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Summary

Gas phase cryogenic ion trap vibrational spectroscopy in combination with high level
quantum chemical calculations provides an ideal arena to investigate structure-
reactivity relationships of pure- and bi- metallic oxide clusters as a function of size,
charge-state and coordination environment. In the last decades, characterization of
binary metal oxide nanomaterials has received special attention, mainly because
catalytically inactive materials can be activated by doping with a second metal.
Precisely controlled conditions and the absence of perturbing interactions with an
environment allow the gas phase clusters to serve as powerful model systems for
nanomaterials. Moreover, the active site(s) of these reactive intermediates can be
unambiguously identified by their characteristic vibrational signatures. Such insights
ultimately allow for a molecular level understanding of the reaction mechanisms at
play at reactive surfaces in heterogeneous catalysis.

Iron is the most common impurity in naturally occurring zeolites. Atomic Fe-
substituted small Al-oxide clusters [(Al,O3),FeO]" function as model system for Fe-
doped zeolites. The influence of an Fe-atom in an Al-oxide network is investigated in
terms of structural change and preferred coordination site in Chapter 4. The results
demonstrate that the Fe-atom prefers to occupy a position in the outer ring of the
cluster and induces substantial change in the cluster structure for the smallest cluster
studied (n=1), but not for the larger ones. Furthermore, a structural evolution from
planar (n=1) over quasi-2D (n=2) to cage type (n=3) structures is observed with
increasing cluster size. The insights correlate with reported results of Fe-doped
nanoparticles and nanocrystals, where the dopant Fe-atom is mostly found to replace
the under-coordinated surface Al-atoms of the Al,O3; network.

In Chapter 5 the active site(s) of heteronuclear metal oxide clusters towards oxygen
atom transfer (OAT) reactions is identified. [AIVOyx=34]"" and [VPOy=3,4]*" radical
cations are studied in the context of CO to CO; conversion (chapter 5.1) and ethylene
to formaldehyde oxidation (chapter 5.2), respectively. In both cases, the oxygen atom
bound to the main group atom, either Al or P, in contrast to the transition metal atom
(V) takes part in the OAT cycle.

The results presented in Chapter 6 reveal that the oxygen-deficient Ti** centre, which
represents a model system for an oxygen vacancy at a titania surface, is the active
site for CO, adsorption. The first two CO, molecules adsorb chemically on [TizOg]",
forming asymmetric bidentate-bridged and symmetric tridentate-bridged binding
motifs. The tridentate-bridged binding motif, which is reported here for the first time,
plays a central role in the oxygen exchange mechanism on a defective anatase
surface and activation of CO, on wet titania surfaces.
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Zusammenfassung

Die Schwingungsspektroskopie von Gasphasenclustern in kryogenen lonenfallen in
Kombination mit quantenchemischen Berechnungen bietet eine ideale Methodik zur
Untersuchung der Struktur-Reaktivitats-Beziehungen von reinen wie auch bi-
metallischen Oxidclustern als Funktion der GroRe, des Ladungszustands und der
Koordinationsumgebung. In den letzten Jahrzehnten hat die Charakterisierung von
binaren Metalloxid-nanomaterialien besondere Aufmerksamkeit erhalten, vor allem
weil katalytisch inaktive Materialien durch Dotierung mit einem zweiten Metall
aktiviert werden konnen. Durch genau kontrollierte Bedingungen und das Fehlen
stérender Wechselwirkungen mit der Umgebung kénnen Gasphasencluster als
perfekte Modellsysteme fir Nanomaterialien dienen. DariUber hinaus kdnnen die
aktiven Stellen dieser reaktiven Zwischenprodukte anhand ihrer charakteristischen
Schwingungsmoden eindeutig identifiziert werden. Solche Erkenntnisse ermdglichen
es letztlich, die Reaktionsmechanismen, die an reaktiven Oberflachen in der
heterogenen Katalyse ablaufen, auf molekularer Ebene zu verstehen.

Eisen ist die haufigste Verunreinigung in naturlich vorkommenden Zeolithen. Kleine
atomar Fe-substituierte kleine Aluminiumoxid-cluster [(Al,O3),FeO]" dienen als
Modellsystem fur Fe-dotierte Zeolithe. Der Einfluss eines Fe-Atoms in einem
Aluminiumoxid-netzwerk wird im Hinblick auf Strukturanderung und bevorzugte
Koordinationsstellen in Kapitel 4 untersucht. Die Ergebnisse zeigen, dass das Fe-
Atom bevorzugt eine Position im duReren Ring des Clusters einnimmt und fir den
kleinsten untersuchten Cluster (n=1) eine wesentliche Anderung der Clusterstruktur
induziert, was fir die groReren Cluster nicht der Fall ist. Dartber hinaus ist mit
zunehmender Clustergrofe eine strukturelle Entwicklung von planar (n=1) Uber
quasi-2D (n=2) zu Kafigstrukturen (n=3) zu beobachten. Die Erkenntnisse korrelieren
mit Ergebnissen, die fur Fe-dotierte Nanopartikel und Nanokristalle berichtet wurden,
nach denen Fe-Atome meist als Ersatz fur unterkoordinierte Oberflachen-Al-Atome
des Al,O3-Netzwerks gefunden wurden.

In Kapitel 5 wird die aktiv Stelle, an der die Sauerstoffatomtransferreaktion (oxygen
atom transfer - OAT) an heteronuklearen Metalloxid-clustern ablauft, identifiziert. Die
radikalischen Kationen [AIVOy=34]"" und [VPOx=34]"" werden im Zusammenhang mit
der Umwandlung von CO zu CO, (Kapitel 5.1) bzw. der Oxidation von Ethylen zu
Formaldehyd (Kapitel 5.2) untersucht. In beiden Fallen nimmt das an das
Hauptgruppenatom (Al oder P) gebundene Sauerstoffatom am OAT-Zyklus teil,
wohingegen der am Ubergangsmetallatom (V) gebundene Sauerstoff unbeteiligt
bleibt.

Die in Kapitel 6 vorgestellten Ergebnisse zeigen, dass das sauerstoffarme Ti**-
Zentrum, das ein Modellsystem fur eine Sauerstofffehlstelle einer Titanoxidoberflache
darstellt, das aktive Zentrum fir die CO,-Adsorption ist. Die ersten beiden CO,-
Molekule adsorbieren chemisch an [TisOg]” und bilden dabei asymmetrische
zweizahnig verbrickte und symmetrische dreizéhnig verbriuckte Bindungsmotive.



Das hier erstmals berichtete dreizahnig verbrickte Bindungsmotiv spielt eine zentrale
Rolle  beim  Sauerstoffaustauschmechanismus auf einer  defekthaltigen
Anatasoberflache sowie bei der Aktivierung von CO,; auf feuchter

Titandioxidoberflache.
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Chapter 1

Introduction

Experimental gas phase studies on isolated metal oxide clusters with well-defined
composition provide an ideal arena to explore their intrinsic physical and chemical
properties. Precisely controlled experimental conditions and absence of perturbing
interactions from the background allow gas phase cluster studies to achieve a high
level of selectivity and sensitivity. Hence, metal oxide clusters in the gas phase can
serve as potential model systems'™ to gain molecular level understanding of
underlying reaction mechanism in heterogeneous catalysis®’ together with active site
characterization of the catalyst model. The central goal of the work presented in this
thesis is the structure and reactivity characterization of pure- and mixed- metal oxide
clusters, together with the identification of the clusters’ active site, with the arsenal of
modern spectroscopic and spectrometric techniques.

The experiments were performed using the free electron laser FHI-FEL (see section
3.5) at the Fritz-Haber-Institute of the Max-Planck-Society (Berlin, Germany). Most of
the studies presented in this thesis were performed as part of the project D01
“Microhydrated metal oxide clusters in the gas phase: structure, stability, reactivity”
within the framework of DFG funded Collaborative Research Center CRC1109,
“‘Understanding of Metal Oxide/Water Systems at the Molecular Scale: Structural
Evolution, Interfaces, and Dissolution” (2014 to 2018). The general goal of the CRC
1109 was to develop a detailed molecular level understanding of the structural
evolution, aging and dissolution of metal oxides as a function of oxide complexity and
water content.

The following sections describe why metal oxides are intriguing candidates to be
studied, followed by a description of special aspects of gas phase cluster studies and
action spectroscopy, and finally the motivation and open questions to be addressed
by the particular studies presented in this thesis is discussed.

1.1. Metal Oxides

Modern technological development and advancement in material science is
complementary to each other. Use of metal oxide based materials dates back as
early as 1500 BC when the Egyptians used iron oxide (hematite)8 as pigment to
produce red and yellow ink to write on papyrus.® In modern days, metal oxide
nanomaterials are of importance due to their versatile use in our everyday life, as
heterogeneous catalysts,'® coatings,"" catalyst support,’ ' nano-sensors,™
biomedical applications,’ '® magnetic materials,"” fuel cells'® and advanced energy
materials.'”® 2 Among the metal oxides iron, aluminium and titanium oxides are
among the most abundant materials of the earth crust, and thus it is of great interest
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to characterize their diverse properties such as redox activity, electrical, and thermal
resistivity and chemical activity. A band gap of ~3.1 eV of TiO, makes it a suitable
semiconductor to be used as photocatalyst, gas sensor, water splitting catalyst,
photovoltaics or pigment. The use of these metal oxide nanostructures, perhaps in
combination with doping, such as Fe-doped zeolites or transition metal doped TiO,,
enhances the photoelectric properties and increases surface area for reaction.?” %2 In
fact, mixed-metal organic-framework (MOF) or catalysts composed of multiple
components (different metal centres), such as aluminosilicate MOFs,? VPO
catalysts,®* 2° V/Ce mixed oxides® and so on, are used in contemporary
heterogeneous catalysis.?” As a result, despite of the low abundance of vanadium on
earth, VPO catalysts are extensively used in chemical industries for large scale
transformation of small hydrocarbons into value added products e.g. n-butane to
maleic anhydride.?®° It is also seen that VPO catalysts are more reactive towards
oxidative dehydration (ODH) or oxygen atom transfer (OAT) reactions, with respect to
pure vanadium oxides or phosphates.*’

To understand the reactions occurring at metal oxide interfaces, to design functional
building blocks for nanostructured materials or to enhance catalytic properties at the
molecular surface, a fundamental insight into the structure and reactivity of the
corresponding material is important. Although metal oxides have been investigated
intensively in the past decades, the molecular level understanding of its structure and
functionality is still incomplete. Moreover, despite of the vast use in industrial
applications, a comprehensive mechanistic understanding of the elementary steps
and an atomic scale understanding of the reactive sites of e.g. solid-state catalysts
are still rather scarce. Thus, there remain many unanswered questions, e.g. what are
the structural and electronic properties of the metal oxide nanoparticles? How do
these properties influenced by increasing size of the nanocrystals? What are the
active sites for the catalytic reaction? Which structural motif leads to a particularly
high reactivity? What are the reactive intermediates? Therefore, highly selective and
sensitive experimental techniques are needed, to characterize the particular surface
structure and active sites.
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Figure 1.1: Versatile uses of metal oxides. Figure adapted from Ref.*?

1.2. Gas Phase Clusters

The term “cluster” has different meanings, depending on the discipline, i.e. in
astronomy it represents a gravitationally bound group of stars, in computer science it
stands for a set of computers which are connected with each other to work together
and in the field of music and medicine cluster has yet another meaning. In the field of
physics or chemistry (the topic of this thesis), “cluster” refers to an aggregate
comprised of a countable number of atoms or molecules. Smaller clusters, with less
than 100 atoms, are of particular interest because their properties typically lie in the
non-scalable regime, i.e., they cannot be derived from the properties of bulk material
by extrapolation.®* For small gas phase clusters, at the size regime of a few tens of
atoms, every single atom or molecule can have a significant effect on the cluster
properties.>*>® Moreover, the structure and reactivity of the clusters can also change
with the charge state. For example, [(Al203)4]" is assigned to have an “arrowhead”
shaped structure with a terminal Al-O bond, whereas it's neutral analogue [(Al2O3)4]
possess a complete different structure with 8m, 6m and 4m rings and more
interestingly they both are different from the bulk structural motif of most stable
polymorph of solid alumina i.e. a-Al,O3; (corundum).37 Another example can be given
for Boron clusters i.e. for small cationic boron clusters, B,", 2D to 3D geometric

transition occurs at n=16,%® whereas for anionic clusters Bss_ and B4y are predicted
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to be planner while B3g exhibit 3D structure which is proved by both theory and
experiment.>® 4

The combination of computational chemistry with experimental spectroscopic
techniques bought gas phase cluster research to an elevated importance, because,
they serve as an excellent model system to bridge the gap between atomic,
molecular and condensed phase matter. With state-of-art experimental techniques it
is difficult to directly probe the morphology of thin film or nanomaterial surfaces. Also,
understanding of a detailed mechanism regarding the elementary steps of a catalytic
reaction occurring at the surface remain unsolved due to, for example, surface
reconstruction in presence of reactant molecules and difficulties in preparing
reproducible surface. Here, gas phase cluster model systems play a crucial role for
elucidating atomic level understanding of structure, dynamics and electronic
properties of this intermediate form of matter. These valuable insights may help in
deriving the properties of nanoclusters or nanoparticles.

The absence of perturbing interaction with an environment and control over solvation,
aggregation, counter-ion and reactant ligand, allows a systematic characterization of
cluster size, shape and structure together with understanding energetics, kinetics and
dynamics of a chemical reaction at a molecular level.*" ** Moreover, a systematic
investigation of gas phase model clusters can shed new light on the understanding of
structural evolution of clusters from atoms to bulk, O, transport and proton transfer
reaction in biological systems,* different heterogeneous processes occurring at the
atmosphere,** mechanism of catalytic reactions,*® and even bond making-breaking
type ultrafast processes.*®

High level quantum chemical calculations using density functional theory (DFT) or
wave function based theory (MP2 or CCSD(T)) are capable of providing nearly
accurate and often quantitative information on physical and chemical properties such
as ionization potentials, electron affinites, HOMO — LUMO gaps, dissociation
energies, solvation energies, and vibrational frequencies of the studied clusters.
Comparison of these predicted properties with the experimental results allow for
testing of different computational models and benchmarking these methods in the
context of e.g. electron localization at defect sites, energetic ordering of various
isomers and spin states, or understanding larger and more complex systems.

1.3. Action Spectroscopy

Various mass spectrometric approaches can be used to study gas phase cluster’s
composition and its structure/reactivity relationship. However, to gain unambiguous
insight concerning structure, shape and reactive center of a particular cluster, a
spectroscopic approach is necessary. High resolution experimental techniques used
for the characterization of condensed phase materials often cannot be adopted for
gas phase studies simply because the sample lacks the needed degree of structural
order and required number density. Moreover, direct IR absorption spectroscopy
relies on the attenuation of light intensity upon interaction with the molecules and a
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minimum ~10"® molecules/cm® number density is prerequisite to acquire a absorption
spectrum.47 Whereas, for the experimental scenarios presented in this thesis, the
maximum attainable ion densities are on the order of <10° ions/cm?® limited by the
space charge effect,° restricting application of the direct absorption technique. An
alternative experimental approach, so-called action spectroscopy50 has been
developed to overcome these limitations. Here, the absorption of photons is indirectly
measured by the response of the ions upon interaction with light, i.e. change in
charge state, quantum state or change in mass.>" %2

A number of action spectroscopy techniques, for example, laser-induced
fluorescence spectroscopy, anion photoelectron spectroscopy have been used for
the systematic characterization of structure and other properties of isolated metal
oxide clusters. However, Infrared photodissociation (IRPD) spectroscopy (see
section 2.3 for details) of cryogenically cooled mass and charge selected ions is
arguably the most powerful and widely applied action spectroscopic technique in
present days and was used for the characterization of gas phase clusters in this
thesis. This technique works with measuring the extent of photodissociation yield of
the ions as a function of photon energy. An intense and widely tunable free electron
laser, the FHI-FEL (see chapter 3.5), was used here as the light source. Cryogenic
ion trapping under multiple collision conditions ensures that the molecules reach their
vibrational ground state and facilitates messenger complex formation.>**” Moreover,
the possibility of appearance of anharmonic effects such as hot bands, combination
bands, and spectral congestions due to high internal energy are reduced by
cryogenic cooling of the ions of interest.

