Firstly, a pulse is generated by a LabView (National In-
struments) controlled pulse generator. In order to provide the above mentioned 180
degree phase shift for adjacent electrodes, the pulse is divided into two separate
pulses. The actual RF-potential is generated by switching periodically between a
positive voltage and a negative voltage supplied by two commercial power supplies
(TDK-Lambda Genesys, 780 W, 600 V, 1.3 A). The frequency of switching is given
by the afore mentioned pulse. As illustrated in Figure 2.8 b) the switching is per-
formed by a half-bridge-circuit, the key component of which is a power-MOSFET.
This setup enables generation of square wave functions with peak-to-peak ampli-
tudes of 600 V and frequencies ranging from 100 kHz to 900 kHz. The amplitude
as well as frequency are limited by the MOSFET. Consequently, by exchanging this
component, the power supply may be tuned for other frequencies. It should be noted
that the RF-potential at each ring electrode is supplied by its own HV-Stage, thus
the number of electrodes can be varied easily by adding more stages. The electron-
ics configuration described above confines the ion motion in the radial direction,
however, the ions can still move freely in the axial direction. To prohibit ion loss, a

repelling DC-potential is applied to the entrance and the exit electrodes.
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While different types of multipole ion traps are used to study ion-molecule reac-
tions, product characterization is almost exclusively performed by scanning devices
like quadrupole mass spectrometers. Such devices have the drawback that only one
mass at a time can be detected. Therefore, the intensity of the ion beam injected
into the trap has to be highly stable. The implementation of techniques to detect
all reaction products at once would be highly favorable. Furthermore, in the case
of multiple reaction products or complex reaction networks, the measurement time
is strongly reduced. One possibility would be to exploit time-of-flight mass ana-
lyzers for product characterization. The combination of quadrupole ion traps with
linear time-of-flight mass spectrometers has been studied recently e.g. [106] [107].
The comparatively high pressures required to efficiently thermalize the stored ions
prohibit the utilization of so called ion-trap/time-of-flight hybrids [108] [L09], as the
high gas load significantly hampers the resolution of the mass analyzer. A better
solution is to spatially separate the product characterization from the ion-molecule

reaction region.
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Figure 2.9: a) and b) DC-offsets superposed to the square wave RF-potentials for
injection/storage and extraction mode of the ring electrode ion trap.
Adapted with permission from [105]. Copyright 2015 Elsevier.

In [110] the combination a reflectron time-of-flight mass spectrometer with a ring
electrode ion trap is discussed. Operation of the time-of-flight mass spectrometer,
however, is severely hampered by uncontrolled ion extraction. In particular, it is
not sufficient to apply an extracting potential to both end electrodes. The created
fields, especially in the case of the ring electrode trap, do not penetrate deeply into
the trap, resulting in slow and uncontrolled ion extraction. The authors further
state, that the geometry of the ring electrode ion trap allows the creation of very

defined extraction fields. As illustrated by Figure 2.9 a) such fields can be created
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by superposing a DC-Offset to the RF-potential at the ring electrodes when the
ions are to be extracted. For this purpose, specialized power supplies are needed.
One possibility for such an experimental setup has been recently described by Heine
et al. [111]. While sinusoidal RF-potentials are exploited to store the ions, two
adjacent ring electrodes share the same DC-offset. In contrast to that, the newly
developed power supply allows an individual offset for each electrode, superposed

onto the square wave potentials mentioned above.

As illustrated in Figure 2.8 ¢), the output of a digital-to-analog converter (DAC) is
amplified and then superposed to the RF-potential. The individual DC-potentials
can furthermore be used to minimize ion heating due to patch effects [112]. Typical
DC-offsets during ion injection/storage and extraction for the electrodes of the ring
electrode ion trap are depicted in Figure 2.9 b). To store ions usually no DC-offset is
applied to the RF-potentials at the ring electrodes. The entrance and exit electrode
are kept at a repelling potential to prevent ion loss in the axial direction. To extract
ions from the trap, typically a pseudo-linear electric field is created along the axis

of the trap by choosing a ’linear shape’ of the DC-offsets.

2.3 Reflectron time-of-flight mass spectrometer

Within time-of-flight mass analyzers, charged particles are accelerated by electric
fields onto a particle detector. As all particles experience the same potentials, they
have the same energy after acceleration. However, due to different masses, particles
have different velocities. Consequently, they are separated in time when they arrive
at the detector. Typically multi channel plates are used for particle detection.
By measuring the flight times, the mass of the particles can be calculated. The
subsequent short scheme of the theoretical background is based on the more in

depth discussion found in [113].
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Figure 2.10: a) Spatial ion distribution as function of the flight time for a one-stage
time-of-flight mass spectrometer. b) Spatial distribution in the case
of two-stage setup. Adapted with permission from [113]. Copyright
1992 Elsevier.

Figure 2.10 a) depicts the simplest arrangement for a time-of-flight mass spectrom-
eter. Ions are accelerated by an electric field, created by the potential difference
between the two electrodes shown. After leaving the acceleration region, the parti-
cle enters the field free drift region and eventually hits the detector. In this case the
total flight time ¢ is given by:

t=ts+1tp, (2.12)

t, is the time, the particle spends within the acceleration region, whereas tp is the
time spend within in drift region. ¢, is given by the acceleration distance x4, the
mass m, the charge ¢ of the particle as well as by the potential difference between

the two electrodes U.
m

ty=2 — 2.13
A LA 24U ( )
Furthermore, t5 can be written as
m
tp = —. 2.14
D =Zp 2qU ( )
The total flight time ¢
m
t=(2 — 2.15
(2z4 4+ xp) 200 x v/m (2.15)

is proportional to y/m.
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The resolution of time-of-flight mass analyzers is limited by uncertainties in the

measured flight time. These are caused by two major contributions:
a) A finite initial spatial distribution and
b) a finite initial velocity distribution.

Both contributions can be minimized in well designed time-of-flight mass spectrom-
eters. Contribution a) is due to the initial finite ion volume. The initial distance to
the detector as well as the final kinetic energy of the particles varies. Particles closer
to the detector have a lower final energy and, therefore, a lower velocity. However,
the flight path of these ions is shorter as well. At one certain flight distance xgp,
the position of the so-called space focus, these two effects cancel each other out.
Hence, particles with the same mass arrive at xgp at the same time, regardless of
their initial starting position. As shown in Figure 2.10 a) xgp equals two times z,.
Typically z, is in the order of a few cm. Thus, the total flight time is much too
short to achieve a good mass resolution. Wiley and McLaren [114] demonstrated
that the introduction of an additional acceleration electrode shifts the spacefocus
further away from the acceleration electrodes. A scheme of this approach is provided
by Figure 2.10 b). Therefore, the flight time increases significantly. By exploiting
the so called second order space focus an even higher compression of the initial ion
cloud can be achieved [115]. An intrinsic problem of this method is that long flight
distances come at the expense of weak fields within the first acceleration region
z4,- Consequently, the initial velocity distribution b) has a major impact on the

resolution [113].
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Figure 2.11: Scheme of two-stage reflectron.  Ions with higher kinetic en-
ergy penetrate further into the reflection field xpy. The accelera-
tion/deceleration region xg, is used to set the second order space-

focus of the reflectron onto the detector. Adapted with permission

from [113]. Copyright 1992 Elsevier.
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A different approach was proposed by Mamyrin in 1973 [116]. The difference in
the kinetic energy of the ions, caused by contribution a) and b) is corrected by
a so-called ion mirror or reflectron. Figure 2.11 depicts a sketch of a two-stage
reflectron. Charged particles entering the reflectron are decelerated by the electric
field in xp; and reflected by the field in xpy. lons with a higher kinetic energy
penetrate deeper into the 'reflection’ field x . Compared to ions with a lower kinetic
energy, the flight path of ions with a higher kinetic energy is increased. Thus, it
is possible to mirror the space focus of a Wiley-McLaren type time-of-flight mass
spectrometer onto the detector. This method enables an increase of the flight time
without affecting the arrival time distribution. While single-stage reflectrons only
allow for first order focusing, two-stage reflectrons with a deceleration/acceleration

region xp;, can exploit the second order space focus [117].
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Figure 2.12: Scheme of the reflectron time-of-flight mass spectrometer, with its four
major parts: ion-quides, Wiley-McLaren acceleration stage, field free
drift region and the reflectron stage.

Figure 2.12 illustrates the reflectron time-of-flight mass spectrometer utilized for
product characterization during the course of the present work. Ions stored within
the ring electrode ion trap are ejected from the trap towards the acceleration stage
of the mass spectrometer. As stated in Chapter 2.2.2, for an efficient cooling of the
stored ions a comparably high pressure of a few Pa is necessary within the trap. The
pressure within the ion trap chamber is measured to be more than 10™* mbar and is
more than 10™° mbar at the reflectron stage. Such a high pressure would significantly
hamper the operation of the quadrupole mass filter as well as the time-of-flight mass
spectrometer. To confine the buffer gas in the ion trap chamber two pinholes between

the ring electrode ion trap and reflectron time-of-flight mass spectrometer as well as
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QMF-chamber, respectively, are installed. Each has a length of 20 mm. The inner
diameter is 7 mm for the pinhole to the QMF-chamber, whereas the pinhole to the
reflectron-chamber has a significantly smaller diameter of 4 mm. With the addition
of these two pinholes a pressure of 5- 107" mbar within the reflectron chamber has
been achieved during operation of the ring electrode trap. The reflectron chamber
is evacuated by two turbo pumps (TPU 510, Pfeiffer 500 1/s, TMU 270 and Balzer
270 1/s).

Moreover, to achieve a good mass resolution a well shaped primary ion beam entering
the accelerations stage is required. Due to the narrow diameter of the pinhole only
ions with relatively straight trajectories can enter the acceleration stage. The beam
shape can be further improved by the two Einzel lenses installed between the ring
electrode ion trap and mass spectrometer. The acceleration stage is constructed
analogously to a Wiley-McLaren time-of-flight mass spectrometer with two linear
electric fields. The first field is created by the potential difference between U; and
U, (20 mm separation), the second field by the potential difference between U, and
ground (39 mm separation). To ensure straight field lines over such a long distance,
two auxiliary electrodes are installed between U, and ground. The electrodes are

electrically connected by an series of resistors of 100 k(2.

Figure 2.13: 3D-CAD model of an electrode within the acceleration stage. Asym-
metric slits are utilized to ensure a high transmission while keeping
the field lines straight.

A 3D-CAD drawing of one of the acceleration electrodes is illustrated by Figure 2.13.
The outer diameter is 80 mm and the slit for ion extraction is 40 mm long and 15
mm broad. The long side of the slit is aligned parallel to the primary direction
of ion motion due to the extraction from the ion trap. This geometry ensures
maximum transmission while the field lines are kept as straight as possible. High

transmission copper meshes (90%, Precision Eforming) are spanned across the slits
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further improve the shape of the field. Deflectors positioned at the end of the
acceleration stage can be set at a variable potential to correct for the initial velocity
perpendicular to the acceleration direction. As nascent ions are investigated, the
acceleration stage has to be operated in pulsed mode. To supply potentials U; and
U, a combination of two fast switching high voltage pulsing units (6 kV, Behlke)
and two high voltage power supplies (6.5 kV, FuQG) is utilized.

After leaving the acceleration stage, the ions enter the first field free drift region,
which is approximately 700 mm long. To reflect the ions, a two stage reflectron is
used. The first field, due to the potential difference between ground and Us;, has
a length of about 40 mm, whereas the second one is 200 mm long. The different
field regions are separated from each other by meshes. As the ion beam has to pass
each mesh twice, even when high transmission meshes are employed significant ion
loss occurs. A method to prevent such ion loss is to implement a reflectron without
any meshes at the expanse of more complicated electrode arrangements [118]. For
the present work annular electrodes with an inner diameter of 120 mm are imple-
mented. The distance between two electrodes is roughly 10 mm and stays constant
for the whole reflectron stage. In contrast to the acceleration stage no pulsing of the
potentials is required. The time-independent potentials U; and U, are supplied by
two high voltage power supplies (6.5 kV, FuG). After leaving the reflectron stage,
the ions traverse the field free drift region a second time. After a flight distance of
approximately 450 mm they eventually hit the detector. A resolution of more than
3’000 (FWHM) could be achieved with the described reflectron time-of-flight mass

spectrometer during operation of the ring electrode ion trap.

2.4 Control of the experiment

A crucial part of the experiment is the synchronization of the ablation laser with the
cluster source, the ring electrode ion trap and the time-of-flight mass spectrometer.
Three coupled digital delay generators (DG645, Stanford Research Systems) are used
to supply the trigger pulses which control the individual parts of the experiment.
Figure 2.14 illustrates the operational scheme of a measurement cycle. Table 2.1
provides typical values for the various timings. Time zero, t,, of each measurement
cycle is defined by the ablation laser trigger pulse, ¢;. As stated previously at the

time the laser hits the metal target disc, the waiting room has to be already prefilled
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Figure 2.14: Operating schedule of the various trigger pulses used to control and
synchronize the ablation laser, cluster source, ring electrode ion trap
and reflectron time-of-flight mass spectrometer. ty: trigger pulse for
piezo wvalve, tp: trigger pulse for ablation laser, to: pulsing of the
bender electrodes, tg: storage mode, tg: extraction mode and tp:
delay between extraction and pulsing of the accleration electrodes of
the mass spectrometer. Note that the storage time can be longer than
the time between two experiments.

Table 2.1: Typical values of the trigger pulses as well es their time dependencies.
Values are adjusted in order to mazimize the intensity of the measured
time-of-flight spectra.

Piezo Valve Trigger Pulse | ty 300 ps

Laser Trigger Pulse tr, 10 ns

Ion Collection Time to b ms
Ion Storage Time tg | Dms—10 s
Ion Extraction Time tg 2 ms

Time-of-Flight Delay tp 400 ps

Acceleration Plates On | tp 20 ps
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with helium. The piezo valve controlling the helium pulse is triggered roughly 200 ps
earlier. Typically, the piezo valve stays open for several hundreds of s, depending
on the metal and desired cluster size. Clusters arrive at the ring electrode ion trap
approximately 1 to 3 ms after the laser pulse. The electrodes of the quadrupole
bender are kept at a tunable potential for at least 5 ms (ts), to ensure that all
clusters are bend around and can reach the ion trap. After that time span, the
electrodes of the bender are switched off to prevent any clusters from entering the
trap. This procedure is necessary as the repetition rate of laser is fixed at 100 Hz.
Thus metal clusters are produced every 10 ms. Storage times typically are much
longer than 10 ms. A static potential at the bender would result in the accumulation
of clusters in the trap produced by multiple pulses of the ablation laser. To achieve
a well-defined storage/reaction time, the newly formed clusters may not enter the
trap. This approach, however, also enables accumulation of clusters within the trap

from several laser pulses by increasing ¢..