As the experimentally measured IRPD spectrum is in general linear to the number of
absorbed photons (see section 2.3 for more details), thus the linear vibrational
spectra derived from quantum chemical calculations are often in quite good
agreement with it. Hence, interpretation of the experimental spectra usually carried
out by comparing them with the theoretical spectra, which facilitates unambiguous
assignment of the geometric structure. Although, combination of experiment and
theory has proven extremely powerful over the last two decades in explicit
identification of structural properties of small ionic clusters,*’ the unambiguous
identification of the global minimum energy structure of a complex potential energy
surface remains challenging and the difficulty increases by many fold with the
inclusion of transition metal atoms. Open d-shell of the d-block elements results in a
shallow potential energy surface and brings the possibility of energetically close lying
isomer formation with different spins, making the structural assignment arduous.
Choice of smaller clusters is advantageous where high level quantum chemical
calculations need to be performed.

1.4. Al/Fe- Mixed Metal Oxide

Oxides of Al, Fe and Si are ubiquitous in nature. They are present with highest
weight percentage on earth crust (46.6% oxygen, 27.7% silicon, 8.1% aluminium and
5% iron). Zeolites, microporous crystalline solid aluminosilicates, have attracted



1. Introduction

attention as nanomaterials for catalytic studies and other technological applications.
They contain cavities and channels in their framework thus often they are called
molecular sieves. Furthermore, the presence of these cavities makes them nearly
perfect adsorbents and prone to catalytic activity. Iron is eventually the most common
impurity in naturally occurring zeolites. Atomic Fe- impurities into small Al- oxide
clusters represent a perfect model system for Fe- doped zeolite molecular sieve. The
influence of Fe- atom on small Al-oxides, regarding structure and other properties is
studied as a part of this thesis and presented in chapter 4 (a manuscript under
preparation). The project is performed in close-collaboration with the group of Prof.
Joachim Sauer (Humboldt University Berlin). They apply genetic algorithm method
and state-of-the-art quantum chemical techniques to explore complex potential
energy surfaces in order to find global and local minimum energy structures and
compute their vibrational spectra.

Zeolites appear naturally with 40 different types,®® however, a large number of
synthetic zeolites are also produced industrially. Research on zeolites is of particular
interest because they are cheap, non-hazardous and can afford higher selectivity.
Their multidisciplinary applications are briefly described as follows: a) the cation
exchange property is used in water softening, heavy metal containing waste water
cleaning, detergent production, filter for odor control, toxin removal and drug
delivery,®® b) the specific cavity size is used in designing site selective catalyst in acid
or metal-catalysed reaction; also they are used in production of Caprolactam and
NO, removal agent for diesel vehicles,®® ®' c) zeolite crystals are used in
chromatographic separation process considering varied interaction of the adsorbent
with the surface; the shape-selective property is executed for their use in molecular
adsorption processes,®® d) hydrophobic silica zeolites absorb organic solvents,
whereas cation-containing zeolites used as desiccants owing to high water affinity.

Figure 1.2: Different crystal structures of zeolites, A) Cubic B) Orthorhombic C)
Monoclinic. All of them contain three- and four- fold coordinated Al- atom, similar to
the studied clusters. (figures taken from Ref.*?)

Interestingly, it is now experimentally proved that not the Al-O units but the transition
metal impurities present in zeolites are actually the active sites for the photochemical
reactions®. Moreover, [Fez"-O]* moiety present in the zeolite network is characterized
as the charge transfer excited state, which promotes the reactivity, in particular,
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photocatalytic reduction of CO, with H,0;%? photocatalytic oxidation of organic
molecules like ethylene, bromomethane and methyl orange;®® and oxidation of
benzene to phenol.®* Despite of these experimental advancements, a molecular level
understanding about the nature of the charge transfer excited state or the active site

is still missing.

IRPD spectroscopy of gas phase metal oxide clusters in combination with quantum
chemical calculations can provide significant insight into the structure — reactivity
correlation. Here, within the scope of this thesis | studied Al/Fe —mixed metal oxide
clusters as a function of cluster size; and tried to answer the following questions:
How does the structure and geometry of the binary metal oxide clusters evolve with
increasing cluster size? How does the structural motif of the binary metal oxides
compare with the pure (mono metallic) metal oxide clusters? What is the preferential
coordination site for the Fe-atom? What is the preferred oxidation state and
coordination environment of the dopant Fe-atom? How does the nature of active site
(oxygen deficient Fe-atom) correlate with the cluster size?

1.5. Active Site Characterization of VMO," (M=Al, P) Model Clusters

Chapter 5.1 presents the experimental identification of the active site in the
[AIVO,]**/CO/N2O (x=3,4) heteronuclear redox couple. The reduction of [AIVO4]™ to
[AIVO3]™" in presence of CO (reaction efficiency 59%) and re-oxidation process in
presence of N,O (reaction efficiency 65%) was studied with mass spectrometry by
Schwarz et al.®® DFT calculations on the reaction mechanism predicted not the V-O;
unit but the Al-Oy is involved in the OAT reaction cycle. However, the experimental
verification for this prediction was missing. To this end, in collaboration with the group
of Prof. H. Schwarz (TU Berlin, Germany), the active site of the above mentioned
catalytic cycle is experimentally verified. The experiments are performed at the FHI
Berlin using the FHI-FEL. Theoretical support is provided by the Schwarz group. This
study is published in the Angewandte Chemie International Edition and selected as a
very important article (top 5%).%% ¢

In a similar experimental fashion, the active site of the [VPO4]"" model catalyst
involved in reaction (i) is identified, and presented in Chapter 5.2.

[VPO4]"" + CHg — [VPO3]™" + CH3;CHO (1.1)

The structural characterization of gas phase [VPO4]"* and reactivity towards small
hydrocarbons was previously reported by Schwarz et al.*' Collision induced
dissociation (CID) studies show that the [VPO4]"* can undergo OAT reaction with
ethylene to form [VPO3]*"" and acetaldehyde. DFT calculations predict that the
phosphate atom favours to attain lower oxidation sate (P*" over P*V), thus the OAT
reaction proceeds via breaking of the/a P-O; unit not via the/a V-O; unit. What was
missing so far is the experimental verification of the theoretical prediction and
unambiguous assignment of reaction products and intermediates. In a collaborative
work with the group of Prof. Helmut Schwarz (TU Berlin, Germany), the theoretical
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prediction of the active site is verified and more interestingly, the neutral CH;CHO
formed by the OAT reaction is spectroscopically identified. This study is published in
the Angewandte Chemie International Edition.®®

[AIVO,]** [VPO,]**

Figure 1.3: Structure of [AIVO4]*" and [VPO,]*" from B3LYP /def2TZVP calculations.
V= green, Al= grey, P= yellow, O= red. (Structures are taken from Ref.?®’
respectively).

Catalytic conversion of environmentally noxious gases, produced from fossil fuel
combustion, into value added chemicals using cost effective and environmentally
benign pathways are one of the major focuses of contemporary natural sciences to
solve global problems such as climate change. Development of metal-based
catalysts started in the early 70s and has undergone a significant evolution over the
past three decades. However, more research conducted on monometallic-oxides
than that of mixed metal oxides, due to increased complexity induced by addition of a
second metal atom.®® Recent advancements in surface science techniques such as
HR-TEM and EXAFS have enabled access to bulk and surface properties of mixed
metal oxide catalysts. These studies are intriguing in particular because of the
multiscale nature of the catalysts. Their oxidation state, structure termination and
composition of surface are different than that of bulk lattice. These properties are
dependent on their local environments and more interestingly, chemical and physical
properties of mixed metal-oxides differ significantly than that of monometallic-
oxides.”®" Nonetheless, variable local coordination, different surface termination
functionalities, coexisting bulk and surface phases make it difficult to get a molecular
level understanding of structure, growth and active sites of the catalysts in
condensed phase. Moreover, few predictions from surface studies were questioned
by gas phase experiments. For example, in the catalytic conversion of n-butane to
maleic acid with VPO-catalyst, the phosphate center was said to be catalytically
inert,”* however, it was showed with gas phase experiments that [P4O1]** is efficient
to activate methane at ambient condition.”” These limitations and conflicts calls for
model system studies to get unambiguous insight about the intrinsic chemical and
physical properties of catalytic active sites involved in selective oxidation process of
heterogeneous catalysis.

Looking at the underlying mechanisms, the selective oxidation with metal oxides can
be categorized in three general terms: 1) hydrogen-atom transfer (HAT), 2) oxygen-
atom transfer (OAT) and 3) oxidative dehydrogenation (ODH).>" A number of gas
phase spectrometric and spectroscopic studies have been reported in last decades



1.5. Active Site Characterization of VMO," (M=Al, P) Model Clusters

to investigate heteronuclear metal oxide catalysts such as [AIXVyOZ]”' (x+y=2, 3, 4;
z= 3-10),"® 77 [CeVyO,]"" (x + y=2, 3; z=4, 5, 6),”® [(V20s)(SiO2)]" (x=1, 2; y= 1-
4),"% 80 [/ .P,, 010" (x=1-3),%" 8 and other VPO-catalysts.*’ VPO-catalysts are of
particular interest because despite of being electronically and structurally similar and
having analogous terminal oxygen cantered radical, [V4010]"" facilitates OAT & ODH
reactions, whereas, [P4O10]"" promotes HAT reaction with ethane, propane and
ethylene, even interestingly both of the monometallic oxides gives rise to thermal H-
atom abstraction from methane in a similar way.83 The above mentioned exciting
oxidation reactivity of the heteronuclear metal-oxides suggests a more systematic
investigation to uncover the underlying mechanisms at atomistic level, also to identify
the explicit active site in the metal oxide clusters.

| used gas phase cryogenic infrared spectroscopy in combination with quantum
chemical calculations, to unambiguously characterize the structure and active site of
VMO,4* (M=Al, P) catalytic model systems. The results give significant insight for the
understanding of the associated reaction mechanism as a part of a more complex
catalytic cycle.

1.6. CO, Adsorption on Ti3Og4"

Increasing concentration of CO; in the atmosphere is a colossal threat to humanity in
the 20" century, because the released CO, acts like a blanket, preventing heat to
escape and the evident impact is climate change. CO, causes about 20% of earth’s
greenhouse effect; however, it has other indirect effects leading to increase in
average global temperature. On the other hand, a large amount of CO; released by
humans get dissolved into the ocean, reflected in increased acidity of sea water and
sets the life of marine animals and plants in danger. Hence, it is important to find
efficient methods for the conversion of atmospheric CO into value-added products.?*
% Ti-oxide based materials have been undoubtedly accepted as environmentally
benign, cost effective and most promising candidates for CO, capture and
conversion. CO, adsorption on titania-surfaces have been mainly studied on the
basis of chemi- vs physisorption, i.e. formation of carbonate and bicarbonate vs
binding of CO, to a metal center, and the binding efficiency is mainly characterized
with the Lewis acidity and basicity of the active sites.®°

(TiO2),~ (n=3-8) has been studied earlier in our group. There, structural evolution of
the studied clusters is discussed with increasing cluster size and the effect of an
excess negative charge on the clusters is characterized.®® This is important in
particular because the photocatalytic reduction of CO, on bulk-titania proceeds via
the transfer of a photoexcited electron first to the surface followed by transfer to the
adsorbate.®' So, negatively charged TiO; clusters can in principle be considered as
model systems to understand the photocatalytic behaviour at titania-surface and to
unambiguously characterize the underlying reaction mechanism at atomic resolution.
Moreover, the afore mentioned study on (TiOz), (n=3-8) revealed that the studied Ti-
oxide clusters mainly consists of four-fold coordinated Ti** and three-fold coordinated
Ti** centres, and the later carries the excess negative charge which represents the
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oxygen vacancy defect site on surface. Many surface studies showed that the water-
or CO,- adsorption reaction on titania-surface is initiated at these defect sites.%
Water adsorption on [(TiO2)n(D20)n]” (n=2-4 and m=1-3) clusters was also
investigated by our group as a follow-up of the previous experiment, and dissociative
adsorption of water molecule is seen in every case.”

Figure 1.4: Spin density plot of the singly occupied molecular orbital in the TizOg
anion from wB97XD/aug-cc-pVTZ calculations. The unpaired electron is localized at
the under coordinated Ti** center. Al= grey, O= red.

The main goals of the experimental study presented in chapter 6 is: a) to gain a
molecular level understanding of the CO, adsorption mechanism on negatively
charged titania surface, b) identifying different CO, binding motif on TiO,, c)
elucidation of vibrational signatures of characteristic binding motifs in the vicinity of
oxygen-vacancy defect sites. This study is published in the Journal of Physical
Chemistry C.%* % Ti;O¢™ cluster was carefully chosen for the study as it is the
smallest model system in the (TiO,),~ group which consists of two Ti** and one Ti**
centre, and the latter contains the excess electron, which in principle can be donated
to a m-acceptor ligand, such as CO..
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Chapter 2

Infrared Spectroscopy

Infrared (IR) spectroscopy is the analysis of IR radiation, interacting with matter in the
gas, liquid or solid phase. In absorption IR spectroscopy, an IR photon excites a
vibrational mode of the sample when energy of the photon is in resonance with the
frequency of the mode. Typically, an IR spectrum is generated by plotting
absorbance (or transmittance) of the IR light as a function of its wavenumber and the
IR signatures are commonly called as IR bands. Intensity of the IR band of an IR-
active transition is directly proportional to the dipole moment difference between the
initial and final state of the functional group upon IR excitation (see section 2.1.1).
The electric dipole moment of a chemical bond is typically a measure of the bond’s
polarity within a molecule and higher the electronegativity difference of the connected
atoms, higher is the polarity, consequently higher dipole moment. For homonuclear
diatomic molecules like D,, N2, O, etc., there is no electronegativity difference of the
connected atoms. As a result, transition to a higher vibrationally excited state is
forbidden and they are called as IR inactive molecules.

In this chapter, first the theoretical background of gas phase vibrational spectroscopy
will be summarized, followed by general description of gas phase action
spectroscopy with particular focus on infrared multiple photon dissociation (IRMPD)
and infrared vibrational predissociation (IRVPD) spectroscopy.

2.1. Theoretical Background

A molecular vibration is defined as a periodic oscillation of atoms of the molecule
about their equilibrium position." Generally, molecular vibrations can be categorized
into two major types, stretching and bending, besides, there are also deformation and
ring breathing modes. Non-linear polyatomic molecules with N number of atoms have
(3N — 6) and linear molecules have (3N — 5) vibrational degrees of freedom or
vibrational modes. To understand these vibrational modes, we will first look into an
example of a diatomic molecule and then extend the insights to the context of
polyatomic ones. The vibrational motion of a chemical bond within a molecule can be
approximated as a harmonic oscillator and treated with the ball-and-spring model
(Fig. 2.1).
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Figure 2.1: Vibration of a heteronuclear diatomic molecule depicted with ball-and-
spring model. Here, r. is the equilibrium length of the spring, (r-re) the displacement
along the axis and k the force constant of the spring. Figure adapted from Ref.?