After the set storage/reaction time, tg, the ion trap electronics switch from storage
to extraction mode, ejecting the stored clusters from the trap into the reflectron
time-of-flight mass spectrometer. The trap is kept in extraction mode until the
next laser pulse, to ensure that all of the ions have left the storage volume. Metal
clusters typically need several hundreds of ps to travel from the ring electrode ion
trap to the acceleration stage of the reflectron time-of-flight mass spectrometer.
Consequently, the acceleration electrodes are switched on for ¢ with a certain delay
tp. At the same time also the oscilloscope, used to visualize the measured mass
spectra, is triggered. The following measurement cycle starts with the next pulse
of the ablation laser. Stored mass spectra typically represent the average of 100
measurement cycles. Concentrations of the various reaction products and educts are
calculated from the normalized intensities of the measured mass spectra. Through

systematic variation of the reaction time, kinetic data can be obtained.
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2.5 Data processing and fit of kinetic data

Due to the large amount of recorded data it is necessary to automatize the required
data processing. Therefore, a program package has been developed during the course
of the project. As a programming language Python 3.4 was chosen (www.python.org,
Python Software Foundation). Major steps of the data treatment process are illus-
trated in Figure 2.15.

Measured
Time-of-Flight Spectra

\ Mass Spectra

v

Data Smoothing +
Background Correction

v

Automized Detection
of Reaction Products

v

Determination of the
Product Distribution

SN

Rate Constants

Mass Calibration

Kinetic Model

Figure 2.15: Major steps of the written python program package for an automatized
processing of the measurement data.

As described afore, product characterization is performed by time-of-flight mass
spectrometry. In a first step, the recorded ’time-scaled’ spectra have to be converted
to mass spectra. For this purpose, the quadrupole mass filter is set to ion-guide
mode, transmitting a wide size range of clusters. As the masses of the bare metal
clusters are known, the correlation between the mass and the flight-time of a particle
is obtained. The settings of the ion-guides between the ring electrode ion trap and
reflectron time-of-flight mass spectrometer may have an effect on the flight time.
Thus, the described mass calibration has to be performed for each measurement
series, separately. The obtained mass spectra are routinely background corrected
and smoothed by a Savitzky-Golay-Filter [119] to facilitate the subsequent peak
detection algorithm. Afterwards the program package relates the detected peaks to
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possible reaction products. The distribution of the detected reactants and products
is determined by normalizing the measured intensities of the correlated peaks. For
each reaction time a separate mass spectrum is recorded. By applying this procedure
to all mass spectra, the evolution in time of the concentration of all reaction product

is known. This builds the foundation for later kinetic evaluation.

During operation, the ring electrode ion trap is filled with charged metal clusters
M,F and, in the simplest case, a reactive gas R. Assuming a simple association

reaction
M}P+ R P h RT (2.16)

the concentration of the reaction product [M, R"] depends on the reaction rate k,,
as well as on the concentration of [M,[] and [R]. Therefore the reaction is of second-
order [120]. As the concentration of the reactive gas can be regarded as constant,

the association reaction is of pseudo-first order. The decay of [M,f] is given by:

d[M,]

- dt = kas[Mr—:_] (217)
and N
—[%j}i = ¢ Fast, (2.18)

For more complicated reaction schemes like several consecutive association step or
parallel reactions, analytic solutions are hard to acquire [1|. In a first step the
reaction system is transformed to a set of elementary reactions, resulting in a system
of coupled differential equations. The differential equations are solved numerically
by an algorithm based on LSODE [121]. In a second step the reaction rates k of the
elementary steps have to be fitted to the measured concentrations of the involved
species. This task is performed by a fit routine utilizing the Levenberg-Marquardt-
Algorithm [122].
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3 Characterization of the

experimental setup

The goal of this thesis is to establish and characterize an experimental setup to
study reactions of gas-phase metal clusters with various reactive gases. The focal
point of these studies is chemical kinetics. Using the experimental setup described
in the previous chapter, there are four main requirements to the determination of

kinetic data for the reaction of ionic metal clusters with various reactive gases:

1. Storage of metal clusters in a broad mass range (typically 200 u - 20’000 u)

for some milliseconds up to several seconds.
2. Variation of the reaction temperature over a broad temperature range.

3. Efficient ejection of the stored ions into the reflectron time-of-flight mass spec-

trometer to guarantee a sensitive product characterization.

4. A high resolution of the reflectron time-of-flight mass spectrometer in combi-
nation with the ring electrode ion trap to discriminate between the reaction

products.

All of these demands are fulfilled, as will be shown by the results in this chapter. To
characterize the performance of the experimental setup, cationic tantalum clusters
(Ta, , n—1..90) are produced and transferred into the ring electrode ion trap. Unless
for accumulation studies, the trap was filled with clusters produced by a single pulse
of the ablation laser. The pressure of the buffer gas within the trap is usually around
3 Pa. For clusters of more than 50 tantalum atoms, higher pressures of up to 5 Pa are
needed in order to decelerate the clusters. Otherwise these clusters, which possess
a higher kinetic energy, can overcome the repelling potentials of entrance and exit

electrode and leave the trapping volume again.
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3.1 Properties of measured mass spectra

A typical mass spectrum after a storage time of 9 ms is provided by Figure 3.1. The
quadrupole mass filter was set to ion-guide mode, thus a broad distribution of cluster
sizes is stored within the trap. Oxide species (Ta,O") formed within the cluster
source are not mass discriminated and are additionally observed in the measured
mass spectrum. A maximum intensity for Taj, was achieved by optimizing the
cluster source, ion-guides, frequency and amplitude of the RF-voltage to confine the
ions within the ring electrode ion trap as well as the delay between ion extraction and
pulsing the acceleration stage of the time-of-flight mass spectrometer. By changing
any of these settings, the maximum of the distribution can be set to a different cluster
size. It should be noted that the influence of these settings outweigh the natural
distribution of cationic tantalum clusters due to the higher stability of certain cluster
sizes [123], i.e., the detection of magic clusters is not straight forward. The mass

resolution of the reflectron time-of-flight mass spectrometer is typically about 2’000
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Figure 3.1: a) Typical (unselected) mass spectrum for Tajz to Tay, after a storage
time of 9 ms. Minor peaks indicated by an asterisk are oxide species
formed within the cluster source. The experiment can be either opti-
mized for mazimum b) resolution or c) signal intensity. Peaks marked
with a cross are due to electronic ringing.
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As illustrated in Figure 3.1 b) higher resolutions of at least 3’000 (FWHM) can
be achieved. The peaks marked by a cross are due to electronic ringing between
detector and the oscilloscope. In order to achieve a maximum resolution, the settings
of the ion-guides between ring electrode ion trap and reflectron time-of-flight mass
spectrometer have to be carefully optimized towards this goal. This comes at the
expense of the overall transmission and causes a decrease in the measured signal
intensity. Another prerequisite for a maximized resolution is a minimal gas load
within the reflectron time-of-flight mass spectrometer. This may be achieved by a
reduction of the buffer gas pressure within the trap, which in turn causes smaller
storage efficiencies. Hence, the signal intensity decreases further, especially for larger
clusters. When the quadrupole mass filter is set to ion-guide mode, peak intensities
of typically 30-80 mV are measured. As shown in Figure 3.1 ¢) for size-selected
clusters, intensities of several hundreds of mV are achieved . The increase in intensity
may be attributed to two effects. Firstly, size-selection enables a more efficient
optimization of clusters source, ion-guides and ring electrode ion trap for one specific
size. Secondly, when no size-selection is applied the trap is filled above the space
charge limit by a single pulse of the ablation laser, resulting in rapid ion loss. While
size-selection decreases the overall number of clusters in the trap, more clusters of
the selected size can be stored in the trap. The storage time of both measurements
is 9 ms. These observations demonstrate that it is possible to tune the experimental
setup either towards higher sensitivity or towards higher resolution of the reflectron

time-of-flight mass spectrometer.

3.2 Enrichment of ions within the ring electrode

ion trap

While typically clusters produced by a single pulse of the ablation laser are injected
into the ring electrode trap, it is also possible to accumulate clusters formed by
several laser pulses. This is of particular interest if only a few particles of the
species of interest can be transferred to the ion trap. An example for this are metal
cluster-adsorbate complexes formed by a crossed beam experiment, as shown in [124]
for the present setup. The following measurement emulates such a situation to show
the feasibility of accumulating ions within the ring electrode ion trap. In order to
reduce the amount of Ta; clusters that are transferred to the trap, the ion-guides

in front of the ion trap are detuned. As shown in Figure 3.2, clusters formed by a
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Figure 3.2: Accumulated absolute intensity of Tai as a function of the ablation
laser cycles used to produce tantalum clusters.

single laser pulse translate to a signal intensity of almost 18 mV. Neglecting ion loss
due to imperfect storage, as well as any interference between ions already within the
trap and newly arriving ions, doubling the intensity is expected when accumulating
clusters over two ablation laser pulses. The expected linear dependence is shown as a
red dashed line. The intensity measured after two cycles is 31 mV, which is slightly
below this value. The effects of imperfect storage and interference between ions
can no longer be neglected for higher ion densities caused by longer accumulation
times. Hence, the measured intensity deviates further and further from the linear
dependence. For accumulation times longer than 400 ms (40 cycles of the ablation
laser) no further accumulation can be observed due to the space charge limit. In
normal operation when all of the ion-guides are set to maximum transmission, similar
intensities are achieved by collecting ions from a single pulse of the ablation laser.
This observation indicates that the ion density in the trap is close to the space
charge limit, even when size-selection is applied. Accumulation from a second laser

pulse does not result in a significant increase of the measured intensity.
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3.3 Storage characteristics and kinetic evaluation

The storage characteristics of the ring electrode ion trap can be quantified by two

criteria:
e How long can ions be stored within the ion trap?

e What is the maximum possible mass range of ions stored within the trap?
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Figure 3.3: Mass Spectra of Ta™, TaO" and TaO} for a storage time of a) 50 ms,
b) 500 ms, c) 5000 ms and d) 10000 ms at 250 K. TaO" and TaO5
are formed by a reaction of Ta” with water impurities.

To demonstrate the storage capabilities at the low end of the mass range, Ta" ions
are stored within the ion trap at a temperature of 250 K. Figure 3.3 a) depicts a
mass spectrum measured after a storage time of 50 ms. The intensity of the peak
that corresponds to Ta™ is more than 30 mV and no other species can be detected.
Increasing the storage time by a factor of 10 to 500 ms (b) results in the appearance
of a second peak in the spectrum. This peak can be assigned to TaO™", which is
likely formed by reaction with water impurities adsorbed onto the ring electrode
trap. Previously, it was found that gas phase neutral tantalum atoms are able to
break the O-H bond of water molecules [125]. The sum of the intensities of these
two peaks still exceeds 30 mV.
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As illustrated in Figure 3.3 c), for storage times longer than 5000 ms an additional
species, TaOj , is detected. For a storage time of 10000 ms (d), still peaks corre-
sponding to these three species are present in the measured mass spectrum. Their
combined intensity is almost 20 mV. This experiment demonstrates the capability
to store atomic tantalum ions (180.95 u) within the trap for at least 10 s. The
primary species Ta' is depleted by two effects: by imperfect confinement of the
ions and by reactions with impurities. As gas phase tantalum clusters readily react
with water |126], oxygen [127] and nitrogen [128], the reaction with impurities is the

major loss channel.

In a second experiment the overall storage efficiency as well as the first kinetic
evaluation will be shown simultaneously. For this experiment the trap is cooled
down to 35 K. Ta; clusters are produced and guided into the ring electrode ion

trap. Two mass spectra are provided by Figure 3.4. The first one, illustrated as
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Figure 3.4: Mass spectra of Taj for storage times of 0.1 s (solid black line) and
5.0 s, respectively (dashed red line). b) Calculated relative abundances
of Tai and the formed reaction products Tas N} and Ta5N4+. The solid
lines represent the result of the kinetic fit. Adapted with permission
from [105]. Copyright 2015 Elsevier.

solid black line, is recorded after a storage time of 0.1 s. TaJ is the dominant
species within the ion trap, with minor components corresponding to Ta;N, and
TasO". The relative abundance of Ta;O" decreases with increasing reaction time.

Hence, this species is not formed within the ion trap. It is probably generated during
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the cluster formation process within the cluster source and is, therefore, neglected

in further discussions.

For a reaction time of 5.0 s (red dashed line) TazN; has become more abundant.
Additionally TasN, can be detected. Nevertheless, Tad is still the most abundant
species. The reaction of nitrogen with cationic tantalum cluster may be described

by a straightforward attachment of nitrogen molecules:
Tar 5 TasNy 2 TagNy ... 5 Ta N ... (3.1)

Assuming this model, the relative abundance of the involved reaction species can
be fitted with respect to the measured abundances. As illustrated in Figure 3.4 b)
an excellent agreement between the fit (solid lines) and measured data (symbols) is

achieved. The calculated rate constants are summarized in Table 3.1.

Table 3.1: Calculated pseudo-first order rate constants for the reaction of Tai and
Taz, with nitrogen.

Tas Taz, Tas Tad,
ky [1/] 0.087 1.226 ky lem®/s) | 12-1071 | 1.7-1071
ko [1/s] 0.120 0.915 ky [em®/s| | 1.7-107" | 1.3-107"°
ks [1/s] - 0.652 ks [em?®/s| | - 99.10"
kg [1/8] - 0.591 ky [em?®/s| | - g.4.10 1
ks [1/s] - 0.615 ks [em?®/s| | - 8.7.10 1
kg [1/s] - 0.389 ke [em?®/s| | - 39.10"

The partial pressure of nitrogen can be measured with a residual gas analyzer (SRS)
within the ion trap chamber, but unfortunately not directly inside of the ring elec-
trode ion trap. Consequently, the actual partial pressure of nitrogen within the trap
is unknown. The measured partial pressure at the ion trap chamber is 10~° mbar,
it is therefore reasonable to assume a pressure of 107" mbar inside of the storage
volume. A more in detail discussion on kinetics in the gas phase is given in the
next chapter. Considering a constant partial pressure of nitrogen, in the next step

pseudo-first order rate constants can be calculated. As shown in Table 3.1 they are
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Figure 3.5: a) Mass spectra of Taj, for storage times of 0.1 s (solid black line) and
5.0 s respectively (dashed red line). b) Calculated relative abundances
of Taly and the reaction products from TasyN, to TasyN;,. The solid
lines represent the result of the kinetic fit.

in the order of 10" cm® /s for Tay .

The same experiment was repeated for Tas, clusters with similar results. Again a
consecutive attachment of nitrogen molecules can be observed (see Figure 3.5 a).
Although compared to Tad, Tady is much more reactive. After a reaction time of
1 s, TaggN, already is the most abundant species within the spectrum. As shown
in Figure 3.5 b), beside TazyN, and Taz,N; additional species such as TazoN{, are
formed. Again a good agreement between measurement and fit is achieved. Table 3.1
shows reaction rates that are roughly one order of magnitude higher compared to
Ta; . By determining the rate constants in a consecutive reaction with multiple
reactants, these first results demonstrate the capability to evaluate the kinetics of

reactions in the gas phase.

The previous results are used to estimate the loss of ions due to imperfect con-
finement of the ions while being stored in the trap. This estimation requires all
reactants and reaction products to be taken into account. Therefore, the intensities
of all species corresponding to the same cluster size are summed up. Figure 3.6
illustrates the total normalized intensities for Tas and Tas,. In general, more than
75% of the injected clusters are still within the trap after 1 s, more than 40% remain
after 5 s, and more than 20% are detected after 10 s.
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Figure 3.6: Normalized total intensity of Tai and Ta}, as a function of the storage
time. Adapted with permission from [105]. Copyright 2015 Elsevier.

The loss of intensity can be fitted by an exponential decay with two time constants.
The first time constant is in the range of some tens of ms; the second one is in
the order of some seconds. This finding indicates the presence of two different
loss mechanisms. The quick initial loss is likely connected to ion loss before the
clusters are completely thermalized, which results in somewhat undefined storage
conditions. Since the thermalization is slower for larger clusters [96], this effect is
more pronounced for Taz, than for Ta;. As stated afore, when cluster synthesized
by two or more laser pulses no significant increase in the detected signal intensity
is observed. This indicates that the trap is filled above the space charge limit by a
single pulse of the laser. Such an ‘over saturation’ would result in rapid loss of ions
until the ion density is well below this limit. The second time constant is probably
due to an imperfect confinement of the clusters. However, as demonstrated, it is
easily possible to store ions within the trap for more than 10 s and still obtain
mass spectra with good signal to noise ratio. In fact, much longer storage times of

5 minutes have been achieved with the current setup.

To estimate the upper mass limit of the experimental setup, the experiment is opti-
mized to form and guide large clusters. The quadrupole mass filter is set to ion-guide

mode in order to overcome its mass limit of 16’000 u. Cluster source, ion-guides and
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ring electrode trap are optimized for large clusters. The temperature of the trap is

kept at 35 K. Figure 3.7 depicts the mass spectrum measured after a storage time of

——  9ms stored
—— 500ms stored
E
5,
>
=]
C
9
) /
Ta '
60 \ .
1 Ta80
Tam <\Ta76+
T T T T T T T T T 1
8000 10000 12000 14000 16000 18000
m/z

Figure 3.7: Large tantalum clusters comprising up to 90 atoms are synthesized and
stored within the ring electrode trap for 9 ms (black) and 500 ms (red).
Again a reaction of the clusters with impurities is observed. Adapted
with permission from [105]. Copyright 2015 Elsevier.

9 ms (black line). The smallest observed cluster is Taj, and the biggest one is Tagy
with a mass of approximately 16’200 u. The maximum of the size distribution is
found at Ta7s. After a storage time of 500 ms significant intensities are still detected.
The overall shift of the peaks towards higher masses again relates to a reaction of
the clusters with the background gas. In summary, these experiments show that
ions with masses between 200 u and 16’000 u can be stored in the ion trap for at
least 10 s. As Tag, was the largest that could be synthesized in sufficient quantities
with the described cluster source and guided to the ring electrode trap, it was not
possible to determine the actual upper mass limit for ion storage. Nevertheless, ions

of a broad mass range can be safely stored within the trap.

In order to achieve long storage times, the amplitude and frequency of the RF-
potentials applied to the ring electrodes have to match the mass of the particles
that are stored. Empirical peak-to-peak amplitudes and frequencies as a function of

the mass of the stored particles are illustrated by Figure 3.8. In general, two trends
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Figure 3.8: Empirical frequencies and peak-to-peak amplitudes of the RF-potentials
applied to the ring electrodes in order to confine ions as function of
their mass. The dashed lines function as a guide to the eye.

can be observed. The amplitude increases for higher masses, whereas the frequency

decreases as particles with a higher mass are slower. The decrease in frequency is

in good agreement with trends calculated for multipole ion traps [50].

3.4 Extraction characteristics

A pre-requisite for the combination of a ring electrode ion trap with a reflectron

time-of-flight mass spectrometer is a controlled and efficient ion extraction method.

Previous attempts were hampered by undefined extraction fields [110]. The com-

bination of ring electrode ion trap with the described electronics unit allows to

create defined pseudo-linear fields. Additionally, this enables the realization of more

sophisticated fields.



3 Characterization of the experimental setup 54

a) —m—Ta, (i)
20 —— E.Zones 104 Ta,,’ (i)
. —— i) Linear o
\.\. ) —eo—Ta, (ii)
\ + e
19 \.\ 0.8 —eo—Ta, " (ii)
I\ ?
=718 \'\ 2
= A £ 06-
qw) l-l-l-l-l-l-l-l-l-l\:: E ’
£ 17 9
o g
1 o = 044
O \. (“ il
A 16 N £
i o
R pd 02
15 - I-I-I-I-I-I-I-:}'il-l-l ' ‘_-hl
o\ !
| A\ / o
14 ", 00-md N Q'—
T T T T T T T T T T T 1 T T T T T 1
0 5 10 15 20 25 300 400 500 600
Electrode Delay [us]

Figure 3.9: a) Two exemplary sets of DC-offsets to create an extraction field. In
the case of i) the trap is divided into two zones with different DC-
offsets, for ii) a pseudo-linear field is created. b) Corresponding signal
intensity of two cluster sizes as a function of the delay between extrac-
tion and pulsing of the time-of-flight mass spectrometer. Adapted with
permission from [105]. Copyright 2015 Elsevier.

Two extraction fields are compared to demonstrate the ion extraction properties.
The DC-offsets used to create these fields are shown in Figure 3.9 a). For the first
extraction field i) the ring electrode ion trap is divided into two zones. The entrance
electrode is set to 20 V, the DC-Offset for electrodes 1-12 is at 17.5 V, for electrodes
13-24 at 15 V and the exit electrode is set to 14 V. In a second experiment a pseudo
linear extraction field ii) is created by linearly decreasing DC-Offsets from the
entrance electrode (20 V) to the exit electrode (14 V). These two extraction fields
are then utilized to eject Tas and Taj, from the ion trap, after having been stored
for 0.1 s. To characterize the time profile of the ejected cluster beam, the delay
between ion extraction and the pulsing of the acceleration plates of the reflectron

time-of-flight mass spectrometer is systematically varied.

The resulting normalized intensity is depicted in Figure 3.9 b) as a function of the
delay. Tantalum metal clusters typically need some hundreds of seconds to arrive at

the acceleration stage. Lighter clusters arrive earlier as they are accelerated to higher
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velocities. For extraction field i) the ion beam is spread for at least 200 ps in time
for both cluster sizes. In the case of the pseudo-linear field the time distribution is
much tighter; for Tas the beam is roughly 70 ps long. The full width half maximum
for both cluster sizes is 50 ps. The intensity for extraction field ii) is increased by
a factor of three compared to extraction field i). Thus, when a high sensitivity of
the experiment is required, pseudo-linear fields can be exploited to create high peak
intensities. On the other hand, when product of a large mass distribution shall be
analyzed at the same time, it is advantageous to exploit different field shapes with
larger ’time overlaps’(e.g., consisting of two zones or more sophisticated fields). The
flexibility of the newly developed electronics unit of the ring electrode ion trap allows

optimization in both cases.
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Figure 3.10: Empirical delays between the ion extraction from the trap and the
pulsing of the acceleration plates as function of the square root of the
mass of the stored ions.

Figure 3.10 depicts typical delays tp between ion extraction from the ring electrode
ion trap and the pulsing of the acceleration plates of the reflectron time-of-flight mass
spectrometer for the pseudo-linear field illustrated in Figure 3.9 b). The delays have
been determined experimentally by mass selecting and storing a certain cluster size
within the trap. The delay was then optimized for maximized intensity. The delay

scales linearly with the square root of the mass of the stored (dashed red line).
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This is analogous to the relation found for the flight times in time-of-flight mass
spectrometry. Furthermore, this correlation allows the prediction of the optimal
delay, tp, when a certain mass is stored. By combining the known 'peak form’
shown in Figure 3.9 b) and the correlation between mass and delay as shown in
Figure 3.10, measured intensities can be corrected for 'non-ideal’ delays. This is
particularly important when ions of a wide mass range shall be detected. Instead,
for the course of this work, mass spectra have been measured at several delays when

necessary.

In summary, ions of a wide mass range (200 u to more than 16’000 u) can be stored
for more than 10 s, which is possible due to a high storage efficiency. The setup fur-
thermore allows to follow the reaction of tantalum clusters with nitrogen impurities
at 35 K and the related reaction rates (in the order of 1-107'% to 1-10~"'em®/s) have
been determined. The extraction characteristics of the ring electrode ion trap can
either be optimized towards a high sensitivity for one particular mass or towards a
large mass range. Additionally, the product characterization via time-of-flight mass
spectrometry can either be tuned for a high resolution or a high sensitivity. These
characteristics are the foundation to conduct the studies shown in the following

chapters.
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4 Oxidation of cationic tantalum

clusters

The reaction of molecular oxygen with cationic tantalum clusters with 4 to 40 atoms
is studied with the described experimental setup. In order to perform these experi-
ments, 100 ppm of oxygen (6.0, Westfalen) is mixed into the helium buffer gas (6.0,
Westfalen). The pressure of this gas mixture within the trap is set to 3 Pa. After
a short introduction, the results of these experiments will be discussed in detail for

some selected cluster sizes.

4.1 Introduction

Today tantalum is used for a wide range of various applications from electronics [129]
to medical tools [130] due to its high resistivity towards corrosion. Of particular in-
terest are tantalum oxides, utilized for example as optical coatings [131], protective
coating for sensors [132]| or electrode materials in electrochemistry [69]. Looking
at the microscopic scale and beyond tantalum and its oxides are interesting due to
their reactivity. Basame et al. showed that only certain sites of Ta-Tay,Oj electrodes
are active for certain redox reactions [133]. Mesoporous tantalum oxide was found
to decompose water [134]. In fact, tantalum oxides catalyze a broad range of chem-
ical reactions. An important example is the oxidation of hydrocarbons including
methane |70]. Gas phase tantalum oxides mediate the coupling of methane and
carbon dioxide [61]. Beside atomic tantalum, also the reactivities of small tantalum
cluster oxides have been studied extensively. Metal clusters feature unique, often
not scaleable properties [24|. Particularly in gas phase, they are good model systems
for catalysis [52]. Neutral tantalum oxide clusters have been found to react read-
ily with NO and NH; [135]. Cationic clusters react with 1-butene, 1,3-butadiene
and benzene by the a cracking of a C-C bond [71|. For ethane and ethylene, as-
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sociation and molecular oxygen loss have been observed [136]. In contrast to that,
relatively few studies on the bare clusters exist. He and co-workers found that
neutral tantalum clusters dehydrogenate unsaturated hydrocarbons [43]. Cationic
tantalum clusters dehydrogenate small alcohols or cause the dissociation of their
C-O bond [124]. These clusters are also able to activate nitrogen [128]. While only
few of the mentioned reactivity studies provide kinetic data, to the best knowledge
of the author, up to now no study about larger tantalum clusters with more than 10
atoms exists. Using the experimental setup described beforehand enables variation
of reaction temperature, time and pressure. Thus, the kinetics of the reaction can
be studied. Within the next sections the reaction of cationic tantalum clusters with
oxygen is discussed and a detailed reaction mechanism based on the obtained kinetic

data is proposed.

The kinetic analysis, furthermore, reveals phenomena that relate to the structure of
the cluster. The structure of small cationic tantalum clusters are characterized by
an early transition from a 2D to a 3D configuration as the tetramer already has a
three dimensional structure [137]. While some work has been done on the structure
of smaller tantalum clusters [126] and even tantalum cluster oxides [138], [139], up
to now only one theoretical study reports the structures of larger tantalum clusters
cations up to Tajg [140]. A further study makes some predictions on the structure
of such clusters by the occurrence of magic clusters sizes, obtained by time-of-flight
mass spectrometry [123]. Hence, the present observations even may help to shed
some light on the cluster structure [141|. Before a kinetic evaluation can be per-
formed an understanding of ion-molecule reaction principles in the gas phase is nec-
essary. The following chapter will give a brief summary of the underlying theoretical

description.
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4.2 Kinetics and limitations in the multi-collision

regime

The reaction of small free metal clusters with oxygen has been extensively stud-

ied [65, 63, 142]. In the simplest case an association reaction is observed:
kq
M} + Oy =% M, Oy . (4.1)

Note that the same formalism can also be applied to anions. For almost any system

the apparent rate constant k,,, increases with decreasing temperature. This would

app
translate to a formally negative activation energy, which is indicative for a more
complex reaction mechanism. The observation of a negative activation energy can be
explained by a Lindemann reaction mechanism [120] [143]. Upon collision between a

metal cluster M, and an oxygen molecule O, an activated complex MOQH is formed.
kq .
M, + O, = M, 05 (4.2)
b

The formation of the activated complex, described by k, can be regarded as a
barrierless ion-molecule association processes, which does not strongly depend on the
temperature [144] [145]. It depends almost solely on the collision frequency between

metal cluster and oxygen molecule, as described by the Langevin theory [146] [120].
M, 05" 5 M,0F (4.3)

The activated complex can either dissociate to M, and O, expressed by k,, or it can
be stabilized to MO; . Reaction studies within multipole ion traps are performed
in the so-called multi-collision regime. At a pressure of 1 Pa each metal cluster
collides with a buffer gas atom each 3 ps [63]. Hence, the activated complex can be
stabilized by collisions. The stabilization process is also almost independent from
the temperature. The concentration of the buffer gas [He], however, may influence
the rate constant of the stabilization reaction. Consequently, the reaction is of third
order. Other possibilities are radiative relaxation or internal redistribution of the
association energy [62]. The only rate constant that significantly depends on the
temperature is the back reaction, described by k;,. As this rate constants k; increases

with increasing temperature, the apparent rate constant k,,, for the overall reaction

app
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decreases. The rate equations for [M, ] and [M, "] can be written as:

LTk MI0s] + (M,03] 4)
d[ﬂf*] = +ko[M,][05] — ky[M,057] — ky[M,"][He]. (4.5)

Assuming short lived activated complexes it is possible to apply a steady state

approximation for the activated complex [147] [148|. Equation 4.4 can be written

as: dM,0F] _ ku[M;][Og)k[He] 500+
N AR e GO CC (4.6)
with .
k(3):m‘ (4.7>

As the buffer gas and reactive gas are constantly injected into the ion trap, both
concentrations remain constant throughout the reaction. Hence, the rate equation
is of pseudo-first order and can be simplified to:

d[fc\l?] = kO kY = K90, [He] (4.8)

If the dissociation of the activated complex is favored compared to the stabilization

ks, Equation 4.8 can be further simplified to:

gD = Zats (4.9)

To determine absolute rate constants, it is necessary to know the pressures the of
reactive gas and buffer gas within the ion trap. The pressure in the trap is not
constant in space, but varies along the axis of the trap [95]. The pressure gradient,
however, remains constants for all measurements at a certain pressure. The pressure
measured by a single gauge represents an averaged value. The measurement of this
averaged pressure in the trap is not straightforward and differs significantly from the
pressure in the surrounding chamber. Consequently, pressure measurements typi-
cally have large absolute error margins. Kappes and co-workers estimated that their
pressure measurement has an absolute error of 50% [62]| and the same error margin is
assumed for present work. Hence, the calculated rate constants have large absolute
error margins, as well. The deviation of the pressure for different measurements is

much smaller. Thus, rate constants obtained from different measurements can be
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determined with high accuracy while their absolute value is subject to a large error.
In fact, rate constants determined from different measurements showed a deviation
of less than 10%.