From classical mechanics, the restoring force F of the spring follows Hooke’s law:

B dv(x)

F =
dx

—kx (2.01)

where, V is the potential energy, k the force constant of the spring, and x equal to (r-
re) i.e. the displacement from the equilibrium bond length re. Integration of equation
2.01 gives:

1
V(x) = Ekx2 , (2.02)

The quantum mechanical Hamiltonian (H) for a 1D-harmonic oscillator is given by

A=T+vVv
. 1
A=—-———+ Ekx2 ) (2.03)

where, T and V are kinetic and potential energy operators, respectively and p is the
reduced mass (ﬁ) of the oscillator. Accordingly, the Schrddinger equation
1 2
AY¥, = E,¥, can be written as:
h d?¥,
2u dx?

1
+ Ekxz% =E,¥, , (2.04)
By solving this differential equation we obtain the value of E,,:

1
Evzhv(v+§) , (2.05)
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here, v is the vibrational frequency of the oscillator and the vibrational quantum
numberv =0,1,2,3 ... v is related to the force constant (k) and reduced mass (p) of
the oscillator by:

1
1 (k 2
v=_" (;) . (2.06)
Generally, transition energies in IR spectroscopy are given in wavenumbers (and not
in kdJ/mol or Hz). From equation 2.05 we can derive:

E 1
2= =o(v+s) , (2.07)
where, w is the wavenumber, and G(v) represents the vibrational term value
expressed in wavenumbers.

2.1.1.Infrared Spectra

The selection rule for a vibrational mode to be IR active is, during the oscillation
there should be non-zero dipole moment change in the molecule. In the following part
the selection rule for a vibrational transition is derived mathematically (adapted from
Ref.?:

Let's consider ¥, as the vibrational wave function for the lower energy state with
vibrational quantum number v" and ¥,’ for the higher energy state v’’ and y as the
dipole moment operator, then, the transition moment matrix element R,(v",v") is
defined as

R, = j%'* u¥, dx , (2.08)

For a homonuclear diatomic molecule, as u is zero, R,, also becomes zero, means
the vibrational transitions are forbidden. For a heteronuclear diatomic molecule,
generally uy is non-zero and the dipole moment operator u varies with x following
Taylor series expansion:

— d” 2 4., 209
H=HUe+ an'FE W X< + ( )
e

here, x =r —1, and subscript “e" refers to the equilibrium configuration.
Substituting u from equation 2.09 into equation 2.08, we get:
du

R, = uef w, W dx + (E) f P x Yydx 4+ (2.10)
e
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Since, ¥, and ¥, are eigenfunctions of the same Hamiltonian and they are
orthogonal, i.e. [ ¥,"* ¥, dx = 0 forv’ # v”, equation 2.10 then becomes:

d” I !
R, = (a)ef Y x Wy dx + - - (2.11)
The integral [ ¥, x ¥, dx is positive only when v"" = v’ + 1. For all other values of Av
the integral vanish, as in harmonic oscillator approximation it becomes an odd
function and the limit goes from —oo to4+.® In case of absorption of photons,

Av mainly refers to v(upper) — v(lower), so the effectively allowed vibrational

transitions are possible for Av = +1. Additionally, the term (%) in front of the integral
e

must be non-zero, i.e. the dipole moment of the molecule must change upon

excitation. Thus, the selection rule for vibrational transition are derived as (j—’;) #0
e

and Av = +1.

Ey
From the Boltzmann factor % = e (where, N, and N, are the population at the v™
0

and zero™ level respectively), we know at normal temperature the population at
higher energy levels drops rapidly. Thus, in case of absorption IR spectroscopy, the
intensity of the vibrational transitions drops rapidly with increasing v’.? Transitions
with v’ # 0 are called vibrational hot bands, because they are typically only
observed when the molecule is hot.

2.1.2.Anharmonicity

The dipole moment operator can be considered to vary harmonically with x, only
when equation 2.10 & 2.11 are expressed up to the 1 power of “x" i.e. linearly
dependent on x. The effect of the higher terms is referred to as anharmonicity and as
this particular anharmonic effect is caused by the electronic properties of the
molecule, it is referred as electronic anharmonicity. This relaxes the vibrational
selection rule (Av =+1) to be modified to Av = +2, +3,..., and the associated
transitions are called as overtones. However, contribution of the higher order terms
drops rapidly with increasing power of x. Thus, the so-called overtone excitations
(Av = £2, £3...) typically carry very small intensities.

The dashed line in Fig 2.2 represents the vibrational potential of a 1D-harmonic
oscillator which obeys Hook’s law and the energy levels are the solution of nuclear
Schrodinger equation. However, for diatomic molecules this hypothesis is only valid
when x is small i.e. r is not very different from r.. At a large value of r-re, the diatomic
molecule approaches the dissociation limit D and eventually dissociates, forming
isolated atoms. On the other hand, when the atoms come closer i.e. for r < re, Pauli
repulsion comes into play, which makes the potential energy curve steeper than the
harmonic oscillator. This anharmonicity is known as mechanical anharmonicity and
also relaxes the vibrational selection rule to Av=+1, £2,+3...
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2.1.2. Anharmonicity

Potential energy, V

y

E Internuclear distance, r

Figure 2.2: Internuclear potential energy curve of a diatomic molecule. Dashed line
curve represents harmonic potential (ball-and-spring model). The Morse function
(solid line) approximates the anharmonic nature of molecules.

Thus, both electrical and mechanical anharmonicity can contribute to overtone
excitation and combination band intensities. However, only the mechanical
anharmonicity affects the vibrational term values and equation 2.07 changes to a

. . 1
power series in (u +3 ) as follows:

G(v)=a)e(v+%)—a)exe(v+%>2+---- (2.12)

where, w, is the vibrational wavenumber and x, is the anharmonicity constant. The
higher order terms of equation 2.12 are typically negligibly small w.r.t the harmonic
term and are thus not shown. The corresponding energy levels are compared with
those of the harmonic oscillators in Fig 2.2 and the anharmonic oscillator levels
converge to the dissociation limit De.

The expressions for D and Dy are approximated as follows:

and Do =X, AG,,1/,

Experimentally only D, can be measured. The simplest mathematical equation to
explain the molecular dissociation associated with anharmonic potential energy curve
of a diatomic molecule is known as Morse potential, given by the formula:

V(x) =D, (1 — e %%)? , (2.13)

: k
witha= [—= and x=r—1,.
2D

e
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2. Infrared Spectroscopy

2.2. Gas Phase IR Spectroscopy

Generally, IR spectra are typically measured by direct absorption spectroscopy. The
intensity difference of the incident and transmitted light is measured and the
frequency-dependent absorption cross section o(v) is calculated using Lambert-
Beer’s law:

b e~owml , (2.14)
I

where, I, and I, are the transmitted and incident light intensities respectively, n the

concentration of the solution and [ the optical path length.

As mentioned earlier (section 1.3), absorption IR experiment in gas phase requires a
minimum of ~10"° molecules/cm? to detect the attenuation of light intensity,* which is
not achievable with the state-of-art gas phase experiments. The sensitivity can be
enhanced by increasing the interaction time of the molecular beam with the incoming
light, with an elongated optical beam path. This technique is applied in cavity ring-
down spectroscopy, where the absorption cell is placed inside an optical cavity and
the light beam passes the cell multiple times leading to an increased path length on
the order of kilometres, thus enhancing the sensitivity.> °

For the work presented in this thesis, the number density (~<108 ions/cm?®) is limited”
by space charge effect,® which is too low regarding sensitivity of the direct absorption
spectroscopy to be applied. So, the vibrational spectra of isolated ions are
investigated using an alternative method known as action spectroscopy, where,
photo-absorption is studied by detecting either fluorescence, ionization,
fragmentation or a change in quantum state.® °

2.3. Infrared Photodissociation Spectroscopy

Infrared photodissociation spectroscopy (IRPD) is probably the most commonly used
action spectroscopic technique as of today.® ''"'® Here, the photodissociation yield is
monitored as a function of laser wavenumber. The ion of interest (AB)*/~, interacts
with an intense laser pulse, either from a FEL or OPO laser system (see section 3.5).
When the laser frequency is in resonance with the frequency of an IR-active
vibrational transition of the molecule, resonant absorption of a photon can occur. The
dissociation energy (Do) for covalently bound charged clusters are generally high, so,
to reach the dissociation threshold the molecule needs to absorb a multiple number
of IR photons, thus it is called IRMPD process:

n.hv

IVR
(AB)*/~ — (AB*/7)* — A*/~ +B (2.15)
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2.3. Infrared Photodissociation Spectroscopy

IRMPD is most commonly assumed to be a non-coherent sequential absorption
process involving three overlapping regions: the resonant region, the quasi-
continuum region and the dissociation region.'* ' In the first region, vibrational
excitation between discrete energy levels of a vibrational mode occurs with
sequential absorption of multiple photons. With increasing vibrational quantum
number the energy spacing between consecutive vibrational levels drops owing to
the mechanical anharmonicity of the molecule. Thus, for higher energy levels,
typically already starting at v = 2,3.., the excitation source runs out of resonance for
transitions between higher levels of the system and further resonant absorption is not
possible. This situation is referred to as reaching the anharmonic bottleneck. In
some cases it is compensated with the bandwidth of the laser or excitation of the ro-
vibrational states.

Absorption of many photons increases the internal energy of the system, leading to a
rapid increase in the density of rovibrational states p(E;), which roughly scales
with EN, where, N is the number of vibrational degrees of freedom.™® Consequently,
even small molecules can reach the quasi-continuum region upon absorption of a
few photons. Unlike a vibrational ladder climbing process, the absorbed photon
energy is quickly dissipated throughout the molecule due to coupling of the excited
vibrational mode with other vibrational degrees of freedom (anharmonic coupling).
This phenomenon is called intramolecular vibrational energy relaxation (IVR). A
fast IVR rate allows absorption of more photons by depopulating the excited energy
levels. However, this leads to spectral broadening by reducing the lifetime of excited
vibrational levels. For large polyatomic molecules, the IVR timescale is on the order

of 10" =102 5,7 ® from Heisenberg’s energy-time uncertainty principle AE=At > g ,

the corresponding linewidth can be calculated as AE ~ 5.3 cm™. Typically the band
width of the FHI-FEL is <10 cm” (FWHM), so the spectral broadening in the
experimental spectra mainly comes from the light source. When the internal energy
of the system exceeds the dissociation limit, the molecule reaches the true
continuum region and fragmentation becomes energetically allowed. Typically, the
dissociation takes place through breaking of the weakest bond in the system,
however if sufficient energy is absorbed other dissociation channel become
accessible.

The above discussed anharmonic effects (shifting fundamental vibrational modes,
peak broadening) induce spectral congestion and thus the assignment of IRMPD
spectra is typically more difficult than that of IRPD spectra. Moreover, the
unavoidable anharmonic bottleneck and a change in transition dipole moment upon
heating can result in IRMPD transparent bands (IR-active transitions which do not
show up in the corresponding IRMPD spectra).’ % The messenger tagging
technique was introduced to overcome the limitations of multiphoton absorption
measurements. Here, unlike IRMPD, a weakly bound ion-messenger complex is
irradiated with IR light to induce photo-fragmentation. This technique is called IRPD
or IRVPD spectroscopy.?" Rare gas atoms like He and Ne or inert molecules such
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2. Infrared Spectroscopy

as H; and D, are generally used as messengers. Use of a messenger substantially
reduces the dissociation threshold, as now the weakest bond in the system is the ion-
messenger bond and energy of a single photon is typically enough to induce
fragmentation according to:

h IVR
AB*/~-M 3 (AB*/7)*-M = AB*/~ + M (2.16).

Ideally, the messenger atom/molecule remains innocent upon complexation. This
means that the geometry or electronic structure of the bare cluster ion remains
unperturbed. Moreover, the experimental IRPD spectrum can be directly compared to
the computed linear absorption spectra. The IVR process is relatively slow in case of
IRPD (~10° — 10™"° 5),% due to weak coupling between the excited modes and other
low energy states in the ion-messenger complex. This sufficiently reduces the lifetime
broadening of the spectral bands (~102% — 10° cm™). In the presented experiments
here in the context of this thesis, width of the IRPD bands is typically limited by the
laser band width.

The studies presented in this thesis rely on mainly He or D, as messenger. He is
often considered as an ideal messenger, but it is difficult to form He-complexes,
especially for anionic clusters. D, is probably the second best choice as messenger,
but particular care should be taken that it does not chemically react with the system
of interest.
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Chapter 3

Experimental Setup

This chapter describes the experimental setup, which is used to perform all the
experiments reported in this thesis. A tandem mass spectrometer is combined with a
radio frequency (RF) ring electrode ion trap to study the ions generated with either
laser ablation or electrospray ionisation technique. In the following, a detailed
description of the ion sources and the tandem mass spectrometer is given, followed
by the ion detection scheme and a description of used IR light sources.

3.1. Laser Vaporization Source

The Laser vaporization is the most commonly used ion source for the production of
metal and metal-containing neutral and ionic clusters in mass spectrometry. It was
developed in 1981, independently by the groups of R. E. Smalley at Rice University
and Dr. V. Bondybey at Bell laboratories.”™ The initial idea for the application of this
source was to study transition and main group metal clusters,* but its proficiency
extended the use to effectively produce metal oxides, metal carbides and even
mixed-metal clusters. The schematic of the original “Smalley” source is shown below
in Fig. 3.1.

Nd:YAG vaporization laser

L E—

focusing lens

sample rod holder

/
growth channel

/

General Valve

gas linein

rotating rod sample

Figure 3.1: The schematic of standard “Smalley” source. Fig. adapted from Ref.*

Although it is based on a simple operating principle, subtle design features have
considerable influence on composition, number, size, charge state, temperature and
stability of the clusters produced. Detailed studies on cluster formation have shown
that vaporization yield depends on the laser pulse energy, reflectivity of the metal
surface, laser pulse duration, thermal conductivity of the material and composition of
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3. Experimental Setup

the plasma produced above the material.® Different types of sample targets, such as
metal rods,® pellets, disks, powders and liquid metals’ have been used by different
groups in the last 40 years. Dense metal plasma is produced by focusing a laser
pulse on the surface of the sample, which is then cooled by collisions with inert gas
atoms in a confined channel. This is followed by supersonic expansion at the end of
the channel, which allows for adiabatic cooling. The choice of laser pulse length and
energy has dramatic effect on the size distribution of the clusters produced. Lasers
with longer pulses, such as are more effective in penetrating metal surfaces and
vaporize more material than short pulse lasers.* However, vaporization occurs within
the first few picoseconds of the laser pulse and the plasma formed on the surface of
the sample then interacts with the light for the remaining time to form a super-heated
plasma.® After threshold energy is reached, vaporization process begins and laser
pulse beyond this energy actually results in excessive heating of the plasma, making
it more difficult to condense thus inhibits efficient formation of clusters. Nanosecond
lasers are most commonly used with typical pulse energies of 1-30 mJ. The choice of
carrier gas is also crucial owing to their different cooling capacity. He- or Ar- is the
best suited carrier gas, but molecular gases or gas mixtures are also used in
particular cases.*

3.1.1.Laser Vaporization Source Used for This Thesis Work

spring

X N -
N N\
/ AV NUAIN second gas

NG )/ channel
N 1
pulsed valves //:
‘ cooled nozzle
1

main gas
channel

pulsed valve B
4 B
laser entrance a éb q
N

aluminium holder |
laser channel T e

stepper motor i '

Figure 3.2: Schematic of the laser vaporization source used for the works presented
in this thesis. A) Single channel source block connected to a stepper motor and
cryostat. B) Schematic of dual channel source block. Figures adapted from Ref.®*

\
cooled nozzle

'’ metal rod

For the IRPD experiments on Al/V- and Al/Fe-mixed metal oxide clusters a single
channel laser vaporization source (Fig. 3.2-A) was used. Whereas, a dual channel
source block (Fig. 3.2-B) was used for the formation of Ti-oxide — CO, clusters.
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3.1.1. Laser Vanarization Source Used for This Thesis Work

Schematics of the single and dual channel source block are shown in Fig. 3.2A and
3.2B respectively.

A stepper motor is mounted below the source block with an aluminium holder. A
screw thread system, which holds the target rod, is attached to the stepper motor,
allowing for translational rotation of the rod. A solenoid pulse valve (Parker, Series
99), which is orthogonally mounted to the target rod, provides the gas pulse ensuring
thermalization and clustering. The gas channel diameter is 5 mm and extends 30 mm
past the position of the sample rod. The channel ends with a cooled nozzle mounted
on a copper block, which serves as the cooling unit. The copper block is attached to
the second stage of a 4K cold head close-cycle helium cryostat. The cryostat allows
temperature control over the range of 20-350 K, but in practice lowest operational
temperature is limited by the minimum working temperature of the stepper motor,
which is ~200 K. An 8 mm thick polyimide block (Vespel SP-21) is used as a thermal
insulator between the copper and the source block. Two heating cartridges are
installed, one at the source block and another at the copper block. In this way,
continuous temperature control of both the source block and cooling unit is attained.
The second harmonic (532 nm) of a Q-switched Nd:YAG laser with 50 Hz repetition
rate is used to induce vaporization of the metal target. When necessary (in most of
the cases), the laser pulse energy is attenuated with a commercial beam attenuator
equipped with Brewster type polarizers. The laser beam then passes through a
focusing lens (focal length = 40 cm, which is mounted onto a translation stage for fine
adjustment) and hits the sample rod going through the laser channel. Typically, in the
present experiments the opening of the gas pulse valve is triggered 300 to 600 pus
before the Q-switch of the laser, so that, the buffer gas is already present when the
laser hits the target rod. The temporal delay between the gas pulse and laser pulse is
adjusted with microsecond precision to optimize the ion signal.

The dual channel source block, which is shown in Fig. 3.2B, was designed to allow
the formed clusters from the main gas channel to react with reactant gases. The
second gas channel intersects the main one under a 38 degree angle and at 24 mm
distance from the laser channel. This design ensures that the vaporization process
and subsequent clustering along the main gas channel remain unperturbed upon
addition of a second gas pulse. A detailed description of the source blocks are given
in Ref.®?

After the ion yield of the (bare) metal oxide clusters of interest is optimized, the
second pulsed valve is activated, requiring little or no changes to the rest of the
source parameters. The timing of opening of the second pulse valve can also be
adjusted with s precision. Generally, a 10 — 300 us delay is used between openings
of the two valves. A comparison of quadrupole mass spectra of Ti-oxide cluster
anions with and without reaction with CO, molecules is shown in Fig. 3.3. Bare
TimOn clusters are produced using a pure Ti-rod target and 0.75% O,/He gas mixture
from the main gas channel. A pure CO, gas pulse was provided from the second gas
channel to form the CO; reaction product. A delay of 180 pus and 5 bar backing
pressure was used for the efficient formation of multiple CO reacted clusters.

27
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Addition of the CO; reactant gas to the main gas channel would expose it to the hot
plasma and would have led to formation of side products; which was avoided by
using the second gas channel. From the mass spectra in Fig. 3.3 it is seen that Ti-
oxide/CO, complexes are predominantly formed without formation of any undesirable
side products.

Ti,0, Tias
[Ti;06.(CO,),J" Ti,Og
— without addition of CO,
— with CO,
. /
. Ti,04 n=0 n=1 n=2
Ti,O4
\ Ti,O4,
©
c
D
17)]
S Ti,0, TiaOs
[ Ti.04 |
J ",

y

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
m/z (amu)

Figure 3.3: Quadrupole mass spectrum of the ions produced by pulsed laser
vaporization of a pure Ti-metal rod and quenching in a gas pulse of 0.75 % O
seeded in He. Pure CO;, was added from the second gas channel of the source block
to get CO, reaction product.”® Best signal was observed with the source block
temperature of 270 K.

For projects involving the production of mixed metal-oxide clusters, a bimetallic metal
rod target (Plasmaterials, Inc.) was used. The rod composition was chosen
depending on the system of interest. The studied Al/Fe- oxide systems are aluminium
rich, so, a 70/30 wt% Al/Fe rod was used. Whereas, for AIVOy (x=3, 4) project the
clusters of interest contain a single atom of each metal. So, a 50/50 wt% Al/V rod
target was used. Fig 3.4 represents a mass spectrum obtained by ablating the Al/Fe
mixed metal rod followed by quenching with 0.5% O, seeded in He gas. Formation of
pure and mixed metal oxide clusters is seen from the mass spectrum and this makes
the proper assignment of the mass peaks challenging. Each pure- and mixed- oxide
cluster series is indicated with green, black, blue and red lines. The most intense
mass peaks are assigned to the [(Al,O3)m(AIO)]" clusters. The closed-shell electronic
configuration of these clusters results in their relative high abundance. The systems
of interest for this particular project are [(Al203)m(FeO)]" (m=1-5) cations and the
corresponding mass peaks are shown with the blue line.
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Figure 3.4: Quadrupole mass spectrum of the ions produced by pulsed laser
vaporization of a Fe/Al (30/70 wt%) metal rod and quenching in a gas pulse of 0.5 %
O, seeded in He, at a source block temperature of 270 K.

3.2. Electrospray lonization Source

Electrospray ionization (ESI) has immerged to be a powerful technique in mass
spectrometry to transfer intact analyte molecules from solution to the gas phase. By
varying spray conditions it can be used to produce small salts to large in size
macromolecular ions. Being a soft ionization technique, it is capable of transferring
weakly bound complexes having low vapour pressure into the gas phase without
decomposition, as in case of other desorption methods."”" Malcolm Dole
(Northwestern University) first used this method in 1968 to look into polymeric
macromolecules.’® 20 years later, John B. Fenn (Yale University) combined mass
spectrometry technique with this ionization method and revolutionized the field of
quantitative analysis of biologically important macromolecules;'’ later, he also
worked with smaller solute species to establish the applicability of this method over a
wide size range.”™ Henion et al. modified the ESI technique to a pneumatically
assisted method (with N, gas)' '® which they called as ion spray (IS) technique,® is
used here in the context of the thesis to investigate VPO,"/CoH,4 system.
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3.2.1.ESI Source Used for This Thesis Work

The IS source used for the experiments presented in this thesis is a modified
commercial (Waters, Quattro Ultima) Z-spray source. A schematic of the source is
shown in figure 3.5% 1" and the general working principle is described in the following.
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Figure 3.5: A. Schematic illustration of the Z-spray source taken from Ref. 8. The
indicated numbers refer to: (1) sample solution inlet, (2) stainless steel capillary, (3)
nebulizer gas inlet, (4) grounded baffle, (5) skimmer 1 attached to the source block,
(6) skimmer 2, (7) cylindrical lens. B. 3D front view of the ESI source block taken
from Ref.!” The operating principles and typical voltages used are given in the text.

The sample solution is pumped with a syringe pump and enters a stainless steel
capillary (2 in Fig. 3.5.A), which is kept at high voltage. The flowrate of the solution is
generally maintained at 10-20 pl/min and is optimized with the signal stability. The
applied electric field at the tip of the needle charges the meniscus of the flowing
liquid, resulting in the formation of a Taylor cone and thus leads to a fine spray of
charged droplets. Typically the applied voltage on the capillary is 2-4 kV depending
on the used solvent. Equation 3.01, derived by David P. H. Smith,"® represents the
dependence of the required onset potential (V/,) on the surface tension of the used
solvent to begin electrospray. Solvents with lower surface tension thus facilitate
electrospraying at a lower voltage. Typically, a solvent mixture water/acetonitrile or
water/methanol is used to achieve a stable spray condition with lower voltages.

Vo o [FEo2 In (22) (3.01)

€o Tc

where, 1, is the capillary radius, Y the surface tension of the used solvent, 8 (49.3°)
the half angle of the Taylor cone, €, permittivity of the vacuum and d the capillary-to-
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counter electrode distance. Electric field difference between the capillary and the
ground drives the formed droplets to migrate towards the grounded baffle (4 in Fig.
3.5). The atmospheric pressure region of the source facilitates evaporation of solvent
from each droplet as it drifts forward. As a result, the charge density on its surface

increases until the Rayleigh limit (¢ = {/87€,0YD3, g being the total charge and D
diameter of the droplet) is reached. When the Coulomb repulsion exceeds the
surface tension of the droplet, the resulting instability causes fission of the droplets,
called “Coulomb explosion”. The formed daughter charged droplets also evaporate in
multiple cycles. When the radius of the droplet becomes small enough, the high
surface charge density desorb the sample ions from the droplets into the gas
phase.” A flow of nebulizer gas (3 in Fig. 3.5.A) surrounding the capillary helps in the
evaporation process. The choice of nebulizer gas is also important. A relatively high
dielectric strength of the gas is needed to avoid fragmentation and discharge with the
applied high voltage at the needle tip. Moreover, it should be inert to not undergoing
reaction with the analyte and inexpensive in order to run the experiment for long time.
N2 is generally used as the nebulizer gas with satisfactory results.

The first skimmer (skimmer 1 in Fig. 3.5) with 700 ym diameter, which is also the
opening to the first pumping stage, is installed on the source block perpendicular to
the direction of the spray. The first pumping stage is referred to as the inlet stage in
Fig. 3.5.A. The second skimmer (skimmer 2 in Fig. 3.5, 1mm diameter opening) is
mounted perpendicular to the inlet stage. This Z-shape arrangement blocks the
neutral analyte and solvent particles to enter the inlet region. Generally, skimmer 1
and the source block are held at a potential of (V1) 30 —100 V and skimmer 2 at (V>)
20 — 60 V. To maintain this voltage difference, skimmer 2 is electrically isolated from
the source block. Passing through skimmer 2, the ion beam enters the vacuum
chamber. Here, either a cylindrical lens (7 in Fig. 3.5.A), held at a third voltage (V3) of
0-60 V, or a RF guide (0-30 V DC, 400-500 V RF) is installed. This choice depends
on the system of interest. It is seen that the RF guide helps in guiding highly solvated
clusters without fragmentation. After this stage, the ion beam is focused into a
tandem mass spectrometer, which is discussed in the following section (section 3.3).
Applied voltages to the aforementioned skimmer and lenses are optimized (typically
V1>V, > V3) to ensure smooth transmission of the ions to the mass spectrometer.

The signal intensity, extent of solvation, charge state and the degree of fragmentation
of the formed gas phase clusters can be varied by changing the source parameters,
such as, the inlet pressure, flow rate of the nebulizer gas, flow rate of the sample
solution, temperature of the source block, temperature of the nebulizer gas and the
skimmer voltages. Fig. 3.6 shows how the distribution of bare and solvated acetate
anions [CH3COO] can be influenced with the skimmer voltages. For the generation
of bare acetate anions a high skimmer voltage is needed (skimmer 1: 81 V, skimmer
2: 37 V) and generation of hydrated clusters is favoured by lower skimmer voltages
(corresponding voltages are mentioned in Fig. 3.6). Note, the potential difference
between the skimmers plays a significant role on the extent of hydration. Higher

31



3. Experimental Setup

potential difference will induce breaking of the weakly bounded solvation shell and
vice versa.

5_
1.0x10 ] n=0 skimmer 1: 81V
7 5x104 skimmer 2: 37 V
5.0x10* 1 [CH,COO(H,0),] =1
2.5x10% 4 l
= 00 A e
S 1.0x10° n=1 skimmer 1: 33V
a 1 & skimmer 2: 26 V
& 7.5x10%
— 1 =2
2 5.0x10*A "
(®)]
2 ]
c 2.5x10%-
RS ] ” | {\
0.0 S
2.5x10% - = —» skimmer 1: 29 V
5 0x104- skimmer 2: 23 V
1.5x10* 1 n=2
1.0x10% - l
5.0x10° A jl
OO rrrrrrrrryrrrryrrrrrrrrrrrrrrr e e e T e e T

m/z (amu)

Figure 3.6: Mass spectra of microhydrated acetate anions [CH3;COO(H20).],
measured with different sets of skimmer voltages. Higher voltages on the skimmers
result in less hydrated anions.

3.3. Tandem Mass Spectrometer

A schematic overview of the experimental setup, i.e. the cryogenic ion trap-tandem
mass spectrometer, used to perform the experiments presented in this thesis is
shown in Fig. 3.7. The complete setup is housed in a vacuum chamber, which is
divided into five interconnected stages: (a) Source, (b) Guide, (c) Quadrupole mass
filter, (d) lon trap and (e) Time-of-flight (TOF) mass spectrometer. Gas phase cluster
ions are formed either by laser ablation (section 3.1) or ion spray (section 3.2) in the
source region. The beam of ions then passes through a 4 mm diameter skimmer and
is focused into a radio frequency (RF) decapole ion guide. The focusing is performed
by the einzel lens (EL 1) placed before the ion guide. The guide is generally
continuously filled with He-buffer gas, which helps in thermalization of the ions to
room temperature and collimates the ion beam into a cylindrical shape. The
collimated ion beam then passes through a second einzel lens (EL 2) and is mass-
selected (m/z) using a quadrupole mass filter (Extrel CMS, 4-2000 amu). The mass-
selected ion beam is then deflected into 90° using an electrostatic quadrupole
deflector and enters the RF ring-electrode ion trap (RET) passing through another set
of einzel lens (EL 3) used for focusing of the ion beam. The deflector is used to select
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Figure 3.7: Schematic 3D-view of the cryogenic ion trap-tandem mass spectrometer
used to perform the experiments presented in this thesis. The figure is adapted from
Ref."?

the electrical charge (cation or anion) of the ions; also, the neutral particles
generated at the source get separated this point. The trap is mounted on the cold-
head of a close-cycle helium cryostat and the temperature can be controlled within
the range of 10 K to 350 K. The trap is continuously filled with buffer gas allowing
accumulation and thermalization of the mass- and charge-selected ions to the
ambient temperature through multiple collisions with the buffer gas atoms. When
required, messenger tagging is also performed inside the trap at sufficiently low
temperature and via three-body collisions.? Collisional thermalization of the ions
down to cryogenic temperature typically brings them to their global minimum energy
structure. After the accumulation and thermalization, all ions are extracted from the
ion trap and focused both temporally and spatially into the center of the extraction
region of an orthogonally-mounted linear time-of-flight (TOF) mass spectrometer. An
einzel lens (EL 4), which is placed after the RET and an ion beam deflector (placed
between EL 4 and TOF, not shown in Fig. 3.7), is used for this focusing. lon trapping
and extraction is performed by a set of DC voltages applied to the trap electrodes.
Typically, the ion cloud is irradiated with a counter propagating IR light pulse (path 1
in Fig. 3.7) when they are in-between the center of the TOF plates. All parent and
photodissociated (fragment) ions are accelerated towards the microchannel plate
(MCP) detector by applying two properly timed high voltage pulses (extraction:~
+3000 V, acceleration: ~+2500 V, ‘+’ for cations and ‘-’ for anions) to the TOF
electrodes. A TOF mass spectrum is recorded by simultaneously monitoring the
intensity of all the ions and an IRPD spectrum is obtained as a function of the
scanning wavelength of the laser. In special cases, the IR laser can also be aligned
from the perpendicular direction of the molecular beam axis (IR laser path 2 in fig.
3.7). The vacuum chamber is terminated with IR windows (3-5 mm thick with 25 mm
diameter) along both the laser beam paths. They allow entering the laser beam
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inside the instrument. Depending on the wavelength region, different IR windows
(KBr, KRS-5, CaF; etc.) are used. Typically, a power meter is placed at the indicated
place in fig. 3.7, to measure and record the shot-to-shot laser pulse energy.