The role of the buffer gas is ambiguous. Due to the diluted gas phase, stabilization
via buffer gas collisions may play an important role. Consequently, partial pressures
of the buffer gas may be included into the kinetic model as it is done in Equation 4.6.
However, other relaxation processes like fragmentation of the reactant may be im-
portant. For reactants with a big heat capacity, the back reaction may be reasonably
slow and therefore k, very small. In fact, almost all reactions discussed in follow-
ing proceed comparably fast. This observation indicates that the back reaction is
strongly suppressed. In such a scenario ) may be approximated by association
rate constant k,. Thus, the helium concentration does not influence the reaction
significantly. As the scope of this work is to describe the reaction with the simplest
model possible only the concentration of the reactive gas is included. For further
studies, the concentration of the reactant gas may be kept constant whereas the
concentration of the buffer gas is systematically varied. This procedure allows to

disentangle the influence of the concentration of reactive gas and buffer gas.

4.3 Reactions of larger tantalum clusters -

Indications for two reaction mechanisms

In a first part, the reaction of larger tantalum clusters with more than 13 atoms is
discussed on the example of Tagy. The reaction of Tag, with oxygen is studied at
300 K and 50 K and pseudo-first order rate constants are determined. Variation of
the reaction temperature enables determination of activation energies. In a second
part, the obtained results are discussed and a model for the observed reaction is

proposed.
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4.3.1 Reaction at 300K

Figure 4.1 a) depicts a mass spectrum after a reaction time of 10 ms for a reaction
temperature at 300 K. Tag, is still the most abundant species, although a significant
part of the clusters has reacted with oxygen. Major reaction products are TayyOy
and Tay,O, . Peaks with an odd number of oxygen atoms are marked with a cross.
These species originate from a side reaction with water adsorbed at the electrodes of

the trap [126] and because of their low intensity they are neglected for the subsequent

discussion.
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Figure 4.1: Mass spectra for the reaction of Tags, with molecular oxygen recorded
at reaction times of a) 10 ms, b) 50 ms, ¢) 200 ms and d)500 ms at
300 K. Peaks marked with a cross are caused by a side reaction with
water background and * marked peaks appear due to a side reaction
that results in the fragmentation of the tanatlum cluster. The main
reaction channel is the subsequent attachment of oxygen molecules to
the tantalum (ozide) cluster, until the final product Ta,yOgg is formed.

As illustrated in Figure 4.1 b), the signal of Tag, has almost completely vanished after
50 ms. This finding already demonstrates the high reactivity of cationic tantalum
clusters towards oxygen. A broad distribution of reaction products, ranging from
TagO5 to at least TagnO1 can be found in the spectrum. The most abundant species
after this reaction time is Tag,Og. After 200 ms, Figure 4.1 c), the distribution

is much narrower with TayyOg, being the most prominent reaction product. The
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reaction of Tag, with oxygen stops at TagyOqg. Consequently, TayyOgg is the only

species for reaction times longer than 500 ms, Figure 4.1 d).

Rate constants are obtained from the measured time-dependent concentration of
the reaction products by assuming a straightforward consecutive addition of oxygen

molecules to the tantalum cluster:
+ ki + ko + k3 ks +
TGQO — TGQOOQ — TCLQOO4 —_— ... — Ta20026. (410)

Oxygen and buffer gas are constantly injected into the trap, thus the oxygen con-
centration remains constant during the reaction and calculated rate constants are

of pseudo-first order. Figure 4.2 illustrates intensities measured for Tag, as well as
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Figure 4.2: a) - d) Normalized intensities of the reactants as a function of the
reaction time. The results of the kinetic fit are depicted as solid lines.

for all reaction products as a function of the reaction time. Tag, is seen to vanish
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rapidly, and it cannot be detected anymore after a few tens of milliseconds. Inter-
mediate species like Tagy,Oy or TayyO, can only be detected for roughly 100 ms.
Higher oxides, however, are present in spectra for longer time spans. For example
TagyOs, can be detected over a period of at least 400 ms. The black solid lines
represent the result of the kinetic fit. For all of the involved species a very good

agreement between fit and experimental data is achieved.
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Figure 4.3: Pseudo-first order rate constants for all of reactions steps at 300 K.
The dashed red lines represent a linear regression for reaction steps
1-7 and 7-13 respectively.

The corresponding pseudo-first order rate constants of all reaction steps are calcu-
lated and depicted in Figure 4.3. The first reaction step (Tag, LN Tay, O3 ) is found
to be the fastest with a reaction rate of approximately 2 - 10° cm? /s. This value
is close to the collision frequency reported in [62| for small gold clusters. When
taking into account the pressure of the buffer gas a rate constant of 2 - 10%* em?® /s
is determined. This rate constant is more than three orders of magnitude larger
compared to the rate constant found for reaction of small gold clusters with oxygen
by Bernhardt and co-workers [63]. As the oxidation of Tag, progresses rapidly at a

quite low oxygen concentration this result appears reasonable.
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In general, the reaction rate decreases with each reaction step. In a simple approx-
imation, Tag, has 13 adsorption sites for oxygen molecules. Each attached oxygen
molecule would block one site. A ’successful’ attachment gets increasingly unlikely.
In such a scenario the reaction rate would decrease linearly. However, such a behav-
ior is not found. Instead two regimes are observed, the first one for reaction steps
1-7 (kyi-k7), the second one from 7-13 (k;-k3). For both regimes the reaction rate
decreases linearly, but with different slopes. These findings strongly indicate that
two different reaction mechanisms are present for the reaction of molecular oxygen

with Tag,. The potential mechanisms will be discussed later in detail.
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Figure 4.4: Rate constant k, for the first reaction step as a function of the oxy-
gen concentration within the helium buffer gas. The dashed redline
represents a linear regression.

For a simple association reaction as described in Equation 4.10 the decay of the
initial bare cluster scales linearly with the oxygen concentration in the buffer gas.
By variation of the concentration the proposed reaction mechanism can be verified.
The implemented gas reservoir enables dilution of the commercial oxygen helium gas
mixture. For this purpose, the reactive gas is filled into the installed gas reservoir.
Then helium (6.0, Westfalen) is added into the gas reservoir. Oxygen concentrations
of 20, 40, 60 and 80 ppm are prepared. Figure 4.4 illustrates the calculated order

rate constants of the first reaction step k;. The rate constant increases linearly with
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the oxygen concentration in the buffer gas. This observation is a clear indication
that for each reaction step only one oxygen molecule is involved and, therefore,

supports the proposed reaction mechanism.

4.3.2 Reaction at 50 K

Figure 4.5 a) illustrates mass spectra for a reaction time of 10 ms. Already after such
a short reaction time, the bare Tag, cluster is not the dominant species anymore.
Instead the most abundant species is Tay,,O5 . Only peaks with an even number of

oxygen atoms are caused by the reaction with molecular oxygen. All other peaks

a) 10 ms

b) 50 ms

Intensity [a.u.]

Ta, O,."

20726

3600 3800 4000 4200
m/z

Figure 4.5: Mass spectra for the reaction of Tag, with molecular oxygen recorded at
reaction times of a) 10 ms, b) 50 ms, ¢) 100 ms. Peaks marked with +
are due to a side reaction with water background, * mark peaks due to a
stde reaction that results in the fragmentation of the tantalum cluster.
Both reaction channels are not discussed due to their low intensities.

result from side reactions with the background gas. Additionally detected reaction
products are Tay Oy, TayyOg and Tay,Of . After a reaction time of 50 ms ¢) again
a broad distribution of reaction products from TasO4 to TasyOs is detected with
TayOs being the most prominent species. In contrast to the reaction at 300 K,
TasOs6 is not the final reaction product. After a reaction time of 100 ms, the

largest detected oxide species is TasyO35. From the studies of Duncan and co-
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workers it is known that tantalum clusters can become over saturated with oxygen
atoms [127]. As those species only appear at temperatures below 75 K, there is a
strong indication that the surplus oxygen molecules are only loosely bound to the
cluster, as for example by van-der-Waals interaction. Similar effects have been found

for silver dimers [65] or palladium clusters [142].

The calculated rate constants are shown as a function of the reaction step in Fig-
ure 4.6. In general, the determined pseudo-first order rate constants at 50 K are
lower than those obtained at 300 K. An exception is the rate constant of the last
two reaction step which is significantly higher at 50 K. Similar to the reaction at
300 K, two reaction regimes are observed. In each regime the pseudo-first order rate
constant decreases linearly. The transition between the two regimes takes place at

the seventh reaction step.
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Figure 4.6: Pseudo first order rate constants for all of reaction steps at 50 K. The
dashed lines represent a linear regression for reaction steps 1-7 and
7-13 respectively.



4 Oxidation of cationic tantalum clusters 68

20E-9-8) 2E-9+ 450-C)
= 50K 4004 4.
e 100K 18E9] # . +
18E-9 # 200K 350 % SN ]
+ 300K T .
1.6E-9 300 A .
16E:91 &7 4 2504 %
**
: 1.4E-9 200
\\Q P .
1.4E-9 o N 150 i
_ % 1269 = 100
2 .. H 2 €
£ 12697 ewe y E 5 w0
O, . \ O, y
- “ve. v = B o
3 S v & 1E-9 @
@ 1.0E-94 °o ] w -50-
S Y . S c
3 N o S -100-
Q b L N [} . =
T 8.0E-10- h e T 2 150
14 . X o . ©
L 8E-10 2
N ‘ot 2200 4
w
6.0E-10- . 250
ey 250
i\
-3001
\& o
4.0E-10 - 3504
. 6E-10
-4004
2.0E-10 * -450
*
T , , , , ; -500 ——
0 2 4 6 8 10 12 14 0.004 0008 0.012 0.016 0.020 0 2 4 6 8 10 12
Reaction Steo 1/Temperature [1/K] Reaction Step

Figure 4.7: a) Rate Constants as a function of the reaction step for 50 K, 100 K,
200 K and 300 K. b) Arrhenius plots for reaction steps 1, 4, 7, 9 and
10 and c) corresponding activation energy for all reaction steps.

4.3.3 Arrhenius plot and activation Energies

Figure 4.7 a) illustrates rate constants determined for temperatures of 50 K, 100 K,
200 K and 300 K for each reaction step. For all temperatures two regimes can be
seen. Within each regime the rate constant depends linearly on the reaction step,
with the transition taking place at the seventh reaction step (TaQOOE *, TaQOOﬂ).
The dashed lines in the Figure represent a linear regression. In general, the fitted
slopes of the linear regressions increase with temperature. Although the variation for
the first regime is minor, the effect on the second regime is much more pronounced.
In fact, for the last two reaction steps, higher pseudo-first order rate constants are
determined for lower temperatures. For unimolecular reactions, the rate constants
should satisfy the Arrhenius Equation [1]:

Eq

k=A-e ®RT, (4.11)

where A is the prefactor that includes in this case the so called steric factor, the

activation energy F, and R the gas constant.

Figure 4.7 b) depicts an Arrhenius plot for reaction steps 1, 4, 7, 9 and 10. The solid
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lines represent a linear regression of the rate constant versus the inverse temperature.
While reaction steps 1 to 11 fulfill Equation 4.11, this is not the case for the last two
reaction steps 12 and 13. For both steps the corresponding rate constant increases
with decreasing temperature. From the slope of the linear regression, however,
the activation energy can be obtained. The calculated activation energy for all
reaction steps is shown in Figure 4.7 ¢). The first reaction step has a very low
activation energy of roughly 400 J/mol, for all of the consecutive reaction steps
the activation energy is even lower. The error bars shown in Figure 4.7 ¢) only
represent the error of the Arrhenius fit, the absolute error is expected to be much
larger. The activation energy determined for the first reaction step is roughly one
order of magnitude lower compared to the activation energy found for the reaction
of Agy AN Ag,O5 [65]. For the first seven reaction steps the activation energy
decreases only slightly. Surprisingly, after the seventh reaction step, the activation
energy decreases much faster. The simultaneous decrease of rate constants and
activation energies in the second reaction regime strongly indicates a change in the

reaction mechanism, which will be discussed further on.

4.3.4 Discussion

For the reaction of molecular oxygen with Tag, four major effects have been observed:
1. Tantalum clusters stay intact upon oxidation.

2. Two different reaction regimes (reaction steps 1-7 and 8-13, respectively) have

been found.
3. The reaction rate decreases with each additional oxygen molecule adsorbed.

4. The activation energy stays constant within the first regime and drops quickly

within the second one.

For the first regime (1-7), the reaction rate decreases only slightly with each reac-
tion step. The calculated pseudo-first order rate constants increase with increasing
reaction temperature. The obtained activation energies, thus, are very small but
different from zero. Although a slight trend towards smaller activation energies is
found for each further reaction step, the activation energy remains almost constant

within the first reaction regime. To explain these finding a modified Lindemann
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model is proposed:
TagOy, 2% Tay0,,05* 2 Tay0,,(0,0) £ Tay0,,(0,0)* (4.12)

Analogous to the Lindemann model, tantalum cluster(oxides) TayO;, collide with
oxygen molecules and an activated complex Tag0,,05 * is formed. The newly at-
tached oxygen molecule quickly dissociates, rendering any backward reaction to the
educts highly improbable. As k, is suppressed, a small but finite activation energy is
observed. It is known for smaller tantalum clusters (Tag-Tag ) that at least the first
two oxygen molecules do not bind as intact molecules to the clusters, but instead
dissociate [127], with each oxygen atom forms bonds to two tantalum atoms [138].
Similar observations were made in the case of small palladium clusters [142]. The
stabilization step k, can either be caused by collisions with helium atoms or by
internal redistribution of the excess energy. The latter may be important due to
the high number of degrees of freedom of the Tay, cluster (and its oxides). Hence
life-time of the activated complex may be high enough to be stabilized by collisions

with buffer gas atoms in almost any case.

For the second reaction regime (reaction steps 8-13) lower reaction rates and lower
activation energies are found. One would intuitively expect the opposite: the reac-
tion rate should increase with decreasing activation energies. This finding indicates
that a different oxidation process takes place in the second regime. Additionally,
compared to the first regime, a much faster decrease of reaction rates and activation
energies was determined. These observations can be explained by an intact adsorp-

tion of oxygen molecules onto the cluster. Therefore, a ’classic’ Lindemann model

is assumed:
TayO; X% Tay0,,05" (4.13)
a) Tay0,, 05" 2 TayO;, + 0, (4.14)
b) TQQOOmO;_* k_5> TCLQOO;;_;'_Q (415)

Oxygen acts as an electron acceptor [29] when reacting with gold clusters. Assuming
a similar mechanism for the tantalum clusters, each attached oxygen atom would
further deplete the electron density of the tantalum cluster. After the uptake of
several oxygen molecules the electron density may be too low to effectively enable
the dissociation of a further oxygen molecule. The dissociation may be either com-

pletely suppressed or is at least comparably slow. Thus, the back reaction k, has a
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significant influence for the second reaction regime. Two competing reaction path-
ways are accessible, either stabilization k, to form Tas,O;., or the back reaction to

TageO,, and O,. The apparent overall rate constant k,,, for the reaction Tay,O,, —

app
TaQOOrtHQ decreases. Assuming that k, and k, do not strongly depend on the tem-

perature [63], the apparent rate constant k,,, of the overall reaction increases with

app
decreasing temperature. Indeed, such a behavior is found for the last two reaction
steps (TagOz — TaggOsy — TayyOg). Formally an increase of the rate constant
for lower temperatures implies a negative activation energy. For reaction steps 8 to
11, however, positive activation energies are found, only the last two reaction steps
feature negative activation energies. In summary, the observed effects can be ex-
plained by the existence of the two competing reaction pathways. The dissociation
of the oxygen atoms, expressed by the rate constant k;, dominates within the first
reaction regime, resulting in positive, almost constant activation energies. For the
second reaction regime the back reaction becomes more and more important, the

apparent activation energies rapidly decrease with each reaction step.
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Figure 4.8: Rate constants for the oxidation of Tajy, Tas, Tays and Tajs. All of
the rate constants are normalized to the first reaction step. For all
cluster sizes two reaction regimes are found and the transition reac-
tion step increases with cluster size. Dashed lines represent a linear
regression of the rate constants for both reaction regimes.
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Besides Tagy, further larger clusters with 15 to 40 tantalum atoms have been investi-
gated. The calculated rate constants are depicted in Figure 4.8. For each cluster size,
the rate constant is normalized to the first reaction step. For all investigated cluster
sizes again the two regimes are found. The transition between the two regimes takes
place at step 5 for Tajy, 6 for Tajs, 7 for Tags and 8 for Tass.
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Figure 4.9: a) Transition reaction step as a function of the cluster size. b) Ra-
tio of adsorbed oxygen atoms (m) and the number of tantalum atoms
(n) within the cluster at the transition reaction step as a function of

n_%, which approximates the surface to volume ratio. The linear trend
indicates a surface adsorption of oxygen in the first reaction regime.

Figure 4.9 a) illustrates the transition reaction step for all investigated cluster sizes
as a function of cluster size. Except Tajs and Ta,,, the transition between the two
regimes takes place at later reaction steps with increasing cluster size. In general,
more oxygen atoms can be bound on larger clusters. The amount of oxygen reacted
in the first regime could also be related to the cluster surface. Expanding on this idea,
the ratio of surface and volume is proportional to n~3. As shown in Figure 4.9 b),
the ratio between oxygen atoms m (corresponding to the transition intermediate)
and the number of tantalum atoms n scales linearly with n~3. These findings
indicate that the oxygen molecules adsorbed in the first reaction regime are bound
to the surface of the cluster. The moderate decrease of the reaction rate during the
first regime can be simply explained by a successive blocking of adsorption sites.

Consequently, the steric factor changes, resulting in a slower reaction.
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4.4 Degradation of smaller tantalum clusters
+
(Tags)

The reaction of molecular oxygen with free cationic tantalum clusters composed of
8 atoms or fewer is discussed in this chapter. These smaller clusters demonstrate a
drastically different reaction behavior. In contrast to larger clusters, smaller clusters
fragment upon reaction with oxygen. In the following, reaction pathways are shown

and related properties of the clusters are discussed.

While for larger clusters the relative difference in mass is rather small, strong frag-
mentation of smaller clusters (i.e. the loss of several tantalum atoms) results in
the formation of products over a vast mass range (in the case of Tag from almost
1’500 u to less then 500 u). This is an additional challenge as it is necessary to
record mass spectra at different delays between ion extraction from the ring elec-
trode ion trap and pulsing of the acceleration stage of the reflectron time-of-flight

mass-spectrometer.

4.4.1 Influence of the delay between ion extraction and mass

analysis

A mass spectrum of the reaction of Tag cluster with molecular oxygen measured
after a reaction time of 50 ms and reaction temperature of 300 K is illustrated in
Figure 4.10 a). The delay between ion extraction and pulsing of the acceleration
stage of the reflectron time-of-flight mass spectrometer is set to 420 ps. Next to Tag
two other peaks that can be assigned to Ta,O" and TagO, appear in the spectrum.
In fact, the latter ones are the most prominent peaks. A detailed account of the
reaction channels is given in the next chapter. The distribution of the reaction
products, however, depend on the delay tp. At a delay of 380 ps, TagO, is the
dominant species. At a delay of 330 ps further fragmentation products: Ta Oy,

TazO; and Ta,Of appear.
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Figure 4.10: Mass spectra for the reaction of Tag with molecular oxygen at 300 K
and a reaction time of 50 ms. Detected reaction products depend on
the delay tp between ion extraction out of the trap and pulsing of the
acceleration plates of the reflectron time-of-flight mass spectrometer.
Low intensity peaks marked with a cross are the result of the ejection
of a tantalum atom from the cluster upon reaction with oxygen. Peaks
marked with an asterisk are resultant from a side reaction with water.
d) Sum of the mass spectra recorded after delays of 300, 330, 350, 380,
410, 420, 430 and 450 us.

This phenomenon is caused by the ejection of ions out the ring electrode ion trap
as this process resembles the acceleration in a single-stage time-of-flight mass spec-
trometer. Thus, lighter ions arrive earlier at the acceleration stage of the reflectron
time-of-flight mass spectrometer. During ion extraction, all ions are accelerated to
the same kinetic energy. Lighter ions are significantly faster and arrive earlier at
the acceleration stage of the mass spectrometer. Consequently, these ions can be
detected at smaller delays. Due to the comparably high mass ratio of the formed
reaction products (m(Tag)/m(Tay,Of) =~ 3 '), the distribution of the detected reac-
tion products becomes a function of tp. This effect can be mitigated by choosing
a different extraction fields, at the expense of losing overall sensitivity. A better
method with higher sensitivity is to measure at several different delays t; and sum
over the obtained mass spectra. Species with different masses which appear at differ-
ent delays tp are evenly detected with highest sensitivity. For kinetic measurements

only the relative change of the reactants and products is of importance and not their

"compare to (m(Tas0sg)/m(Tas,) ~ 1.1 for the oxidation of Tas,



4 Oxidation of cationic tantalum clusters 75

absolute abundance. In order to achieve an equal detection of all species, delays of
300, 330, 350, 380, 420, 430 and 450 ps are chosen. Figure 4.10 d) represents the
sum of the mass spectra obtained for these delays which demonstrates that a mass
range of less than 600 u to almost 1’500 u can be covered by the use of seven different

delays.

4.4.2 Reaction of Tagj with oxygen

In this experiment, Tag is mass-selected and reacted with oxygen while being stored

in the ring electrode ion trap at a temperature of 300 K.
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Figure 4.11: Sum of the mass spectra of the reaction of Taj with oxygen at delays
of 300, 330, 350, 380, 420, 430 and 450 us for reaction times of
a) 10 ms, b) 100 ms, and c¢) 200 ms. The reaction progresses in
consecutive oxidative degradation steps: The tantalum ozxide clusters
take up Oy and ejects TaO. Low intensity peaks marked with a cross
correspond to the ejection of a tantalum atom from the cluster. Peaks
marked with an asterisk are the result of a side reaction with water.

Figure 4.11 a) illustrates the sum of the measured mass spectra for a reaction time
of 10 ms. Almost equal amounts of Tag and Ta;O" are detected. Further reaction

products are TagO; and Taz;O5 . For longer reaction times of b) 100 ms and c) 200 ms
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additional Ta,Oy, TazO4 and Ta,Of are found. These findings can be modeled by
consecutive reaction steps. Molecular oxygen attaches on Tag and an activated
complex TagO3" is formed. Analogous to the reaction pathway found for Tag,
the oxygen molecule dissociates quickly. In contrast to Tagy, smaller clusters like
Tag cannot be stabilized fast enough due to their lower heat capacity. The formed
complex instead relaxes most likely by the ejection of a neutral TaO fragment, rather
than by the loss of individual tantalum and oxygen atoms. Similar effects have been
found for the reaction of cationic vanadium clusters with oxygen [149|, cobalt with
methanol [150] or anionic aluminum clusters with ammonia [151]. A Scheme of the

reaction of Tag with molecular oxygen can be written as:
Tag ™% Ta.0" 27 Ta0F 2% Ta,0F 2% Ta,07 . (4.16)

None of the intermediate species formed is able to take up additional oxygen molecules
and remain intact. At Ta,O, the reaction pathway divides into two parallel reac-
tion pathways. Remarkably, half of the clusters stay intact and successively take up
oxygen. This behavior is analog to the reaction pathway found for Tagy. The final

species is Ta 0.

Ta,0F % Ta,0F (4.17a)
Ta,0F 7% Ta,08 242 7,08 2422 74,05 (4.17b)

The remainder of Ta,Of undergoes further degradation and forms TazOs . Again
two parallel reactions are possible. While a small fraction degrades further to Ta,Oq ,

the main reaction pathway is the formation of Ta;O5 .

Taz0F 222 Ta,0f (4.18a)
Ta;08 5 Ta 0% (4.18)

The final species of the reaction of Tag with molecular oxygen are therefore: Ta,O1,
TazO; and Ta,Oy .

Additionally minor peaks in the spectrum are caused by two side reactions. Species

that are the result of the ejection of a Ta or TaO, fragment are marked by a cross
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in Figure 4.11. The corresponding reaction Scheme may be written as:

Ta,O,, — Ta,_10,,+ Ta+ O, (4.19a)
Ta,0O,, = Ta,_,0,, + TaO,. (4.19b)

The second side reaction occurs with residual water molecules and the associated
species are marked with an asterisk. Since these side reactions do not significantly
interfere with the main reaction Scheme, they will be excluded from further discus-
sion. The surprisingly high intensity of Ta,O7;, however, cannot be explained by a
side reaction with water. Most likely, it is the result of a reaction of Ta,O7, with

molecular oxygen.

The reaction of Tag with molecular oxygen can now be fitted according to these
schemes. The results of the fit are shown in Figure 4.12 as solid lines. Again a very
good agreement between the experimental data and the result of the kinetic fit is

obtained.
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Figure 4.12: Selected reactants intensities as a function of the reaction time. The
result of the kinetic fit is depicted as solid lines. Products of the initial
degradation pathway 4.16, 4.17a and 4.18a are shown in a), whereas
b) depicts the formation of the final species according to Schemes.17b
and 4.18b.
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Figure 4.13 a) shows the calculated pseudo-first order rate constants for the frag-
mentation reaction steps described by Schemes 4.16, 4.17a and 4.18a. kpg to kps,
which correspond to the first four degradation steps, are similar to the rate constants
found for the oxidation of Tagy. A strong decrease of the rate constants for the last
two degradation steps Ta,O; — TazO4 and TazOs — Tay,Oq is found. Simultane-
ously, a second reaction channel opens up, as Ta,O; and Ta;Os can remain intact

upon oxidation. Strikingly, the over all reactivity almost remains constant. From
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Figure 4.13: Pseudo-first order rate constants kr; a) and b) corresponding acti-

vation energies for the fragmentation pathway of the reaction of Tag
with oxygen.

the determined rate constants the branching ratios for Ta,O, (lﬁﬁ ~ 0.45)

and TazOF (,Wfiﬁ ~ 0.90) can be calculated. The activation energies for the
first four fragmentation steps are depicted in Figure 4.13 b). For the remaining
fragmentation steps no activation could be determined. The activation energy for
krg is again very small but significantly higher compared to the other fragmenta-
tion steps. This observation may indicate an activation of the these species by the

reaction with oxygen.
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4.4.3 Reaction of Tag and Ta7 with oxygen

The same experiment was repeated for Tag and Ta-s. Mass spectra for the oxidation

of Ta; for a reaction time of 10 ms are depicted in Figure 4.14 a). Ta; is the most
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Figure 4.14: Sum of the mass spectra for the ozidation Ta; at delays of 220, 280,
330 and 380 us for reaction times of a) 10 ms, b) 50 ms, and c)
200 ms. The clusters undergo oxidative degradation by consecuitvely
reacting with O, and ejecting (Ta,0). Byproducts are caused by the
ejection of a tantalum atom and the reaction with residual water and
are markend by a cross and an asterisk, respectively. Both reaction
channels can be neglected due to their low abundance.

abundant species, although a significant amount of TagO" is detected. Similar to
Tag , the degradation of the tantalum cluster progresses rapidly. For a reaction time
of 50 ms (b)), the most prominent peak in the spectrum can be correlated to TazO; .
Additional intermediates of the fragmentation pathway such as Ta,O5 appear in
the spectrum. The reaction Scheme of Ta; demonstrates some notable differences
compared to the one of Tag . In contrast to Ta,Oy , which is formed by the oxidative
degradation of Tag , Ta,O3 is seemingly unable to remain intact upon reaction with
oxygen. Instead it undergoes further fragmentation resulting in the formation of
TazO; and TazO,, thus deviating from the reaction scheme. Further reactions
products include Ta,O; and TayOf . A small fraction of the formed TazO, species
remain intact and form Ta;O; . For reaction times longer than 200 ms, Ta,O, can
no longer be detected. The main sink of the reaction is TayOq . Furthermore, a

low intensity peak corresponding to TaO, appears. It should be noted that for



4 Oxidation of cationic tantalum clusters 80

Taj - and Ta, species the fragmentation does not strictly follow the Scheme 4.16.
TazO5 seems to be the preferential structure compared to TazO, . Moreover, TaOy
is a common structure found for the reaction of tantalum atoms with oxygen [152].
Species like TaO; only form under specialized conditions [153]. The reaction of Tag
with oxygen was also studied and proceeds in similar manner. The main sinks of

the reaction are again Ta,O4 and TaO, .

4.4.4 Reaction of TaI and Ta; with oxygen

Due to the inherent cluster size distribution generated by the cluster source, Ta, is
the smallest nascent cluster that is guided into the ion trap at a sufficient intensity.

The study of Tay is therefore of particular interest. Figure 4.15 a) depicts the mass
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Figure 4.15: Mass Spectra for the oxidation Ta,lL for reaction times of a) 10 ms,
b) 50 ms, and c¢) 200 ms. The clusters undergo ozidative degradation
by consecuitvely reacting with Oy and ejecting (Ta,0). Byproducts are
caused by the ejection of a tantalum atom and the reaction with resid-
ual water and are markend by a cross and an asterisk, respectively.
Both reaction channels can be neglected due to their low abundance.

spectrum measured for the reaction of Ta, with molecular oxygen after a reaction
time of 10 ms. Equal amounts of Ta;, Ta;O" and Ta,O; are detected. These
findings imply that the reaction of Ta, with oxygen follows the same Scheme as

Ta; . A side reaction with water results in the formation of Ta,O5 , which is marked



4 Oxidation of cationic tantalum clusters 81

with an asterisk. The second side reaction is again the straightforward degradation
of Ta;O" to Ta,O'. For reaction times longer than 50 ms, Ta; can no longer be
detected. At the same time an additional reaction product, TaOg, appears. In
contrast to Ta,Oy , which was formed as an intermediate during the the reaction of
Ta) with oxygen, only a minor fraction of Ta,O, is stabilized and eventually forms
Ta,Oq . The major fraction undergoes further fragmentation and forms TaO,. A

similar reaction scheme is found for the reaction of Ta; with oxygen.

4.45 Discussion

The major effects observed in the reaction of small cationic tantalum clusters with

eight atoms or fewer may be summarized as follows:

1. Small tantalum clusters degrade upon reacting with molecular oxygen by the

ejection of a TaO fragment.

2. There are two reaction channels for certain intermediates such as Ta,0Oy,
namely further oxidative degradation or oxidation of the intact cluster. The

subsequent adsorption of oxygen on the intact cluster stops at a specific oxide.
3. The initial cluster size determines the final species.