The five stages of the vacuum chamber of the machine are differentially pumped
using turbomolecular pumps. Achieving the right pressure at every stage is critical in
terms of signal intensity. Compact pressure gauges (combination of pirani and cold
cathode sensors), which typically can read pressures from 10° down to 10 mbar,
are connected to every chamber. Approximate background and operating pressure at
every stage is listed in Table 3.1. When using the ESI source, due to high gas
ballast, the background pressure is generally high in the source and the guide region.
A More detailed description of the ion optics and multipole RF devices used in this
experimental setup can be found in Ref.?

Table 3.1: Approximate background and operating pressure (in mbar) at different
stages of the vacuum chamber is listed.

Chambers Source Guide Quadrupole Trap TOF
Background 10 (ESI) 10 (ESI) 10 10°® 10°-107°
pressure 10® (Laser  10®(Laser

ablation) ablation)
Operating 10™* (ESI) 107 (ESI) 107 10 107-10%
pressure 10*(Laser 10 (Laser

ablation) ablation)

3.4. Detection Scheme and Data Acquisition

The experimental setup discussed above can be operated either in the quadrupole
mass spectra (QMS) or in the TOF mass spectra (TOF-MS) mode. In case of the
QMS mode, the ions are detected with a channeltron electron multiplier (Burle),
which is placed behind the extraction plates of the TOF mass spectrometer, in an off-
axis configuration along the trap axis. A preamplifier (Advanced Instrument Research
Corporation, MTS-100) amplifies the channeltron signal and the output signal is sent
to a counter-timer card (National Instruments) for processing. In this mode the TOF
plates remain grounded and the trap is used in RF-only mode to guide the mass-
selected ion beam towards the channeltron detector. A quadrupole mass spectrum,
where signal intensity is plotted as a function of mass-to-charge ratio, is measured
using the quadrupole mass filter. Typically, source parameters and ion optics
voltages are optimized by monitoring the total counts of a mass-selected signal using
a channeltron detector and then the TOF-MS mode is activated for further
experiments. Mostly, the ion optics voltages are first optimized manually and then
fine tuning is done using a genetic algorithm.?’
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In the TOF-MS mode, the ion of interest is trapped in the RET after mass selection
with the quadrupole mass filter. The ion trap is comprised of six different DC voltage
stages. For trapping of the ions, a set of mixed RF-DC voltage is applied to the ion
trap electrodes forming a potential well along the trap axis. The entrance lens
potential is chosen in a way that the ions can barely overcome the barrier with their
kinetic energy. Whereas, the potential of the exit lens is set so high, such that the
ions are reflected back towards the entrance lens. A continuous flow of buffer gas
(typically Helium) inside the trap is maintained ensuring thermalization of the ions.
This arrangement results in reducing sufficient kinetic energy of the ions that they
cannot leave the trap and get accumulated.

Internal cooling of the ions is achieved by means of multiple collisions with the buffer
gas atoms, and at sufficiently low temperature ion-messenger complex are formed.
After accumulation for typically 100 or 200 ms, the ions are extracted from the trap by
quickly switching the trap electrode potentials to a second set of DC voltages. This
set of voltages is set in a way to form an axial declining voltage ramp from entrance
to the exit lens and applied for around 1 ms. All trapped ions are then temporally and
spatially focused at the center of the extraction region of a linear Wiley-McLaren TOF
mass spectrometer? using a set of four deflectors. The time that the ions take to
travel from the trap to the center of the extraction region is called the TOF delay,
which typically is within 50-200 us. The TOF delay for particular ions depends on
their kinetic energy, which is determined by the extraction DC voltage ramp of the ion
trap and the buffer gas pressure in the ion trap. During the TOF delay time the
extraction plates remain grounded. Once the ions reach the center in-between the
plates, short high voltage (HV) pulses are applied to the TOF extraction and
acceleration plates. Switching of these voltages is controlled by two fast push-pull
Behlke switches (Behlke Power Electronics GmbH, HTS 61-03-GSM). These high
voltage pulses accelerate the ions through the orthogonally mounted ~1 m long field
free TOF tube. During their flight the ions separate according to their mass-to-charge
ratio and their arrival time distribution is detected using a MCP detector. A fast
preamplifier amplifies the signal from the MCP detector and this signal is ultimately
evaluated by an Acquiris card (DP130) installed in the computer. The trapping
conditions and messenger tagging efficiencies are generally optimized by tuning the
applied DC and RF voltages on the trap electrodes, buffer gas flow and trap
temperature. A TOF mass spectrum can be recorded by scanning the TOF delay of
the ions.

An IRPD spectrum is recorded in the TOF-MS mode, typically in three subsequent
steps. The first step is extraction of the ions from the trap, followed by irradiation with
the IR light and then recording of the TOF MS. The triggering scheme of the IRPD
experiments is illustrated in Fig. 3.8. The fill and extraction cycle of the ion trap is
synchronized with the repetition rate of the IR radiation source (5 or 10 Hz, see
section 3.5). The extracted ion cloud (parent) from the trap is irradiated with an IR
light pulse prior to or at the same time with the application of the HV pulses
discussed above. The trigger timing of the IR laser and HV pulses is critical.
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Figure 3.8: Trigger scheme for IRPD experiments.
Three possible cases are:

1. t3 = t1: The TOF HV pulses are triggered at the same time with the irradiation by
the IR laser pulse. This is the standard way of measurement. Here, the ions are
irradiated when they are in the center of the extraction plates and at the very
beginning of the acceleration process.

2. t;>ty: The IR laser pulse is emitted prior to ion extraction from the trap. The ion
packet is irradiated inside the trap. This should be avoided in normal operation.

3. t3 < ty: The IR laser pulse is triggered after TOF high voltage pulses have been
applied, i.e. the ion packet is irradiated during the acceleration process. This
mode is advantageous in case of an unavoidable collision induced dissociation
(CID) process occurring at the trap. Here, with the pre-acceleration, the CID
fragments get separated from the parent ions according to their mass-to-charge
ratio prior to the irradiation with laser light. So, photofragmented and CID ions get
separated in time, which allows measuring the photofragmented ion yield
background free i.e. without any contribution from the CID fragments.

When the frequency of the IR radiation is in resonance with a vibrational transition of
the irradiated cluster ion, resonant absorption of one or multiple photons occurs
followed by photodissociation (for details, see chapter 2.3) forming fragment ions. As
a result, a decrease in the parent ion signal I (v) and an increase in the fragment ion
signal Iz(v) are observed. The fluctuations in ion signal due to instabilities at the ion
source are cancelled out by normalizing the parent and fragment ion intensities to the
total ion signal. Generally, the IRPD process assumes photodissociation with the
absorption of a single photon. The photon fluence, F(v), which is defined as the
number of photons passing through an area A4, is used to normalize the logarithm of
the relative parent ion abundance to obtain the IRPD cross section a;zpp(v).2>
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Ip(v)
Ip(v) + Ip(v)
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as, Ip(v) + ZIz(v) =1, g;zpp (V) effectively becomes:

oirpp (v) = —In[lp(¥)]/F (v) 3.03

However, determination of the laser and ion beam interaction volume is difficult, due
to the fact of a) the laser beam diameter changes with changing wavenumber and b)
the exact dimension of the ion packets is unknown. If we assume that the laser beam
diameter is smaller than the diameter of the irradiated ion beam, thus all the ions
along the laser beam are irradiated. Then, F(v) can be approximated by measuring
the laser pulse energy P(v), where, F(v) = P(v)/hv.® ° This approximation holds
fairly well for the messenger tagging or IRPD process. For IRMPD measurements
considering P(v) instead of F(v) is seen to give better results in terms of relative
peak intensities.?® The effect of the laser diameter change probably compensated by
the IRMPD photodissociation efficiency and that can be the reason for improved
results.® ®

3.5 Infrared Light Sources

It is already discussed in Chapter 2 of this thesis, that action spectroscopy demands
intense and tunable laser light sources. However, the availability of powerful and
tunable light sources in the mid and far IR spectral range is very limited.
Development of optical parametric oscillator/amplifier (OPO/OPA) laser systems
started in the early 90’s,® but wide range accessibility was achieved much later.
Nowadays the OPO/OPA system combined with AgGaSe; crystal can produce IR
light in the range of ~ 770 -7400 cm™. The IR free electron laser (IR FEL) remains the
only source to produce tunable IR light with high output power over a wide IR
spectral range, but there are only a few them around the world. The Fritz Haber
Institute Free Electron Laser (FHI FEL) became operational from the year 2013. It
provides powerful pulsed laser radiation in the 200 — 3400 cm™ wavenumber range.?’
This section provides the operating principles of the FHI FEL,%” which was used to
perform all the experiments presented in this thesis. The detailed description and
operating principles of a table top OPO/OPA laser system, which is also available in
our group, are summarized in ref.® ° and not shown here.

3.5.1. The FHI FEL

A schematic overview of the FHI FEL is shown in Fig. 3.9. Electron bunches are
produced with a gridded electron gun running at a bunch repetition rate of 1 GHz. A
buncher cavity is used to compress the electron bunches before entering the first RF
linear accelerator (linac 1 in fig. 3.9) where the electrons are accelerated to a
constant 20 MeV energy. The second linac (linac 2 in fig. 3.9) is used for further
acceleration or deceleration of the electrons to a final energy within the range 15-50
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MeV. The electron micro bunches are as short as ~3 to 5 ps. The chicane, placed in
between the two linacs, can be used to further shorten the micro bunch length, but it
was not in operation when running the experiments presented in this thesis. The
micro bunches form bunch trains (macro bunches), which are usually 10-12 us long
and come at a repetition rate of 5 Hz (10 Hz repetition rate is also possible). A set of
dipole and quadrupole magnets guide the electron beam into the Mid-IR (MIR)
undulator.

FIR/THz undulator

\‘ IR cavity

mirrors
Iﬁ.

Beam dumps

Isochronous bends

Diagnostic

/'

Electron gun

Fig. 3.9: A. Schematic overview of the FHI FEL, the figure is taken from Ref.?’. B.
MIR FEL undulator.

The 2 m long hybrid-magnet undulator, located within a 5.4 m long IR cavity (fig.
3.8B) is built with strong NdFeB magnets. The undulator contains 50 periods with an
undulator period 1, = 40 mm. When operating, the alternating orientation of the
magnetic field forces the electrons onto a “wiggling” motion by the effect of the
Lorentz force. The MIR FEL cavity is formed by two gold plated concave copper
mirrors named as end- and out-coupling mirror. A motorized in vacuum mirror
changer is used for precise positioning of the out-coupling mirrors. Different hole
diameters are used to achieve optimized out-coupling efficiency at different
wavelengths: five different mirrors with hole diameter of 0.75, 1.0, 1.5, 2.5 and 3.5
mm are available. The out-coupled light is guided through a vacuum system (IR
beamline) to the user stations.

While travelling with the “wiggling” motion, radiation is emitted tangentially in the
forward direction at every turn of the electron trajectory. The wavelength of the
radiation corresponds to the slippage (per undulator period) between the photons
(straight path) and the electrons (wiggling path). Due to the transverse motion, the
effective longitudinal path length travelled by the electrons is shortened w.r.t the path
travelled by the photons by a factor of (1+K?). Here, K denotes the dimensionless
undulator parameter which is directly proportional to the magnetic field strength. The
emitted wavelength is further influenced by a strong Doppler shift which shifts it by a
factor of 2Y'2 (¥ being the relativistic Lorentz factor that gives the electron’s total
energy in terms of its rest energy) and the resulting wavelength is given by:
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The accessible spectral range is limited by electron energy and minimum undulator
gap. At the minimum undulator gap of ~17 mm with the minimum possible electron
energy of 15 MeV, the smallest wavenumber that can be reached is 200 cm™.
Presently, lasing is possible up to a maximum wavenumber of ~3400 cm™. The full
width at half maximum (FWHM) bandwidth ranges between 0.3 to 1% of the central
wavelength. The typical micro pulse energy is 5-10 uJ. This corresponds to 50-100
mJ macro pulse energy as can be seen in detail in fig. 3.10.

Wavelength [micron]

50 30 10 5 4 3.33 2.9
__I""'I' T — T "’ : T T Y ]
100 : ’,;*}gr ’ls:q\ . 1
= / NSNS A !
éi 80 N ! 4*%5 riﬁ{ \i . - ./’.\\. ]
g 60 L b’b; '.'! \-/\-/ \ —
& [ & » " ]
S 40 d \ \ ]
S “or g N ]

o [#185 MeV =
- 23 MeV 26 M
- 30 Nev 44 MeV
| L 1 ‘- | : | 1 | A |
500 1000 1500 2000 2500 3000

Wavenumber [1/cm]

Fig. 3.10: Macro-pulse energies of the FHI FEL for narrow bandwidth conditions (<
1% relative full width at half maximum) at various electron energies. The Figure
adapted from Ref.?
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Chapter 4
Al/Fe- Mixed Metal Oxide Clusters

The main goal of this chapter is characterization of structure-reactivity relationship of
mixed-metal oxide clusters. In 2008, Santambrogio et al. published a study on
identifying global minimum structures of electronically closed shell small aluminium
oxide clusters." The same Al-oxide clusters are chosen and one Al- atom is
substituted with an Fe- atom into each cluster. The binary metal oxide clusters are
studied using gas phase cryogenic vibrational spectroscopy in combination with high
level quantum chemical calculations. Insights are gained regarding structural
evolution of the mixed-metal oxide clusters compared to the pure Al-oxide ones
together with understanding of charge state and preferred coordination site of the
substituted Fe-atom.

4.1. Infrared Photodissociation Spectroscopy of [(Al,O3),FeO]" with
n = 2-5. Influence of Fe-Impurities on Structure and Other
Properties

The ready to submit manuscript “Infrared Photodissociation Spectroscopy of
[(Al,03),FeO]" with n = 2-5: Influence of Fe-Impurities on Structure and Other
Properties” demonstrates the influence of an Fe-atom on structure and other
properties of small Al-oxide clusters. The [(Al2O3)..5(FeO)]" clusters are produced in a
pulsed laser vaporization source using an Fe/Al (30/70 wt%) mixed metal rod.
Experimental IRPD spectra are compared with high level theoretical calculations and
the structures are assigned based on energetic preference together with spectral
match. The unambiguous structural assignment allows identification of characteristic
vibrational modes of the studied clusters. Moreover, for smaller clusters (n=2-3) the
Fe-O signature vibrations were identified. These insights allow testing the theoretical
methods to be applied to more complex systems or even investigation of chemical
reactions involving small molecular clusters.

*supporting info of this manuscript can be found in Appendix A.