4. Rate constants for the degradation pathway are similar to the oxidation of

+
Tagg.

In order to analyze these effects, a closer look at the size-dependent reaction path-
ways is taken. An overview of the identified pathways in the reaction of Tag, Ta;
and Ta, with oxygen is provided in Figure 4.16. The first reaction steps of Tag
and Tal involve degradation of the tantalum clusters. In fact, both reactions pro-
ceed identically until the intermediate species Ta,O; or Ta,O5 are formed. In the
case of Ta,O; about 45% remain intact and eventually form Ta,0{,, 55% fragment
to TazOi. Again two parallel reactions are possible. 90% of TazOZ form TazO-,
whereas 10% undergo a further fragmentation step to Ta,Og . In the case of Ta,O;,
only fragmentation is observed. For Ta,Os, which is formed as an intermediate
species during the reaction of Tag with oxygen, only oxidation of the intact cluster
occurs. A similar effect was found for the reaction of vanadium (-oxide) clusters with

oxygen [149]. The complete reaction Scheme of Tag with oxygen is more complex
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Figure 4.16: Reaction Scheme for the reaction of molecular ozygen with Tay, Taj,
Ta;, and TaZ. Degradation reaction steps are shown as red arrows,
oxidation of the intact cluster as black arrows. The reaction Scheme
of Tag is similar to Tay and that of Ta; to TaZ. Branching ratios
are calculated from the determined rate constants. The more complex
reaction Scheme of Ta, will be discussed in the next chapter in detail.

than the simplified scheme shown in Figure 4.16. It will be discussed in the next
chapter in more detail. Similar changes of the branching ratios are not only found for
Ta, O, but also for TazO, and Ta,O, species. Approximately 90% of Ta; O form
TazO5 , whereas for TazO, only the degradation pathway is open. Furthermore,
only 10% of Ta,O, fragment, yet 90% of Ta,O5 react to TaOs .

There are, in principle, three interrelated properties that may account for the differ-
ent pathways observed for the reaction of Ta, O3, Ta,O; and Ta,O: with molecular
oxygen. The first possibility is a change of the heat capacity of the cluster. The
increased number of atoms in Ta,Of compared to Ta,O5 translates to more degrees
of freedom. Thus Ta,Os has a higher heat capacity. Analogous to Tay,, oxygen

dissociates upon reacting with Ta,O,, and an activated complex is formed.
Ta40,, + Oy — Ta,0,,(00)™ (4.20)

The excess heat from this process is then released into the cluster, resulting in a
hot cluster. Due to the higher heat capacity, Ta,Os can be efficiently stabilized by
collisions with the helium buffer gas, while Ta,O; relaxes by the ejection of TaO
fragment. For Ta,O, stabilization is only successful in 45% of all cases. Ta,O;

is formed by a consecutive oxidative degradation of Tag. Since TaO fragment is
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ejected for each reaction step, the total number of atoms composed in the cluster
remains constant. For Ta;O" and TagO, each oxygen atom is likely bound to two
tantalum atoms [138]. In a simple model, the heat capacity of the cluster of the
cluster also stay approximately constant. For a more detailed discussion the exact

structures of TasO3 , Ta,O; and Ta;O: have to be determined.

Another possibility to explain the different reaction behavior of the clusters can be
explained by an adsorption if intact oxygen molecules for species like Ta,O5 . For
Tag, it was found that only the first seven oxygen molecules are bound dissociatevly.
Oxygen molecules attached in later reaction remain intact. This phenomenon was
attributed to the reduced electron density on the surface on the cluster. Similarly
the electron density of Ta,Os can be insufficient for an efficient dissociation of
oxygen molecules. As a consequence, the energy released into the cluster would be

drastically reduced, and the cluster may remain intact.

To elucidate the structure of Ta, Oy, infrared multiple photon dissociation spec-
troscopy has been applied [154]. It has been found that the recorded spectra are

similar to those obtained for Nb,O7, [155], indicating similar structures.

Figure 4.17: Lowest energy isomers of a) Nb,Og, b) NbyO; and ¢) Nb,O},. Bind-
ing lengths are given in A. Adapted with permission from [155]. Copy-
right 2003 American Chemical Society.

Figure 4.17 illustrates the lowest energy isomers of Nb,Og4, NbyO; and Nb,O,.
For the latter cluster, each niobium atom is bound to three oxygen atoms in bridg-
ing positions, and an additional oxygen atom in a terminal position. However, no
indications of an intact oxygen molecule have been found [155]. Analogous struc-
tures have been reported for Ta;Of [156] and Tay;Oy and Ta,Og [154|[157]. Thus
it seems likely that oxygen binds dissociatevly to Ta O3 as well as to Ta,Os . The
first species that contains an intact oxygen molecule is Ta,O7; [154]. This species

has been detected for the reaction of Tag with molecular oxygen in surprisingly high
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amounts. In fact, its high abundance renders the formation due to a side reaction
with water very unlikely. It seems more reasonable that an oxygen atom bound in
a terminal position is replaced by an oxygen molecule. At temperatures lower than

250 K, this process is promoted further and Ta,O7, is formed eventually.

The third possibility to explain the different reaction pathways found for Ta,O3,
Ta,O; and Ta,O; is the stabilization of the cluster by the incorporation of oxygen
into the cluster structure. Du found an average binding energy of about 4.2 eV
per atom for Taj [140], whereas Ta-O bonds feature significant higher binding
strengths [158]|. For small cationic tantalum clusters, it has been found that oxy-
gen is bound in bridging position to two tantalum atoms [138]. Assuming a similar
binding mechanism for additional attached oxygen atom each tantalum atom can
be bound to upto three oxygen atoms. In the case of Ta; a total of six oxygen
atoms can be incorporated into the cluster by this mechanism. It should be noted
that at this point formally no Ta-Ta bond exists anymore. In fact, a stabilized Ta-O
‘core’ is formed. The same effect was found for the neutral dimer [157] and the
cationic [154] and anionic trimer [139]. Each additionally attached oxygen atom is

bound in terminal position.

While to the best knowledge of the author no structure of Ta, O3, Ta,O; or Ta,Ox
can be found in literature, it seems reasonable to assume that the oxygen atoms
are bound in the bridging position for these clusters. After the reaction of Ta,OF
with oxygen seven oxygen atoms are adsorbed on the cluster. Hence, the described
'Ta-O core’ can be formed, resulting in a stabilized cluster. In the case Ta,O5 this
is not possible, for Ta,O, the formation of the stabilized core may only be possible
in 45 % of the cases. Two isomers may exist, one is stabilized and therefore remains
intact upon reacting with oxygen, the other one degrades. Nonetheless, this simple
explanation fails for TazO,,, species as only for oxygen atoms are bound in bridging
position. But TazO; and TazO, fragmentation is the only observed pathway upon
reaction with oxygen. Nevertheless, cationic tantalum clusters are clearly stabilized

by the incorporation of oxygen atoms.

In summary, the different reactivities of tantalum oxides towards molecular oxygen
may be explained either by a change in the reaction mechanism, an increased heat
capacity due to more degrees of freedom or the stabilization by the formation of
Ta-O bonds. None of these possibilities can be completely excluded. A change of
the reaction mechanism, however, seems to be unlikely due to the assumed struc-

tures of tantalum oxides. Formation of Ta-O, as well as more degrees of freedom
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ultimately result in an increased heat capacity of the cluster. Both effects may con-
tribute to the stability of the cluster and, therefore, to the deviation in the reaction
pathway. Observed branching ratio may simply reflect the probability that a cluster

is stabilized before it degrades.

4.5 Reaction of medium sized tantalum clusters

with oxygen

A successive oxidation of the intact cluster is found for the reaction of molecu-
lar oxygen with cationic tantalum clusters composed of more than 13 atoms. On
the other hand, degradation takes place for clusters with 8 atoms or fewer. The
intermediate regime (n=9-12) is of special interest as both reaction pathways are
simultaneously accessible. This behavior of cluster in this regime is discussed in the

following chapter, on the example for Tag .

4.5.1 Reaction at 300 K

Tag reacts with molecular oxygen by undergoing an oxidative degradation or an
intact oxidation. Mass spectra of the reaction at a temperature of 300 K, and
recorded at various reaction times are shown in Figure 4.18. After a short reaction
time of 10 ms (a) Tag is the most abundant species, but a significant amount of
species that are the result of oxidative degradation (TagO", Ta;O5 and TagO3) are
observed. The presence, albeit less pronounced, of TagOy indicates the accessibility
of the intact oxidation pathway. For longer reaction times (b) several points should
be noted. Firstly, the Tag (oxide) species reacts to form species with a solely even
number of oxygen atoms. The same phenomenon is observed for fragmentation
products such as TagO™", resulting in the formation of TagO3, TagOs and so on.
Furthermore, the cluster degradation process has progressed as demonstrated by a
shift of the mass spectrum towards smaller cluster sizes. More importantly, high
intensities of many Ta, species (Ta405+,779,11) are present. As the reaction continues
(4.18 ¢), d)) most of the larger clusters have been degraded to Ta,OF, which in
turn undergoes an intact oxidation towards Ta,O;; and latter eventually becomes
the dominant species. Small amounts of the intermediately formed cluster sizes

also undergo an intact oxidation to form a final cluster oxide species, i.e., TasO5,
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Figure 4.18: Sum of the mass spectra at delays tp of 300, 330, 350, 380, 420, 430
and 450 ps of the ozidation of Tag for reaction times of a) 10 ms,
b) 50 ms, ¢) 100 ms and d) 200 ms. The main reaction channel
is the consecutive oxidative degradation towards Ta, O; and its sub-
sequent intact oxzidation to Ta, 0;;. Additionally, small amounts of
intermediately formed cluster sizes are intactly oxidized as well. Low
intensity peaks marked with a cross are the result of the ejection of a
tantalum atom from the cluster. Peaks marked with an asterisk are
due to a side reaction with water.
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TagO75, Ta;0 and TagOfs. These species, as well as, the product of the intact
oxidation of Tag are depicted in the inset of Figure 4.18 d).

For the reaction of molecular oxygen with Tag two major reaction pathways are

found. Similar to Tagy, a successive oxidation of the intact cluster is observed:
k
T ﬂ) TCL902 ﬂ) TCLgOm+4 3—A> e (421)

This reaction ends after a certain amount of oxygen is adsorbed on the tantalum
clusters. In the case of Tag, 14 oxygen atoms can be adsorbed on the clusters. A
second pathway is the dissociation of the oxygen molecule and fragmentation of the

tantalum cluster, similar to the reaction pathway found for Tag :
TagO" 2% Ta 0 % Ta,08 27y (4.22)

Both reaction pathways are possible for Tag and for each of the formed intermediate
species like TagO" or TagO, . In total 39 different species are involved in the reaction
of Tag with oxygen. The complete reaction network is summarized in Figure 4.19.
As depicted in Figure 4.18, a small fraction of Ta,Of fragments to Ta;O,, which
reacts further to Ta;O4 . Note that the fragmentation mechanism deviates from the
pattern observed for larger cluster sizes. Since the following discussion focuses on

larger clusters the fragmentation pathway for Ta,O5 is neglected.

Tao " T TayO; T Ta,0, " T TayO4 " T T T Tag0,,"
Ta80+§> TagO;" T TagOs" T TagO," T T TagO,,"
TmO{T Ta7O4+T Ta, 04" T TT Ta,0;5"
Ta603*§> Ta0;" T TaO;" T T TagOys

Ta504+§> Ta506+i> TT Ta;0y,"

Ta405+_> Ta407+—> > Ta40”+

Figure 4.19: Reaction network for the reaction of Tag with molecular ozygen. Two
reaction mechanisms can be identified: Firstly the adsorption of oxy-
gen on the intact cluster (horizontal), secondly degradation of the
tantalum cluster (diagonal). Note the variation in the oxygen content
of the final species.
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Figures 4.20 a) - f) illustrate the normalized intensities of the detected reaction
products. Besides Tay (f)), for each cluster size the initial fragmentation product (b)
TagO " ,¢c) Ta;O05, d) TagO5 and e) TazOy, respectively, is the most abundant species
within the first tens of ms. These species are depleted by either the fragmentation
pathway or the addition of further oxygen onto the intact cluster. Consequently,
they cannot be detected after 150 ms. In the case of Ta, , addition of further oxygen
is the only possible pathway. After 200 ms Ta,O7; is the dominant reaction product.
Kinetic data can now be fitted according to the proposed reaction network. Results
of the kinetic fit are shown as solid lines. Despite the elaborate reaction network a

good agreement between fit and measurement is achieved.

The calculated rate constants for the monitored species Ta, O, are depicted in Fig-
ure 4.21. Rate constants of the intact pathway are shown as black squares, rate
constants kp of the fragmentation pathway as red dots. Accordingly, the two data
points in Figure 4.21 at a m value of 0 corresponds to the reaction of Tag to TagOy
(black) and TagO™ (red), respectively. At m=2 the reaction rates for TagO; to form
TagO, and TagO; are depicted. The calculated rate constant for the fragmentation
of Tag to TagO ™ is about 21077 cmg/s. This value is close to the determined rate
constant for the reaction of Tag, to Tay,yO4. The rate constant for the oxidation
of the intact cluster (Tag to TagO;) is significantly lower. Fragmentation is the
preferred channel for the reaction of Tag with oxygen. Nevertheless, a comparably
small amount of TagO, is detected as well. For this species a significantly lower
rate constant for the fragmentation pathway TagO; — TagOj is calculated. In-
terestingly, the rate constant for intact oxidation pathway increases drastically for
the subsequent reaction steps. For TagO, a rate constant close to zero is observed
for the fragmentation pathway. For all higher oxides, oxidation of the intact cluster
is the preferred pathway. For the last reaction step (TagOi, — TagO7,) the rate

constants for both pathways are relatively low.
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The reaction network will be investigated more closely in the following and rate
constants serve as the basis for the examination. Rate constants, k4, determined
for the intact pathway first increase for the first three reaction steps. Consequently,
the reaction from TagO, to TagO, is the fastest in this pathway. In particular
larger oxides show the same trends as Tag, species upon the reaction with molecular
oxygen. Up to TagOg only a slight decrease of the rate constant is observed, for
later reaction steps within the intact pathway a much steeper decrease takes place.
On the one hand, for TagO", a high rate constant for the fragmentation reaction
is found. On the other hand for TagO, ¢ the fragmentation pathway is strongly
suppressed. For higher oxides like TagO+, TagOq and TagO;; some fragmentation
is observed again. In general trends for TagO,, species are very similar to those

observed for TagO,. species.

For Ta,O; (Figure 4.21 c)) the 'fragmentation’ rate constant to TagOj is much
higher compared than the rate constant determined for the reaction to Ta,O;. In
contrast to Tag and Tag species, significant rate constants for both pathways are
found for all Ta,O,. species with the exception of Ta;O5. For Tag species, frag-
mentation is always the preferred pathway except for TagOs. Rate constants ob-
served for the intact pathway show the same trends as those observed for TagO, nd
TagO, pecies. For Taj species, the intact pathway is almost completely suppressed.
Fragmentation of the tantalum cluster is the only relevant reaction pathway. Higher
oxides (e.g. Ta;O7,) are therefore almost exclusively formed by fragmentation of
larger tantalum clusters. For Ta; species only minor fragmentation (to neglected
Taj species) takes place. Almost equal rate constants are found for the first two
reaction steps for the intact pathway Ta,O5 to Ta,O7 and Ta,Og , respectively. The

rate constant for the final step Ta,Oq to Ta,O}; is significantly lower.

4.5.2 Reaction at 100 K

The determination of activation energies requires the acquisition of kinetic data at
different temperatures. The overall temperature effect will be discussed by com-
paring results from the previous chapter to data obtained at 100 K. To study the
reaction of molecular oxygen with Tag at 100 K mass spectra at delays , of 300,
330, 350, 380, 410, 420, 430 and 450 ps are recorded. The sum of these mass spectra
is shown in Figure 4.22 for a reaction time of 10 ms. Equal amounts of Tag, TagO"

and Ta,0O, are detected. In general, the same reaction pathways as for 300 K are
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Figure 4.22:

Sum of the mass spectra at delays tp of 300, 330, 350, 380, 420, 430
and 450 us of the oxidation of Taj for reaction times of a) 10 ms,
b) 50 ms, ¢) 100 ms and d) 200 ms. The main reaction channel
is the consecutive oridative degradation towards Ta, O: and its sub-
sequent intact oxidation to Ta, O;,. Additionally, small amounts of
intermediately formed cluster sizes are intactly oxidized as well. Low
intensity peaks marked with a cross are the result of the ejection of a
tantalum atom from the cluster. Peaks marked with an asterisk are
due to a side reaction with water.
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found. The major pathway is the successive fragmentation of the tantalum cluster
from Tag to Ta,O; . As depicted in c), the fragmentation pathway is completed after
a reaction time of 100 ms. For longer reaction times d) an additional oxidation of
(the intact) intermediate species is found. Stable side reaction products are TagO1y,
TagOy1, Ta,0;5, TagO1s and TasOfs. The main reaction product of the reaction of

oxygen with Tag is again Ta,O7;.

Figure 4.23 illustrates rate constants calculated for the fragmentation of the clus-
ter as well as the oxidation of the intact cluster for each of the detected species.
Compared to the reaction at 300 K, lower rate constants are found for 100 K. Rate
constants determined for the intact pathway show the same behavior as for the
reaction at 300 K with the exception of TagO,, species. An increase for the first
reaction steps, is followed by a slight decrease and a further steeper decrease for
the last reaction steps. As discussed for the reaction of Tag, with molecular oxygen
the latter effect is less pronounced at lower temperatures. In contrast to 300 K,
rate constants determined for the intact pathway for TagO, species are close to
zero. For Tagoau,w significant rate constants for the fragmentation pathway are
observed, although the rate constant decreases with increasing number of oxygen
atoms. For TagO;, and TagO}, no fragmentation is observed anymore. A similar
trend is observed for Tag species. Trends for the fragmentation pathway of Tas ,O,,

are similar to those identified for the reaction with molecular oxygen at 300 K.
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4.5.3 Arrhenius plot and activation energies

The rate constants of the fragmentation pathway (see Scheme 4.23) are depicted in
Figure 4.24 which is similar to the fragmentation pathway of Tag and Ta;. A slight
variation of the rate constants with the number of tantalum atoms per cluster is
observed. This effect is also illustrated in Figure 4.24. The rate constants for the
fragmentation pathway of Tag to Ta;O" and TagO" and Ta,;O5 (kpg), respectively,
are higher compared to the ’adjacent’ fragmentation steps. The same phenomenon is

observed for kpg. Consequently, the observed oscillation of the rate constant seems
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Figure 4.24: Rate constants for the fragmentation pathway for the reaction of Tag,
Tag and Taj with oxygen. Dashed lines function as a guide to the
eye.

to be linked to the number of tantalum atoms and not to the number oxygen atoms,
as those depend on the initial bare tantalum clusters and are therefore different for

the three experiments depicted.

The reaction of oxygen with Tag has been studied at 100 K, 150 K, 200 K, 250 K
and 300 K. Thereby the temperature dependence of the rate constants for the intact
as well as for the fragmentation pathway can be studied. Figure 4.25 b) depicts the
rate constants determined for each fragmentation step as a function of the inverse

temperature in a logarithmic scale. For all reaction steps, a linear dependence is
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Figure 4.25: a) Pseudo-first order rate constants for the main fragmentation path-

way Tay — TagO”" — Ta,05 (as described by Scheme 4.23) of the
reaction of molecular oxygen with Taj at 100 K. b) Arrhenius plot
for the fragmentation pathway. c¢) Determined activation energies.
Dashed lines function as a gquide to the eye.

found. The resulting activation energies are illustrated in Figure 4.25 ¢). Activation
energies for the fragmentation are in the same order of magnitude as for the intact
path way. The first fragmentation step F9 (Tag to TagO ™) has the highest activation
energy of more than 500 J/mole. For later fragmentation steps the activation energy
decreases, with the minimum, about 100 J/mol for the fragmentation of TagO™ to
Ta,0,. Later fragmentation steps have a slightly higher activation energy again.

This trend is similar to the activation energies found for the reaction of Tag with
oxygen.

The kinetic evaluation of the intact oxidation pathway was performed as well. Fig-
ure 4.26 a) illustrates rate constants calculated for the intact oxidation of Tag (de-
scribed by Scheme 4.22) as a function of the reaction step for 100 K, 150 K, 250 K
and 300 K. For all of these temperatures the rate rapidly increases until the third
reaction step A3. In the first reaction step fragmentation is the dominant reaction
pathway; only a small rate constant is observed for the intact oxidation. As soon

as the first oxygen molecule is bound to cluster, the fragmentation pathway is sup-



4 Oxidation of cationic tantalum clusters 97

a) n -=-300K . b) =k, 157C)
10° 4 PN - e-200K e k
/o ®_ -4-100K -
f— \ Ak, 104
oAl ! (] K
" W \ 10° 4 L4 A7
Ill \.,‘ A\ 1 AO.\ 0.5
'll A ‘\\ 1 — -~
2 B () o o o A
= i 'Y = A 4 £ , \
1 4 2 £ 2 /
S, h \ \\ O, <, 0.0 , N
- - >
Y I S f ¥
b ! | 5 8_0 5 / \
c ] \ c w ! \
S| h \ 3 \
O | O g 1
0| | o = ! \
T | \ © C-1.04 F !
o ] \ ©x - = \
[$)
I \ < 1 \
| \ ) \
| \ -1.5 \
u \
1070 4 \ n i
L 1 107 2.0
" |
é
2.5
T T T T T T T T T T T T T T T ! T T T T T T T
1.2 3 4 5 6 7 0.004 0.006 0.008 0.010 1.2 3 4 5 6 7
Reaction Step 1/Temperature [1/K] Reaction Step

Figure 4.26: a) Rate constants for the the intact pathway for Tag as a function of
the reaction step. b) Arrhenius plot for reaction steps kpo, kay and
ka7 ¢) Determined activation energies as a function of the reaction
step.

pressed. Analogous to the reaction of Tay, with oxygen, it can be assumed that
the oxygen molecule dissociates and two separate oxygen atoms are attached to the
cluster. Therefore, the rate constants for the intact pathway are larger. After the
fifth reaction step, a steep decrease of the obtained rate constants is found for all
temperatures. The latter effect is similar to the reaction of Tag, with molecular oxy-
gen. By variation of the temperature, the temperature dependence for each reaction
step is revealed. While the rate constant k; and k, of the first two reaction steps
decrease with higher temperatures, the rate constants of reaction steps 3 and 4 and
5 increase. The last two reaction steps feature again a negative temperature depen-
dence. Hence, the rate constant is higher for lower temperatures. Figure 4.26 b)
depicts the logarithmic rate constants for reaction steps Al, A2, A4 and A7 as a
function of the inverse temperature. For all four steps a linear dependence is found.
From the slope of the linear regression the activation energy of the reaction can be
calculated according to Equation 4.11. The obtained activation energies are shown
in Figure 4.26 ¢). Evaluation of the temperature dependence of the rate constant

reveals that reaction steps Al, A2, A6 and A7 feature negative activation energies.
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Positive activation energies found for the other steps are in the same order as those

found for the first reaction steps of the oxidation of Tas,.

4.5.4 Discussion

The reaction of medium sized cationic tantalum clusters with 9 and 12 atoms have

been studied for the example of Tag . Three major effects are observed:
1. The oxidation of the intact cluster as well as oxidative degradation are possible.

2. Fragmentation is the preferred pathway for Tag, TagO" and Ta;O,. The

observed behavior is similar to the reaction of Tag with molecular oxygen.

3. Oxidation of the intact cluster is preferred for clusters with higher numbers
of oxygen atoms. This behavior is analogous to the reaction of Taj, with

molecular oxygen.

The dynamic change between fragmentation upon reaction with oxygen and oxida-

tion of the intact cluster for the monitored species is reflected by the branching ratio
kr
Fatkn

a) 300K m b) 100K
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Figure 4.27: a) Branching ratios kAkka for species Ta,O;, at 300 K. b) Branch-
ing ratios at 100 K. Rectangles colored black indicate the preference
towards oxidative fragmentation, moving to higher m (from left to
right). On the other hand, predominant fragmentation is indicated by
rectangles in a red shade and the reaction progresses towards higher

n and smaller m simulataneously (diagonally to the bottom right).

Figure 4.27 a) depicts branching ratios at 300 K. While for Tag a branching ratio
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close to 1 is found, the branching ratio for TagO5 is approximately 0.25 and close to
zero for TagO, . Similar to the effects for the reaction of oxygen with smaller clus-
ters, this finding is a strong indication that fragmentation is suppressed for larger
oxides. For Tag, Ta; and to a lesser degree Tagq an analogous behavior is found.
For all TazO,, species branching ratios higher than 0.5 are observed. Therefore, the
determined branching ratios point out the main reaction pathway for the gas-phase

reaction of molecular oxygen with Tag as:

Tag ifi> TagO" ﬁg—) Ta,0F if; TagOF ﬁfi) TasOf ﬁB—> Ta,0F — Ta,05;.
93% 92% 87% 97% 88%

(4.23)
The branching ratios the reaction of Tag with molecular oxygen at 100 K are illus-
trated in Figure 4.27. Some significant changes in the branching ratios are found
in comparison to the results at 300 K. For Tag, the branching ratio is lower than
0.7 at 100 K and higher than 0.9 at 300 K. Hence, the probability for the oxidation
of the intact cluster is more than three times higher at 100 K. The lower tempera-
ture of cluster and oxygen molecules allows for a more efficient stabilization of the
activated cluster-oxygen complex TagOy ". Tt is therefore more likely that the in-
tact cluster is oxidized. Surprisingly, the opposite trend is found for TagO4 and all
higher oxides, where lower temperatures favor the fragmentation pathway. TagO,
is stabilized by the association of oxygen. The stabilization involves restructuring of
the cluster-oxygen-complex. This process may be hampered at lower temperatures,
the complex could be frozen in a relatively unstable state. Consequently, it is more
likely that fragmentation upon reaction with an oxygen molecule occurs. Similar

effects are found also for TagO,, and to some degree for Ta; m species.

Activation energies as well as rate constants for the intact pathway of TagO,,,
species are in general very similar to those determined for the reaction of Tag, with
molecular oxygen. It seems reasonable to propose the same reaction mechanism.
Up to TagOy , oxygen dissociates and is bound to the cluster as single atoms. After-
wards oxygen is attached as an intact molecule. For the first five adsorbed oxygen
molecules the back reaction in the Lindemann model is blocked, for example by a
quick dissociation of the oxygen molecule. For the last two reaction steps, lower rate
constants as well as a negative activation energies are found. The back reaction has
a significant influence on the observed reaction. As a result, lower rate constants
and a negative activation energy are observed [63]. For Tag and to some degree also
for TagOs , it is unlikely that the formed activated complex can absorb the excess

heat released by the dissociation of the oxygen molecule and then be stabilized by
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Figure 4.28: a) Rate constants for the reaction of Taj, with ozygen as a function
of the oxygen concentration for the first fragmentation or intact path-
way. b) Pseudo first-order rate constants for the intact pathway as a
function of the reaction step. Dashed lines function as a guide to the
eye

collisions with a helium atom. Instead there is a high probability, reflected by the
branching ratio, that the complex relaxes by the ejection of a TaO fragment. Lower
rate constants for the oxidation of the intact cluster are observed. At lower temper-
atures the activated complex is more likely to be stabilized due to the lower amount
of energy present in the system, resulting in higher rate constants for the oxidation

of the intact cluster. Consequently, a formal negative activation energy is observed.

To further elucidate the fragmentation mechanism the reaction of Taj, with molec-
ular oxygen is studied for several oxygen concentrations within the buffer gas. The
absolute pressure in trap was kept constant. Figure 4.28 a) illustrates the observed
rate constants for the first reaction step, fragmentation oxidation of the intact clus-
ter respectively. As the rate constants for both reaction pathways depend linearly
on the oxygen concentration, it can be excluded that a second oxygen molecule is

required for the fragmentation of a Ta, cluster.

4.6 Summary

The reaction of cationic tantalum clusters Ta, with molecular oxygen was studied in

a wide size range (n=4-40) and at several temperatures. This extensive investigation
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revealed three size regimes, as small clusters (n=4-8), medium sized clusters (n=9-
12) and large clusters (n>12) that behave differently. These are, in general, two
reaction pathways were observed: the direct oxidation of the intact cluster (Ta,O,,
O, Ta,O,.») and the oxidative degradation of clusters (Ta,O, O, Tan1Omi1 +
TaO).
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Figure 4.29: a) Rate constants of the first reaction step for the fragmentation and
intact pathway for tantalum clusters composed of 7 to 40 atoms as a
function of cluster size n. b) Branching ratios for Tay to Taj,. A
branching ratio of 1, indicates fragmentation being the only pathway,
while a branching ration close to zero corresponds to intact oxidation.

Figure 4.29 a) provides an overview of the calculated rate constants for the first
reaction steps of both pathways. The rate constant for the fragmentation pathway
increases from Ta; to Tag and then quickly drops as the intact pathway becomes
more important. For clusters composed of more than 13 atoms no rate constants
for the fragmentation pathway can be obtained. The rate constants for the intact
process increase with increasing cluster size. For Tag to Taj, a steep increase is
found, which for larger clusters is much slower. This increase may be explained by
the higher collision rates for larger clusters. Compared to Ta,, and Tajs, a relatively

low rate constant is determined for Tajs. This may be explained by the high stability
k

F+FkA
calculated. While for Taq degradation is the preferred pathway, both pathways have

of Tajs [123]. From the rate constants the branching ratios for Tag to Taj, are
equal probabilities in the case of Ta;,. For Ta,; and especially Ta;, branching ratios
close to zero are calculated. The scalability of the branching ratio with cluster size

indicates that heat capacity of the clusters has a crucial influence on the preferred
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Figure 4.30: Maximum of adsorbed oxygen atoms as a function of the cluster size
at 300 K. The species formed via ozidation of the intact cluster are
shown as black dots, species which are formed by at least on fragmen-
tation step are shown as red squares.

reaction pathway. Cluster with a lower heat capacity favor fragmentation upon

oxidation, whereas cluster with a high heat capacity remain intact.