1. Santambrogio, G., et al., Journal of the American Chemical Society, 2008, 130(45), 15143-15149.
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4.1. Infrared Photodissociation Spectroscopy of [(Al,O3),FeO]" with n = 2-5: Influence of Fe-
Impurities on Structure and Other Properties

Infrared Photodissociation Spectroscopy of [(Al,0s),FeO]" with n = 2-5:
Influence of Fe-Impurities on Structure and Other Properties
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Abstract

Atomic Fe-impurities in small aluminium oxide clusters are studied by cryogenic ion trap
vibrational spectroscopy combined with density functional theory (DFT) calculations. The
infrared photodissociation spectra of He-tagged [(Al,03),FeO]" (n=2-5) are reported in the Al-
O and Fe-O stretching and bending spectral region (430-1200 cm™), and assigned based on a
comparison to harmonic IR spectra from DFT calculations. The exchange of an Al- for a Fe-
center occurs preferentially at 3-fold oxygen coordination sites located at the cluster rim,
leaving the Al-O network structure nearly unperturbed. The results are discussed in the
context of Fe-doped zeolites and in how far isolated clusters can serve as model systems for
these.

Introduction

Research on metal oxides has attracted considerable attention because of their versatile use,
for example as photocatalysts, catalyst supports,1 coatings,2 abrasives and nanosensors.?
Microporous aluminosilicates, which are commonly known as zeolites, are one of the most
studied metal oxides in last decades because of their increasing applications in chemical
industry. Pure aluminosilicates cannot be photoexcited, even with UV radiation, because
they are insulators with a band gap of about 7 eV. However, transition metal (TM) doping of
the zeolite molecular sieve can activate them towards photocatalysis4 by generating
electron-hole pairs as in semiconductors. Moreover, several studies have shown that the
photocatalytic efficiency increases with increasing dopant concentration, i.e. the TM-
impurities present in zeolites, and not the Al-O units, are responsible for the light-induced
activity. It is known that for example, the charge transfer excited state [Fe2+—O']* can
promote photocatalytic reduction of CO, with H,0;> photocatalytic oxidation of organic
molecules like ethylene, bromomethane and methyl orange,® and oxidation of benzene to
phenol.” In order to obtain better insight into the elementary steps of heterogeneous
photocatalysis® and to ultimately design functional building blocks in nanostructured
materials, gas phase studies on isolated metal oxide clusters of well-defined compositions
have proven to be an ideal arena. The reduced complexity due to the absence of a
perturbing environment or support, combined with the highly selective and sensitive arsenal
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of experimental techniques allows for a systematic characterization of a cluster’s intrinsic
physical and chemical properties at the molecular level.

0

Cryogenic ion trap vibrational spectroscopy”’® in combination with quantum chemical

calculations is a useful tool to investigate structure-reactivity correlations in isolated

9, 11-12

polynuclear metal oxide clusters. While a number of studies has been reported to

address the reactivity and structural characterization of pure aluminium oxide cluster ions,™

2431 3re more scarce. Mafuné et al. have

32-35

23 experimental studies on the mixed metal oxides
studied the influence of substitution with a transition metal on the cluster reactivity.
Lievens et al. have addressed the nature of the optical properties of clusters confined inside
zeolite frameworks.>®%

In the present study we characterize how a Fe-impurity influences the structure and other
properties of Al-oxide clusters. Therefore, we chose the [(Al,0s),.sFe0]" clusters as a model
system for Fe-impurities in zeolites and our goal is to understand the preferred doping site
of the Fe-atom in an innocent metal oxide network. The structural property of FeAl,0,"
(n=1) is also studied and reported elsewhere® where the nature of the [Fe2+—0']*
photocatalytic active site is also summarized.

Experimental Methods:

The infrared photodissociation (IRPD) experiments are carried out on a 10 K ion trap-tandem
mass spectrometer®® using the widely tunable, intense IR radiation from the Fritz-Haber-
Institute Free-Electron Laser (FHI FEL).*! In brief, [(Al,05),FeO]" ions (n = 2 — 5) are produced
in a pulsed laser vaporization source by focusing a frequency-doubled Nd:YAG laser (50 Hz,
10-15 mJ) onto a rotating Fe/Al (30/70 wt%) metal rod (Plasmaterials). The resulting plasma
is quenched with a gas pulse of 0.5% O, seeded in He. Cluster ions are formed during
expansion through a clustering channel downstream from the rod and pass through a
skimmer. The beam of ions is then collimated and thermalized close to room temperature in
a He-gas filled radio frequency (RF) ion guide, mass-selected using a quadrupole mass-filter,
and focused into a cryogenically cooled RF ring-electrode ion-trap. The trap is continuously
filled with He-buffer gas and held at a temperature of 12 K. Many collisions of the trapped
ions with the buffer gas provide gentle cooling of the internal degrees of freedom close to
the ambient temperature. At sufficiently low ion-trap temperatures, ion-He complexes are
formed via three-body collisions.** All ions are extracted from the ion trap and focused both
temporally and spatially into the center of the extraction region of an orthogonally mounted
reflectron time-of-flight (TOF) tandem mass-spectrometer. Here, the ions are irradiated with
a counter-propagating IR laser pulse produced by the FHI-FEL (430-1200 cm™, 5Hz), with a
bandwidth of ~0.5% fwhm and pulse energy of 0.7-2.5 mJ. Parent as well as photofragment
ion yields are monitored simultaneously as a function of the irradiation wavelength. IRPD
scans are recorded by averaging over 100 TOF mass spectra per wavelength step (3 cm™).
Typically, at least three scans are summed to obtain the final IRPD spectrum. The

photodissociation cross section orpp is determined as described previously.43'44
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Computational Methods:

A global energy minimization for the clusters of the compositions [(Al,03),FeO]* (n=2 —5) is

13,45 {0 create reasonable isomer structures.

carried out employing a genetic algorithm (GA)
Splitting and recombination of the produced structures is stopped when the energy of the
most stable isomer as well as the averaged energy of all unique structures per generation
did not change any more. Thereby, 1200 structures are created in the case of [(Al,03),FeO]"

and 1700 for each of the [(Al,03)s.sFeO]" systems.

a6-47 exchange correlation density functional

In the genetic algorithm optimizations the BP86
is used together with a split valence basis set (def2-SVP*®) for the sake of computational
efficiency. The total electronic spin of all investigated systems in this step was fixed at
S=5/2, i.e. the high spin state of the iron atom. Thus, the orbital unrestricted Kohn-Sham
(UKS) formalism is required to handle the open shell electronic structure. The resolution of
the identity (RI) approximation is used to accelerate the Coulomb fitting in the global
structure search of the biggest cluster (n=5). The most stable unique isomers of each
composition are re-optimized employing both the TPSSh*® and the B3LYP***? exchange
correlation functional in conjunction with the triple zeta basis set def2-TZVP>. Vibrational
frequencies are calculated within the double harmonic approximation. The resulting stick
spectra are convoluted with Gaussian functions of 10 ecm™® full width at half maximum

(FWHM) to account for the broadening of the measured features.

Additionally, PBEO/def2-TZVP is used to optimize the structure of the two lowest energy
isomers of [(Al,03),FeO]" and anharmonic frequencies are calculated with the algorithms
implemented in Gaussian 16. Molecular dynamics simulations of about 40 ps length (step
size 100 a.u.) starting from the most stable isomer are carried out at a pseudo-temperature
of 400 K to provide a compensation for the missing zero point vibration energy. PBEO was
chosen for all anharmonic calculations since it provides properties of iron oxygen systems
that are in excellent agreement with experimental data and is only slightly worse in
predicting correct energetics than TPSSh.

The influence of the He tagging atoms was investigated recently39 for the cluster
[(Al,03)FeO]" and found to be of negligible extent. It is, therefore, not further considered in
this work.

All calculations except the anharmonic frequency estimation are performed with the

4- . . .
2.°%°® The isomers are labelled with YNXresar, Where n is

Turbomole program package V7.0.
the number of (Al,03) unit present in the cluster, x = a,b,c.. indicates the energetic ordering,
superscript y represents the spin state, subscript Fe stands for the doped clusters whereas Al
represents pure Al-oxide systems. Isomers with similar geometry but having the Fe-atom at

different positions are marked off with i, ii, iii, etc. together with the general labelling.

To obtain a quantitative measure for the agreement of experimental and theoretical spectra,
the cosine similarity score® is used. The score S expresses the similarity between two
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4. Al/Fe- Mixed Metal Oxide Clusters

spectra. The intensity of the experimental and predicted absorptions is represented by, say,
the vectors A and B, and the score is calculated using eq. 1. i.e. by their normalized dot
product.

A-B 2it1 AB;
ATl - W
[T [5n8

The score can vary from zero to unity, and a S value closer to 1 indicates greater similarity. A

S=cos(0) =

uniform protocol was followed to obtain the cosine score between the experimental
spectrum and the scaled computed spectra for all the cluster sizes reported here. The
experimental spectrum of n =1 is well reproduced by isomer °1bg whereas ®1ag. can barely
explain it (Fig. $1).>° The cosine score was calculated for both the isomers following eq.1; the
best result was obtained ®1bg. (5=0.88), ®1a. (S=0.20) with a scaling factor of 1.0166, 15 cm™
FWHM and within 440 — 1080 cm™ measured range. The same parameters are used to
calculate the cosine scores throughout the paper.

Result and Discussion:

The IRPD spectra of He-tagged [(Al,03),FeO]" with n = 2 to 5 are compared to those
previously reported’® for the He-tagged all-aluminium analogues [(Al,05),AI0]" in the
spectral region from 430 cm™ to 1200 cm™ in Fig. 1 (see Table S2 for experimental band
positions and assignments). Based on our previous studies of monometallic Al- and Fe-oxide
clusters, we group the observed IR absorptions into three characteristic spectral regions: (i)
1200-900 cm™?, (i) 900-600 cm™ and (iii) 600-430 cm™*.1>1 265839 Theage regions cover (i) Al-
O stretching modes involving the shortest (< 1.73 A) Al-O bonds, (i) Fe-O stretching modes
together with medium-length (1.74-1.78 A) Al-O bond stretches and (iii) ring breathing
modes as well as stretching and bending modes involving the longest (>1.8 A) Al-O bonds.
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Figure 1. Experimental IRPD spectra of He-tagged [(Al,03),(MO)]" with n = 1-5. Spectra for
M=Fe are shown on the left hand side and those for M=Al on the right hand side panel. See
Table S2 for band positions and assignments. Three characteristic spectral regions are
indicated by the dashed lines and cover (i) Al-O stretching modes involving the shortest (1.70
-1.73 A) Al-O bonds (1200-900 cm™), (ii) Fe-O stretching and lower-energy Al-O stretching
modes involving medium (1.74 -1.78 A) bond lengths (900-600 cm™), and (iii) ring
deformation modes (<600 cm™).

Fig. 1 reveals that the spectra for [(Al,O3),FeO]" and [(Al,03),Al0]" do not agree well for n =
1, but the degree of agreement is higher for n > 2, in particular in region (i), suggesting that
the structures differ significantly for the smallest cluster, but become more alike with
increasing n. This observation is confirmed by applying the cosine similarity score to each
pair of experimental spectra with same n, which yields S values of 0.31, 0.49, 0.68, 0.85 and
0.86 for n = 1 to 5, respectively. The most intense absorption bands for [(Al,O3),FeO]" are
seen in region (i), and the highest energy transition is found in the spectrum of the largest
cluster, n = 5, at 1034 cm™. Region (ii) is rich with IR signatures and the spectral congestion
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4. Al/Fe- Mixed Metal Oxide Clusters

increases with increasing cluster size. Spectra of the all-Al species also show most intense
absorption in region (i), except for Al;04", which does not absorb significantly in this region.

n= Fe - substituted Pure - Al

65bFe
10

Figure 2. Comparison of the TPSSh/def2-TZVP low-energy isomers (left side) that are found
to contribute to the IRPD spectra of [(Al,03),(FeO)]" (n = 1-5)*° and the B3LYP/def2-TZVP
structures (right side) assigned to the corresponding IRPD spectra of the aII—AI—anangue14 for
each cluster size. The isomers are labelled with Ynxge/a, where n is the number of (Al,05)
unit, x = a, b, ¢, ..., which indicates the energetic ordering, superscript y indicates the spin
state and subscript Fe/Al corresponds to the Fe-substituted and all-Al clusters, respectively.
The ZPE-corrected DFT energies (in kl-mol™) are given below to each structure. Atoms in
white = Al, yellow = Fe, and red = O.

The calculated minimum-energy structures for the pure and iron-doped aluminium oxide
cations of each size are compared in Fig. 2. The structure of Al,FeO," (n = 1) has been

48
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assigned previously.> Briefly, it is a planar bicyclic structure with a terminal Al-O bond (®1by.
in Fig 2.), which is considerably different from the structure assigned for the all-Al analogue
(°1a4, first row Fig. 2). Isomer ®1bg, is considered to contain an unpaired electron on the
terminal oxygen atom and accordingly six electrons in d-states of iron. This implies that iron
is formally reduced to Fe*" while a radical is formed on the terminal oxygen. Hence, Al,FeO,"
can be written as [Fe‘L”Alzog(O-)]+ and represents the charge transfer excited state [Fe2+—0']*
in Fe-doped zeolites.

[Al,FeO,]* He
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(o}
Ma
(b) VFelal-0 a0
VFe-0 / \VA,M_O
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Figure 3A. Experimental IRPD spectra of He-tagged Al;FeO;" (top trace) compared with
computed un-tagged IR spectra (lower traces) of the lowest-energy isomers [®2ag-i and
GZbFe]. The calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies
(scaled by 1.0166) and intensities, are plotted with sticks (gray) and a 10 cm™ FWHM
Gaussian line shape convolution. Individual spectrum is colour coded using red and green.
The cosine similarity score (see eq. 1) is shown in square brackets. See Fig. 2 for the
structures and relative energies of the contributing isomers, S| for the relative energies of
the low energy isomers (Table S1) and the individual spectra of the isomers and IR band
assignments (Table S2).

The global minimum-energy structure predicted for Al;FeO;" (n=2) is the sheet-like
structure ®2ag. -i of C; symmetry (see Fig. 2). It is a bicyclic compound with two 6-membered
rings which are fused together with a 4-fold coordinated Al-atom on one side and a bridging
2-fold coordinated oxygen atom on another side. This structure has 3- and 4-fold
coordinated Al-atoms with 2- and 3-fold coordinated O-atoms in alternating positions, and a
3-fold coordinated Fe atom. Isomer ®2b. (5 kl.mol™) is a C; symmetric cage type structure,
where, one of the 3-fold oxygen atom (u3-O) from ®2ar. -i is linked with the 3-fold
coordinated Al-atom from the Fe-atom containing ring, i.e. generating a 4-fold coordinated
O-atom. Thus, an Al,FeQ,4 conical part (similar to 61aFe.) is formed which is fused together
with three other 4-membered rings next to each other. Other calculated low energy isomers
are shown in Fig. S7 and comparison of their corresponding calculated IR spectra with the
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4. Al/Fe- Mixed Metal Oxide Clusters

experiment is presented in Fig. S2. Isomers ®2ar -ii (52 ki-mol™) and ®2ag -iii (95 kJ-mol™)
have similar geometries and the same spin as GZaFe -i, but the Fe-atom is located at a
different position (see Fig. S7).

The simulated spectrum of ®2ag. -i (see Fig. 3A-b) accounts for most of the observed peaks in
the IRPD spectrum of Al;FeO;"-He. However, the doublet observed at 983/993 cm™ and the
shoulder of 825 cm™ peak at 840 cm™ call for a closer investigation. Unfortunately, the
simple combination of the harmonic spectra of ®2ag. -i (5=0.63) and the energetically close
lying ®2bi. (5=0.21) does not satisfactorily reproduce the experimental finding. This is mainly
caused by the improper ratios of the peak intensities. Based on the DFT relative energies,
the contribution of ®2bg to the experimental spectrum should be minor and the
characteristic doublet could not be reproduced. Hence, anharmonicity of the vibrational
modes are taken into account. The calculated anharmonic vibrational frequencies of GZaFe -i
and ®2bg, derived on the PBEO level (Fig. S3-a) are identical but blue shifted wrt. TPSSh
harmonic frequencies; inherently, the doublet feature is not reproduced. However, the
intensity difference of the highest energy absorption of the two isomers is reduced. In a
molecular dynamic (MD) simulation starting from the ®2ar. -i isomer, infrequent
isomerization to ®2bg was observed. The MD result (Fig. S3-c) shows an emerging small peak
at 11 cm™ lower (calc. at 994 cm™) than the major one (calc. at 1005 cm™). The Fe/Al - O
vibration predicted at 777 cm™ (anharm. 781 cm™) and similar type of vibration at 236 cm™
of ®2ag -i contributes one quantum each to generate a combination band at 1000 cm™,
which is assumed to be responsible for the 994 cm™ signal in the MD spectra and provides a
possible explanation for the highest energy doublet peak seen in the experimental spectrum.
The rather low intensity of the new peak in the MD can be explained by the pure classic
coupling between the motions. Incorporation of quantum effects via a quantum dynamic
would result in an approaching of the features’ strengths. The above mentioned doublet
absorption band is assigned to the Al-u,-O-Al stretching modes (harmonic: 998 cm™)
involving the shortest Al-O bonds (1.69 - 1.73 A). The ps-Al — O stretching mode (calc.
829 cm™ for ®2ag. -i) is assigned to the 825 cm? absorption and the shoulder 840 cm? peak is
a combination bands predicted at 830 cm™ and 832 cm™ in the anharmonic spectra of ®2ar. -
i. The peak at 593 cm™ (calc. 597 cm™), results from the excitation of the 3-fold coordinated
oxygen — aluminium (Al — us-O) stretching. Fe-O stretching modes exclusively appear in
region (ii) coupled with the medium length (>1.73 — 1.78 A) Al-O stretches, almost decoupled
Fe — u,-O stretching mode is assigned to the transition predicted at 663 cm? (experiment
659 cm™).

The IRPD spectrum of the all-Al analogue Als0;"-He (see Fig. 1) contains a contribution of the
two isomers 6ZaA, and 6ZbA, (3:1 ratio), also shown in Fig. 2. While 6ZbA, is similar in structure
to %2ar. -i, the analogue of the cage-like structure %2a, is 62cFe, which we do not observe
here. As a fact, indeed, the experimental spectra of Al,FeO;"-He and AlsO;"He show
considerable differences in region (i) and (ii). Summarizing, substitution of an Al-atom by a
Fe-atom in AlsO;" stabilizes the sheet-like quasi 2D-structure over the 3D cage-like structure.
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Figure 4. Experimental IRPD spectra of He-tagged AlgFeO1o" (top trace) compared with
computed IR spectra (lower traces) of the lowest-energy isomers [°3are-i, °3ar-ii and °3bg].
The calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by
1.0166) and intensities, are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line
shape convolution. The cosine similarity score (see eqgs. 1) is shown in square brackets. See
Fig. 2 for the structures and relative energies of the contributing isomers and S| for the
relative energies of the low energy isomers (Table S1), the individual spectra of the isomers
and IR band assignments (Table S2).

The global minimum-energy isomer predicted for AlgFeO1o’, i.e. n = 3, is a cage-like structure
®3ar. -i (see Fig. 2) of C; symmetry, consisting of 6- and 4-membered rings, similar to the
assigned 63aA, structure of Al;010". Possible contributing structures are obtained by
substituting an Al-atom in one of seven different positions of ®3a,, with a Fe atom. This leads
to structures ®3ar. -i to ®3ag. -vii (63aFe -ii and ®3ar. -iii are identical structures with small
distortion), which are listed in Fig. S7. They all are 20 - 75 ki-mol™ higher in energy than ®3ar.
-i. Isomers ®3cre (24 kI-mol™), ®3d. (24 kI-mol™) and ®3fs (77 ki-mol™) are more symmetric
variants of ®3ag. -i, whereas ®3bg (16 ki-mol™) and ®3er. (35 kJ-mol™?) are distorted cage type
structure (C; symmetry).

The identical structural motif of AlgFeO1o" and Al;04" is reflected in their similar He-tagged
IRPD spectra. Most of the peaks observed in the experimental spectra of AlgFeO1,"-He can be
explained with the simulated IR spectrum of ®3ar. -i (see Fig. 4), which also yields the highest
cosine similarity score (0.87) among the lowest energy isomers (see Table S3).Unlike the
IRPD spectra of all the other cluster sizes, the highest energy bands for n = 3 is not the most
intense one. This band (992 cm™) is assigned to the stretching mode involving the shortest
(1.70-1.73 A) AI-O bonds comprising the outer rim of the cluster. The us-Al — O bonds are
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slightly longer (1.74-1.75 A) and the corresponding stretching mode is blue-shifted from the
n =2 and lies in region (i). Region (ii) is rich with IR signatures from multiple Al-O and Fe-O
stretching modes. The Fe — u,-O stretching mode is observed at 714 cm™ (calc.: 714 cm™).
For Al;01o" the largest contribution is also from the corresponding structure 63aA, with a
minor contribution (3:1 ratio) from the higher symmetric ®3b, isomer (3rd row, Fig. 2), even
though 63bA, is predicted to be more stable than 63aA/ using DFT or MP2.
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Figure 5. Experimental IRPD spectra of He-tagged AlgFeO3" (top trace) compared with
computed IR spectra (lower traces) of the lowest-energy isomers ®4ar. -i, ®4ar, -ii and °4ar. -
ili. The calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by
1.0166) and intensities, are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line
shape convolution. Each spectrum is colour coded with green, red and blue for individual
isomers. The cosine similarity score (see eqs. 1) is shown in square brackets. See Fig. 2 for
the structures and relative energies of the contributing isomers and the Sl for the relative
energies of the low energy isomers (Table S1), the individual spectra of the isomers and IR
band assignments (Table S2).

The global minimum-energy structure for AlgFeOs3" is the conical structure °4ar. -i (see Fig. 2)
in a sextet spin state and a symmetry, which is reduced from Cs, to C; upon substitution of
an Al with a Fe atom in the outer rim with usFe — 1,0 coordination. The structure consists of
a tip that is similar to ®1a,, which is linked to a 12-membered AlsFeOg ring by three
additional O-atoms in Al-O-Al/Fe-O-Al bridges. Al/Fe-atom substitution can also occur at two
other positions and leads to the analogous ®4ar. -ii and ®4ar, -iii structures. In ®4ag, -ii (13
kJ-mol™) the Fe-atom is part of the Al,FeO," unit (the tip of the structure) whereas ®4ar. -iii
(20 kJ-mol™) is identical to the lowest energy isomer, but the Fe atom is substituted at the
us-Fe — u3-O coordination center. Other calculated structures 64b,=e to 64p,=e have cage like
structural motifs, and are lying at least 45 kJ-mol™ higher in energy than the global minimum
isomer, reported in Fig. S10.
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Assuming the presence of a single isomer, all simulated spectra yield similarly low S values.
The best agreement with the IRPD spectrum of AlgFeO;5"-He is found for the simulated IR
spectrum of ®4ag. -i (5=0.69), which has slightly higher scores than ®4ag. -ii (5=0.67) and °4ar.
-iiii (5=0.68). ®4ar. -i and ®4ag, -ii has nearly similar simulated IR signatures with a high intense
peak at 1030 ecm™ and 1033 cm™ respectively, but the relative intensity of the low energy
absorptions are fairly low with respect to the experimental peaks. Interestingly, the
simulated spectra of ®4ag. -iii shows better agreement considering relative intensity of the
peaks. Moreover, two closely lying bands at 1008 cm™ and 1038 cm™ can account for the
broadness of the experimental absorption at 1026 cm™. An improved agreement is achieved
with a combination of 50/50 ratio of ®4ay, -i/*4ar, -iii (5=0.77), which has the highest cosine
similarity value among all the possible combinations of 64ape -i, 64ape -ii and 64ape -iii (see
Table S3).

Similar to the smaller clusters, the shortest Al-O bonds (1.69-1.72 A) form the 12-membered
ring comprising the outer rim. The associated Al-O stretching mode is observed with the
highest intensity at the highest energy (1026 cm™). Different Fe atom coordination
environments in the various isomers results in varying Fe-O bond lengths (1.74 — 1.97 A) and
this is reflected in the complex pattern of Fe-O stretching modes, which spreads over region
(i) and (iii). Multiple bands attributed to the various usAl — O stretching modes are also
observed and attributed to the large distribution in ps-Al — O bond lengths (1.70-1.87 A). In
comparison to the spectrum of AlsFeO;5"-He the AlsO13"-He spectrum is much simpler and
shows fewer features, in line with its higher symmetry (Cs, vs Cs). However, the features in
region (i) remain similar due to the similar outer ring structure of these isomers. The
influence of the Fe atom on the IRPD spectrum and hence the isomer-specific features can
be best seen in the region 550-900 cm™, where coupled Fe-O/Al-O stretching and bending
modes are predicted. Summarizing, for n = 4 the substitution is isomorphous.
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Figure 6. Experimental IRPD spectra of He-tagged AloFeO:s' (top trace) compared with
computed IR spectra (lower traces) of the lowest-energy isomers ®5ar., ®5bre and ®5cr. The
calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by
1.0166) and intensities, are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line
shape convolution. Each sum spectrum is colour coded using red, green and blue for
individual and black for common contributions. The cosine similarity score (see Eqgs. 1) is
shown in square brackets. See Fig. 2 for the structures and relative energies of the
contributing isomers and the Sl for the relative energies of the low energy isomers (Tab. S1),
the individual spectra of the isomers and IR band assignments (Tab. S2).

The predicted global minimum-energy isomer for AligFeO:¢" is the high spin cage like
irregular 3D structure ®Sar. (Fig. 2). Isomers ®Shre (10 kI-mol™) and ®5cr. (17 ki-mol™) are
higher in energy with similarly irregular cage structures (see Fig. 2) consisting of 6- and 4-
membered rings. Isomers 65ape to 65c,=e have 3- and 4-fold coordinated Al-atom with 2- and
3-fold coordinated O-atoms in alternating positions. Moreover, ®Sb. and ®5cr. exhibit a
conical Al,MO,* (M=Fe for 5b and Al for 5c) unit, similar to that found in n=1 (Glape) and
n = 4 (*4ag.) clusters. The Fe-atom in ®5ag. and ®5¢g. is 3-fold coordinated, whereas it is 4-fold
coordinated in 65b,=,3. Higher energy isomers (GSdFe to 650,:e) were also calculated and are
shown in Fig. S7.

The IRPD spectrum of Al;gFeOs¢" is rich with IR features over the complete spectral region
studied here. The distinctive features in region (i) are most useful for assigning the
contributing isomers. The most intense IRPD band at 1034 cm™ together with three other
intense bands at 921 cm™, 941 cm™ and 959 cm™ do not agree satisfactorily with the
simulated IR spectra of the lowest energy isomer ®5az (S=0.52). Interestingly, theoretical
spectra of isomer ®5bre (S=0.79) and °5¢r (S=0.80) better reproduce the experimental
spectrum. However, the remaining feature at 983 cmis characteristic of ®5ag. (see Fig. 6b).
A higher cosine similarity score is obtained by assuming the presence of multiple isomers.
Note, both the 70/30 ratio of ®5cr /®5ar. (5=0.84, Fig. 6b) as well as of °5by. /®5ar. (5=0.83,
Fig. 6¢) yield nearly the same value. The 1034 cm™ band is assigned to the stretching mode
involving the shortest Al-O bonds (1.67 - 1.74 A) whereas the band at 983 cm is attributed
to usAl— O stretches. psAl -O- usAl stretches are observed in the range 850 - 950 cm™. At this
cluster size it becomes difficult to identify the IR-signature of the Fe-center, because the
associated modes strongly couple with other modes. Similar infrared features regarding
position and intensity in the experimental spectra of Al;gMO35"-He (M=Al, Fe) suggest similar
structural motifs. Summarizing, cage like structures predominate for the largest cluster and
the Fe atom prefers 3-fold coordination sites over 4-fold.

The presented results allow exploring the influence of doping a small aluminium oxide
network with a Fe-atom. In general, the IRPD spectra of the Fe-doped clusters are richer in
features due to symmetry-lowering upon doping. For n=2, the highest energy doublet
absorption arises due to the structural rearrangement of lowest energy isomers, and this
feature establishes the characteristic of sheet-like structural motif. For all cluster sizes, only
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high spin species are found. Analysis of the structures of [(Al,03),FeO]" (n = 2-5) reveals that
the Fe-atom prefers to acquire a relaxed geometry i.e. the site with longer bond length and
wider bond angle. This preference is reflected in attaining ®1bp. structural motif over ®1a, for
n=1, 82ar. over 82¢q for n = 2, 63ape over ®3¢s. for n = 3 and 64ape -i over 64ape -ii & ®4ag, -iii for
n=4. The reason for such selectivity is the larger size of the Fe-atom over Al,
correspondingly, Fe prefers to be in 3-fold coordinated geometry rather than 4-fold
coordination. Moreover, the d-type valence orbitals of Fe help in adopting a more flexible
geometry, whereas Al is limited to either trigonal planar or tetrahedral oxygen coordination.
This observation is in line with results for Fe-doped nanocrystals or nanoparticles, in which
dopant Fe-atoms replace Al-atoms of the Al,03; network, mostly in the surface, inducing only
minor distortions of the network rather than structural changes.60

The present results confirm that the cosine similarity score is a useful and objective method
to verify the contribution of isomers for metal oxide clusters. Previously it had only been

applied to hydrocarbon systems.®*®?

Moreover, it can be used as an alternative method to
identify the best fit sum-spectrum in a quantitative way in case of multiple isomer
contribution, which is challenging to achieve either with the DFT energetics or by visual

inspection.

For n=5, TPSSh or B3LYP energies are not adequate to explain the contribution of the
isomers (see table S1 for relative energies). This is mainly because of the shallow potential
energy surface of the species, which results many close lying low energy isomers within the
DFT error bar (~30 kl.mol™). In case of sufficiently large clusters, wave function based theory
with local correlation treatment such as LMP2 or LCCSD(T) should be considered for better
accuracy.

Conclusions and Outlook:

In conclusion, the study of the cluster ions with increasing size permits us to identify the
structural motif change from quasi 2D sheet type for n =2 to 3D cage structure at n=3. A
highly symmetric conical structure is present forn=1, 2 (°2by.) and 4.

The Fe-atom is found to preferentially acquire the outer ring of the cluster as a common
doping site, implying the higher probability of populating the surface of a catalyst with
increasing dopant molecules, and hence increased number of accessible active sites (under-
coordinated Fe-atoms). Consequently, the elevated photocatalytic efficiency of zeolites upon
transition metal doping” can be explained.

In this unique study, the satisfactory agreement between experimental and theoretical
results established the high potential of TPPSh and B3LYP quantum chemical calculation
methods for the structural investigation of molecular clusters with Al and Fe atoms, which
can be extended towards calculations of more complex systems and investigation on
chemical reactions of small molecular clusters.
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Chapter 5

Catalytic active site characterization of
heteronuclear metal oxide clusters

This chapter focuses on unambiguous structural characterization of heteronuclear
metal oxide clusters in one side, and on the other hand, identification of their active
site is performed. The following sections present, study of [AIVO,]"" (x=3, 4) clusters
in the context of CO to CO, conversion (section 5.1) followed by investigation of
[VPO,]’" cluster model for the formation of acetaldehyde from ethylene (section 5.2).
Both the studies are published in the Angewandte Chemie International Edition’? and
the former one is selected as a very important article (top 5%). IRPD spectra are
compared with that of the theoretically calculated linear spectra for the structural
assignment of the studied clusters and identification of their characteristic vibrational
signatures. These heteronuclear clusters are used as model system to gain insights
about the underlying reaction mechanism in the context of heterogeneous catalysis.