For all clusters sizes the adsorption of oxygen molecules stops at a certain quantity
of oxygen atoms. Figure 4.30 illustrates the maximum amount of oxygen atoms
adsorbed on each tantalum clusters at 300 K as function of cluster size. At temper-
atures lower than 100 K further oxygen atoms can be loosely bound to the tantalum
clusters. The final species can be formed by two reaction pathways. The first is
the direct adsorption of oxygen to the intact cluster. This pathway is possible for
Tag and all larger clusters. These species are shown as red squares. For the second
pathway, shown as black dots, at least one degradation step is involved. As shown
in Figure 4.30, the formation pathway does not influence the number of maximal
adsorbed oxygen atoms. Note that in the case of pathways involving at least one
fragmentation step the quantity of oxygen atoms can vary by one, depending on the
number of degradation steps. Strikingly, the three size regimes found for the reac-
tion of tantalum cluster with oxygen are by the final product species. Two regimes

are found, in which the number of oxygen atoms scales linearly with the cluster
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size. Smaller clusters, with eight atoms or fewer, can take up on average 2.5 oxy-
gen atoms per tantalum atom. This value reflects the oxidation states of tantalum
(+5) and oxygen (-2). In fact those stochiometric tantalum-oxide species have also
been observed by Fielicke [154] and Duncan [127]. This dominating electronic effect

strongly indicates a structural rearrangement of the initial cluster.

For clusters larger than Taj;, an average of only one oxygen atom per tantalum
atom can be adsorbed. In between an intermediate regime is found where the
final quantity of oxygen atoms cannot be predicted. These findings are another
strong indication that for larger clusters the oxygen adsorbs on the surface of the
clusters, where as for smaller clusters the oxygen is incorporated into the cluster.
Hence, smaller cluster oxides that are the result of multiple degradation steps end
up fully oxidized and have a higher oxygen content than larger clusters, which are
oxidized at the surface. In a similar experiment cationic vanadium oxide clusters
were produced in a laser vaporization cluster source and characterized by time-of-
flight mass spectrometry [159]. For this purpose a small fraction of oxygen was mixed
into the helium carrier gas. Main reaction products were vanadium oxides Va,O,,
with an oxygen to vanadium ratio close to the stochiometric ratio of 2.5 independent
of the cluster size n=1..22. For the present study these ’stochiometric species’ are
only observed for smaller tantalum clusters. The different behavior can be attributed
to the different conditions during formation of the oxide species. When molecular
oxygen is seeded into the carrier gas, oxygen is already present when the cluster is
formed. Under such conditions electronic effects prevail. Hence, for all cluster sizes
the stochiometric species are formed. For the present study, first the bare metal
cluster is formed in the laser vaporization cluster source and afterwards oxidized
in the ring electrode trap. For smaller cluster still electronic effects dominate the
oxidation progresses until the cluster is completely oxidized. For bigger clusters this

is no longer the case. Only the surface of the cluster is oxidized.

For clusters in the intermediate regime both effects may be possible. As illustrated
in Figure 4.28 b), for the reaction of Taj, a quick oxidation and formation of Ta;,O,
is observed. This oxygen content would be predicted for a large tantalum cluster
according to Figure 4.30. Afterwards, however, a slow oxidation to Ta;oOqs takes
place. This behavior may reflect a fast oxidation of the cluster surface, followed by
a slower incorporation into the cluster structure. In summary, the detailed kinetic
analysis revealed a complex size-dependent reactivity and the observed phenomena

could be related to properties of the clusters.
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5 Conclusion

Gas phase metal clusters are seen as model catalysts and, as a consequence, their
properties are extensively investigated. While quite a few studies exist concerning
the reactivity of small metal clusters composed of only a few atoms under multi-
collision conditions e.g. [63] [67] [142], relatively little is known about the reactivity
of larger clusters. The study of larger clusters and consequent investigation of their
reaction kinetics have several requirements. Firstly, it is necessary to store clusters
of a large mass range and expose them to a reactive gas for up to some seconds.
Furthermore, a variable reaction temperature can provide further insight into the
reaction mechanism or even open additional reaction pathways [68]. For highly re-
active species it is necessary to achieve a good time resolution. The investigation
of larger cluster additionally demands a product characterization method with high
sensitivity and mass resolution. A major achievement of this work was the establish-
ment of an experimental setup that fulfills all of these conditions in order to study
the reactivity of free metal clusters. In this respect a setup to study the reactivity
of free metal clusters has been designed, implemented and characterized during the
first part of the present project. After a brief description of the experimental mode
of operation and underlying requirements, the size-dependent oxidation of tantalum

clusters is discussed as the first reaction studied with this setup.

In short, metal clusters, typically with one to more than hundred atoms, are pro-
duced by a laser vaporization cluster source [73] [124]. An electrostatic quadrupole
bender is then utilized to separate cationic from anionic or neutral species. A newly
installed quadrupole mass filter enables the selection of a specific cluster size. After
size selection clusters are transferred into a ring electrode ion trap. The construc-
tion, characterization and optimization of the ring electrode trap has been a key
part of the present work. It is shown that clusters in a mass range between 200 u
and more than 16’000 u can be safely stored in the trap for more than 10 s. In fact,

storage times of 5 minutes have been achieved.
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Figure 5.1: Schematic of the ring electrode ion trap. Square wave potentials are ex-
ploited to store ions of a broad mass range. Superposition of a variable
DC-Offset enables an efficient extraction of the ions into the time-of-
flight mass spectrometer. Adapted with permission from [105]. Copy-
right 2015 Elsevier.

As symbolized in Figure 5.1, the ring electrode ion trap is driven by a home-built
electronics unit supplying square-wave potentials. This technique allows to supply
RF-potentials with frequencies between 100 kHz and 750 kHz and peak-to-peak
amplitudes up to 600 V to the electrodes of the trap. Clusters within the trap are
thermalized by collisions with a buffer gas within a few ms [96]. The temperature of
the trap can be varied between 15 K and 325 K. The formation of loosely bound van-
der-Waals clusters at temperatures below 100 K indicates an efficient thermalization
of the stored clusters. The implementation of an external gas reservoir enables
mixing of reactive gases into the buffer gas. The flow of the gas into the ring
electrode ion trap can be controlled either by a mass flow controller or a leak valve.
The intense peak output of the pulsed laser vaporization cluster source allows the
trap to be filled with clusters produced in a single laser pulse. The minimal reaction
time is, therefore, given by the time necessary to thermalize clusters, which is in the
order of some ms. Consequently, the setup enables the study of rapid reaction. The
geometry of the ring electrode ion trap in combination with the DC-pulsing of the
electrodes allows an efficient ejection of all stored clusters from the trap. To do so,
the RF-potential applied to each electrode is shifted by a DC-offset. The potentials
and their switching are performed by the newly developed electronics unit. With
this device, the offset can be individually chosen for each electrode. This method
enables the optimization of the ejection procedure for either a wide mass range or
maximized sensitivity. Efficient ion ejection from the ring electrode ion trap allows
the product characterization by time-of-flight mass spectrometry. For this purpose,
a home-build reflectron time-of-flight mass spectrometer is employed, with which a

mass resolution of 3’000 has been achieved.
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Following the characterization of the system, the reactivity of cationic tantalum
clusters, composed of four to forty atoms, towards oxygen is discussed. To achieve
this, 100 ppm of oxygen is mixed into the buffer gas flowing into the ion trap. For
all cluster sizes a rapid reaction with oxygen is observed. Three size regimes are
identified, where the clusters exhibit significantly different reactivities under these

conditions:

e Larger tantalum clusters, composed of thirteen atoms or more, stay intact

upon reaction with oxygen.

e Smaller tantalum clusters, composed of eight atoms or fewer, fragment upon

reaction with oxygen.

e For tantalum clusters composed of nine to twelve atoms both reaction mech-

anisms are present.

The oxidation of larger tantalum clusters is discussed on the example of Tas,. A
consecutive uptake of thirteen oxygen molecules is observed, with a final reaction
product of TayyOss. Time dependent concentrations can be fitted according to this
simple model of consecutive oxidation steps. An excellent agreement between the
fit and measured data is achieved and apparent rate constants are determined for
each reaction step. The variation of the reaction temperature additionally enables
activation energies to be determined for all processes. The activation energies are
found to be very low and in the order of some hundred J/mol. Two reaction regimes

are identified (see Figure 5.2). For the first seven reaction steps high rate constants
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Figure 5.2: Schematic mechanism of the ozidation of larger tantalum clusters. In
the first regime (reaction steps 1-7) oxygen is dissociated on the cluster
surface. Afterwards (reaction steps 8-13), the oxygen molecules may
stay intact upon reaction.
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and comparable high activation energies have been observed. After the seventh step
a simultaneous drop of the rate constant and activation energy is observed. This
finding is attributed to two different reaction mechanisms. In a first reaction step
molecular oxygen attaches to the cluster and an activated complex is formed. The
oxygen molecule is quickly dissociated and is bound to the surface of the cluster
as individual atoms. As the reaction progresses the cluster surface may become
saturated or the electron density may become insufficient to dissociate the oxygen
molecule. Additional oxygen molecules therefore stay intact upon oxidation. For the
later reaction steps the oxygen molecule remains intact due to the decreased electron
density at the surface of the cluster. Consequently, it is much more likely that the
additionally attached oxygen molecule desorbs, resulting in a lower apparent rate

constant and a lower activation energy at the same time.

LB
2l

Figure 5.3: Schematic mechanism of the reaction of smaller cationic tantalum clus-
ters with oxygen. Clusters undergo oxidative degradation by the ejection
of a TaO fragment. Intermediate oxides are stabilized and therefore
may remain intact upon oxidation.

<

As illustrated in Figure 5.3, smaller clusters exclusively fragmented upon reaction
with oxygen by the ejection of a TaO-fragment. The newly formed Ta, O, even
further fragments to Ta, ,O.,o. The cluster stability increases with each further
adsorbed oxygen atom until the metal oxide cluster remains intact upon reaction

with oxygen. In the case of Ta,O, species:
e Oxides comprising three or less oxygen atoms mostly fragment.

e Oxides comprising five or more oxygen atoms remain intact upon reaction with

oxygen.
e For Ta,O, both reaction pathways almost have almost the same probability.

A similar behavior is found for the reaction of Tag with oxygen. The bare cluster

fragments with a probability of more than 90% when reacting with oxygen. Never-
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theless, a small amount of TagO, and subsequently TagO, is formed. The reaction
proceeds towards TagO;,. Overall, the reaction is similar to the oxidation of Tag,.
Compared to the bare cluster, species like TagOs and TagO, have a significantly
higher probability to remain intact upon oxidation. Again, the attachment of oxy-
gen results in a stabilization of the clusters. By decreasing the temperature, the
fragmentation of Tag is suppressed and more TagO, is formed. However, TagOy
is also more likely to fragment. At lower temperatures the cluster stabilization
may be hampered as the required restructuring of the clusters may be hampered.

Accordingly, fragmentation is more likely to occur.

These three different reaction regimes can be attributed to the increased heat ca-
pacity of bigger clusters. As shown in Figure 5.4, the regimes are reflected by the
oxygen content of the final reaction product. For smaller clusters, a maximum of 2.5
oxygen atoms per tantalum atom is bound to the cluster. This reflects the ratio of
the oxidation states of tantalum (+5) and oxygen (-2). On larger cluster on average
approximately one oxygen atom per tantalum atom is found. This finding can be
explained by a change in the binding mechanism. For smaller clusters, oxygen is
incorporated into the cluster structure, where as for larger clusters oxygen is bound

to the surface of the cluster and the metal core of the cluster remains mostly intact.

Figure 5.4: For smaller tantalum clusters, oxygen is incorporated into the cluster
and a stabilized tantalum-oxide core is formed. For larger clusters only
the surface of the cluster is oxidized. Hence, smaller clusters can take
up more oxygen per tantalum atom than larger clusters.
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6 Outlook

From an experimental point, it has been successfully shown that the setup allows
the investigation of rapid and complex reactions with a high sensitivity. The mass
range of the ring electrode ion trap in combination with the high resolution of
the reflectron time-of-flight mass spectrometer enables the study of reactions, in
particular, of large clusters. Up to now the, reaction between one reactive gas and
cationic metal clusters has been studied, revealing the reactivity of tantalum clusters
towards oxygen from which fundamental insights into the properties of the clusters

can be obtained.

As a next step, reactions that are catalyzed by nanoparticles could be studied. Ex-
amples are the water-gas-shift-reaction [160], steam reforming reaction [161] or the
activation of methane. Previous studies showed that already the tantalum cation can
activate methane [61]. Activated methane is a prerequisite for the direct conversion
of methane to methanol. Another possibility is the investigation of the reactivity
of other metal clusters,like gold, iron, nickel or cobat clusters. Moreover, bimetallic
clusters, which may have advantageous properties can be produced by the employed
laser vaporization cluster source. Main goal of such studies is the identification of a
full catalytic circle in the gas phase. Such processes have been studied previously [30]
[66], but the vast majority of these studies is limited to rather small clusters com-
posed of typically only a few atoms. Studies of supported clusters revealed that their
catalytic activity varies dramatically with cluster size even for higher atoms counts.
An example is the catalytic formation of CO, out of CO and O, on platinum clusters
[23]. In fact, for Ptg and Pty different reaction pathways are found. These findings
demonstrate that expanding catalytic gas phase experiments to larger clusters can
reveal new reaction mechanisms and therefore contribute to the understanding of the
catalytic activity of nanoparticles. Furthermore, a comparison between the catalytic
activity of free and supported metal clusters can be drawn. The present setup is
ideally suited for such studies as the laser vaporization produces clusters comprising

more than a hundred atoms. The newly implemented ring electrode ion trap safely
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stores particles with a mass higher than 16’000 u. Moreover, the mass resolution
of the reflectron time-of-flight mass spectrometer is good enough to conduct such

studies.

Catalytic studies often require the introduction of two reactive gases into the ion
trap. An inherent problem with such studies is that elucidation of the reaction
pathway is not straightforward anymore [68] and can therefore be ambiguous. For
oxidation reactions, specific metal-oxide-clusters are often of great interest as they
mediate various reactions [71|. Therefore, a particular oxide has to be produced
and transferred to the ion trap. While it is possible to seed oxygen into the cluster
source, only limited control over the formed oxides is achieved by this method. One
possibility to form a specific metal oxide and to disentangle reaction steps is by
employing two separated reaction zones. For example a flow tube reactor can be
added to the system. By injecting oxygen into the flow tube, metal clusters can be
oxidized and afterwards size selected by the quadrupole mass filter. Moreover, other
reaction intermediates of catalytic processes can be formed and transferred to the
ring electrode ion trap. The benefits of a similar setup with two separated ion traps
have already been discussed [16]. By the application of this methodology it is now
possible to investigate further reactions, which are challenging and where insights

on a fundamental level are still sparse.

An other and ambitious extension of the present experimental setup is the addition
of a spectroscopic detection system. Controlled ion ejection of the ring electrode
ion trap combined with the reflectron time-of-flight mass spectrometer would in
principle allow the employment of spectroscopic methods like photo dissociation
or even messenger tagging. Such studies can reveal for example binding sites of
reaction intermediates and can therefore be applied to elucidate the underlying

reaction mechanism in even more detail.
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