5.1. Experimental Identification of the Active Site in the
Heteronuclear [AIVO,]"/CO/N,O (x = 3, 4) Redox Couples by
Gas-Phase IR Spectroscopy

In the published article “Experimental Identification of the Active Site in the
Heteronuclear [AIVO,]"/CO/N,O (x = 3, 4) Redox Couples by Gas-Phase IR
Spectroscopy’,! gas phase cryogenic infrared spectroscopy is used for the structural
characterization of [AIVO,]"" (x=3, 4) clusters. The clusters are produced in a pulsed
laser vaporization source using a mixed Al/V (50/50 wt%) metal rod. Comparison of
the experimental IRPD spectral signatures to the computed spectra demonstrate that
in contrast to [AIVO4]"", [AIVOs]"" is devoid of a terminal Al-O; unit while the terminal
V-O; group remains intact. When mass selected [AIVO4]"" was reacted with CO
molecules in the trap at 60K (CO started to condense below this trap temperature),
almost 98% conversion of [AIVO4]"" into [AIVO3]*" was observed. The multiple
collision condition of the present experimental technique lead to the solvation of
[AIVO;]™" cluster and formation of [AIVO3]""-(CO)o.7 type complex. IRPD spectrum of
[AIVO3]**-(CO)s was obtained looking at the CO loss channel and comparison to the
DFT calculated spectrum confirmed that the [AIVO3]™", which was formed by the
reaction of [AIVO4]** and CO lacks the terminal Al-O;" unit. This finding supports that
not the transition metal V-O; centre but the main group Al-O;° centre is the active site.

1. Debnath, S., et al., Angewandte Chemie International Edition, 2018, 57, 7448-7452
2. Li, Y.-K., et al., Angewandte Chemie International Edition, 2019, 58, 18868-18872
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Experimental Identification of the Active Site in the Heteronuclear
Redox Couples [AIVO,]"/CO/N,O (x =3, 4) by Gas-Phase IR Spec-
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Abstract: Cryogenic ion vibrational spectroscopy was used in
combination with electronic structure calculations to identify
the active site in the oxygen atom transfer reaction [AIVO J** +
CO—[AIVO;]™ + CO.. Infrared photodissociation spectra of
messenger-tagged heteronuclear clusters demonstrate that in
contrast to [AIVO, ], [AIVO;]"™ is devoid of a terminal Al—0O,
unit while the terminal V=0, group remains intact. Thus it is
the Al=0O, moiety that forms the active site in the [AIVO.]"/
CO/N,O (x=3, 4) redox couples, which is in line with
theoretical predictions.

Arguably7 the metal-mediated conversion of CO into CO,
constitutes one of the best-studied oxidation processes, both
at surfaces!!! and in the gas phase.”’ Catalytic conversions of
harmful gases that are produced in fossil-fuel combustions,
such as CO or the oxides of nitrogen, into N, and CO, are of
particular importance, both environmentally as well as
economically. While these redox reactions are quite exother-
mic, for example, A.H=-365kImol™' for the reaction
N,O + CO—N, + CO,, they do not occur directly to any
measurable extent at either room or elevated temperature.
This impediment is due to the high activation barriers, which
exceed 197 kJmol ! for the N,O/CO system. Catalysts are
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required to bypass the barrier by opening up new, energeti-
cally less demanding pathways. The combination of computa-
tional studies with gas-phase experiments has proven helpful
in this endeavor, shedding new light on the catalytic
mechanisms that operate at a strictly atomistic level.”’) For
example, in a landmark experiment, Kappes and Staley
demonstrated that a single Fe* atom can superbly mediate
the coupled redox processes described in Equations (1) and

N,O + [Fe]* — [FeO]" + N, (1)
(2) under ambient conditions. Theoretical work, comple-

[FeO]" + CO — [Fe]* + CO, 2)

mented by experimental studies over an extended temper-
ature regime, revealed fascinating details concerning the
electronic structure requirements and dynamic aspects of
oxygen atom transfers (OATS) in this system, which involve
a two-state reactivity scenario.”

Subsequently, numerous other atomic main-group and
transition-metal cations have been tested, mostly by the
Bohme group!® and others.’#”) More recently, the focus of
activity has shifted to the investigation of metal oxide clusters,
in particular heteronuclear ones, to uncover the underlying
mechanisms.”*#! Here, one of the pertinent challenges con-
cerns the identification of the active site®! in the metal oxide
cluster, the so-called aristocratic atom.!

The redox couple [AIVO,]"/CO/N,O (x =3, 4) may serve
as a good example.l'”! At room temperature and under single-
collision conditions, the heteronuclear oxide cluster
[AIVO,]* is reduced to [AIVO;]*™ in the presence of CO,
and if N,O is added, re-oxidation occurs. Both OATSs
proceeded cleanly and with reaction efficiencies of 59 %
and 65%, relative to the collision rate, respectively. In
principle, the turnover number (TON) of this ideal catalytic
cycle (Scheme 1) is infinite; however, in reality, the TON is
limited by side reactions with background impurities, for
example, hydrogen atom abstraction from hydrocarbons.!”

DFT calculations have provided insight into parts of the
mechanism responsible for these redox processes. Further-
more, theory predicted that in the course of the OAT
(Scheme 1), the active site should involve exclusively the
terminal Al—O, unit of [AIVO,]*. In contrast, the V=0,
moiety of [AIVO,]"™ cannot provide an oxygen atom in the
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Scheme 1. Oxygen atom transfer in the redox couple [AIVO,]*/CO/
N,O.

oxidation of CO on both kinetic and thermodynamic
grounds.!'”!

By definition, the active site of the cluster cannot be
identified in a labeling experiment with, for example,
[AIV'*0,]"/CO/N,O. Nevertheless, inspection of the branch-
ing ratio for the final product pairs CO,/[AIV'*O,]™ versus
C"®OO/[AIV®0,0]"" reveals some interesting details
(Scheme 2). The first step, that is, the reduction of

+-
80=v\ Al-180
180
co l .co™0
[AIV130,]*

180
[, AN

! 180/160
[AIV“|‘030]+' . Exchange

[AIVT0, ] |, [AIV'80,0]"

__co
.CO, -CO™0

Scheme 2. "0 labeling experiments.

[AIV*O,]" to [AIV'®O5]" by CO, occurs without any
measurable '®0/'°O exchange, and the trioxide is cleanly
generated. Similarly, re-oxidation of the latter with N,O gives
rise to [AIV*O,0]™ exclusively. Based on CCSD(T, full)/
CBS//B3LYP-D3(BJ)/cc-pVTZ calculations, this re-oxidation
step of the cluster is extremely exothermic (—219 kImol™');
thus, while part of the liberated energy is carried off as kinetic
energy, the product ion generated is rovibrationally quite hot,
and in the absence of (or prior to) efficient collisional cooling,
it may undergo degenerate intramolecular isomerization
processes in the course of which the Al—O, unit is converted
to some extent into an Al-'*0, group.!"! Consequently, in the
final reaction of [AIV'®0,0]"* with CO, both unlabeled and
labeled carbon dioxide molecules are liberated with a branch-
ing ratio of approximately 2.8:1. Variation of the delay time
between the individual reaction steps or changing the
thermalization conditions, which is limited in our experimen-
tal FT-ICR set-up, did not bring about any substantial changes
in this branching ratio. Therefore, the question then still
remains open as to which of the two terminal MO bonds (M =
V, Al) of the metal oxide cluster is involved in the redox
process.

Herein, we verify this theoretical prediction!"”! by record-
ing gas-phase infrared photodissociation (IRPD) spectra of
messenger-tagged [AIVO,]™ (x=3, 4) using the intense and
widely tunable radiation from an IR free electron laser

Angew. Chem. Int. Ed. 2018, 57, 7448 7452

Communications

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internatic

(FEL)!'" and comparing them with simulated IR spectra of
various isomers."*! The result is unambiguous and confirms
the theoretical analysis.

Figure 1 shows the computed harmonic IR spectra of four
stable [AIVO,]" isomers (1-4) as well as that of isomer
1 “tagged” with He as a messenger atom (1-He; for technical
details and references, see the Supporting Information). The
global ground state of [AIVO,]"" is a doublet electronic state.
Its structure is characterized by a four-membered V-(p-O),-
Al ring containing terminal VO and AlO units (Figure 1, 1);
similar bonding patterns have previously been reported for
[Zr204]+.,[14] [V204]+',[151 [CeVO4]+.’[16] [VPO4]+',[17J
[ALO,] ™ and [Ti,0,]I"! The other isomers considered
were predicted to be >100 kJmol * higher in energy, ruling
them out as possible candidates purely on energetic grounds.
These isomers include the chain-like structure 4
(121 kJmol™) and the two cyclic variants containing a termi-
nal Al(O,) group (2; 140 kI mol ') and a terminal VO, unit (3;

1000
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1 " "
asym sym
Vo e vy pg_.
t V=0,
2
viB, /\ /\ 1(C)
0
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i
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2{eHe (C)
2 VRO,
o
4
c 2(C,)
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- Voo
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S
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wavenumber (cm™") (- J* RO N )
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Figure 1. Simulated IR spectra of 21, ?1.He, “2, 23, and 4 as calculated
at the B3LYP-D3(B))/cc-pVTZ level of theory. The numbers in red give
the relative energies (in k) mol™") of different isomers of the [AIVO,] ™
species as calculated at the CCSD(T,full) /CBS(cc-pV[D:T]Z)//B3LYP-
D3(BJ)/cc-pVTZ level of theory. Harmonic frequencies of the V=0
modes are scaled by 0.9167, and all other modes by 0.9832. For further
details, see Table 1 as well as Table S1 and Figure S1.
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163 kImol ). Note that tagging cluster 1 with a helium atom
does not perturb the IR spectrum significantly.

A comparison of the computed IR spectra of the
[AIVO,]"™ isomers 1 to 4 (Figure 1) with the experimental
IRPD spectrum of He-tagged [AIVO,]" (panel I in Figure 2)
leaves no doubt that the global-minimum-energy structure
1 is formed exclusively upon laser ablation (see the Support-
ing Information, Figure S2) and subsequent helium tagging in
the cold ion trap. Comparing the relevant frequencies
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+
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Figure 2. The experimental IRPD spectra (dark red) and the harmonic
IR spectra (green) of 1) [AIVO,]"*He, II) [AIVO;]*-He, and

1) [AIVO;]**(CO)s. The messenger-tagged clusters were produced
either by mass-selecting the corresponding bare cations and subse-
quently tagging them with He in the ion trap at 12 K (I and Il) or by
trapping [AIVO,]"* in a CO/He gas mixture at 60 K (IIl). The simulated
IR spectra were determined from scaled B3LYP-D3(BJ)/cc-pVTZ har-
monic frequencies and intensities and convoluted with a 10 cm™' full
width at half maximum (FWHM) Gaussian line shape function. See
Table 1 for the band positions and assignments.
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(Table 1) shows satisfying to excellent agreement given the
limitations of the harmonic approximation used in the
simulation.

Table 1: Experimental band labels and positions, scaled harmonic
B3LYP-D3(BJ)/cc-pVTZ vibrational wavenumbers, and band assign-
ments. Values in parentheses indicate the FWHM of the observed bands.

System/band  Experiment Scaled Assignment
[em™] harmonic
wavenumber
[em™]

[AIVO,He]
T 1094 (17) n.a. overtone antisymmetric

AlO, stretch
A 1032 (19) 1034 VO stretch
B 943 (16) 9300 AlO stretch
C 817 (18) 839" symmetric VO, stretch
D 769 (28) 78101 antisymmetric VO, stretch
E 651 (16) 6410 symmetric AlO, stretch
[AIVO,He] ™
A 1029 (21) 1028 VO stretch
B 783 (20) 808" symmetric VO, stretch
C 754 (24) 76401 antisymmetric VO, stretch
D 666 (20) 658" symmetric AlO, stretch
[AIVO,(CO)
A 1008 (10)  978% VO stretch
B 822 (10) 793! symmetric AlO, stretch
C 807 (11) 76901 antisymmetric AlO,

stretch
D 618 (12) 6011 symmetric VO, stretch

[a] Scaling factor: 0.9167 (VO stretches). [b] Scaling factor: 0.9832 (all
other modes).

The three intense IRPD bands A-C proved to be
particularly diagnostic for the discussion from which site of
the heteronuclear cluster [AIVO,]™ the oxygen atom is
abstracted in the reduction. Band A at 1032cm™' was
assigned to the terminal V=0, stretching mode of 1, which
is in line with the IRPD data reported previously for
[V,0,]"! and [VPO,]"[7 BandsB (943cm™') and C
(817 cm™') correspond to the stretching of the terminal
Al-O, group and the symmetric OVO ring stretching mode,
respectively.

When [AIVO;]** was generated directly by laser ablation
(Figure S2) and subsequently tagged with He, its IRPD
spectrum (spectrum II in Figure 2) was in excellent agree-
ment with the one simulated for 5-He, confirming that also in
this case, the global-minimum-energy isomer is formed
exclusively. This species is devoid of an Al-O, unit but
contains a V=0, bond. In contrast, isomer 6, in which the
Al—-O, unit is preserved, is 106 kI mol™" higher in energy than
5, and, more importantly, the predicted IR spectrum of 6-He
does not match the experimental one (Figure 2).

Before moving on, a brief comment on the origin of the
weaker IR band B (783 cm ') in panel II, which was assigned
to the symmetric OVO ring stretching mode, might be helpful.
This mode gives rise to the strong absorption band C in
[AIVO,]"He (panel I), and the substantial drop in intensity is
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due to the rather small change in the dipole moments
associated with this vibration for the [AIVO;]™ cluster (for
details, see Figure S1).

Next, we will address the central question as to whether
isomer 5 is also and solely generated from the redox couple
[AIVO,]™/CO. This experiment was performed with CO
seeded in He gas at slightly higher temperatures (60 K) to
avoid CO condensation on the ion trap walls. The obtained
time-of-flight mass spectrum (see Figure S3) shows that also
under multiple collision conditions, [AIVO,]** is very effi-
ciently (>98%, see Figure S3) converted into [AIVO;]*™.
Additional collisions with CO molecules cannot be avoided
under the present conditions, but exclusively lead to “sol-
vated” [AIVO;]™ clusters of the type [AIVO;]*(CO),, of
which the [AIVO;]™(CO), complex is formed predominantly
(Figure S2). Its IRPD spectrum, obtained by monitoring the
CO loss channels, is shown in Figure 2 (panel III). Compar-
ison with the simulated IR spectra of isomers 5:(CO), and
6-(CO); clearly demonstrates that it is indeed the main-group
aluminum oxide that delivers its oxygen atom in the redox
process.” This observation, namely that main-group oxides
rather than transition-metal oxides serve as the active site in
various catalytic transformations, seems to be a rather general
structural feature of quite a few metal oxide clusters:?!!
moreover, as shown in a different context, these centers also
play a decisive role in the thermal activation of strong C—H
bonds by metal-attached oxyl groups.?

In summary, we have used IRPD spectroscopy to unam-
biguously identify the active site of the heterogeneous metal
oxide cluster [AIVO,]™, which serves as a computationally
tractable gas-phase model system for studying OAT reactions
as part of more complex catalytic cycles.”” The strategy
employed here, which is based on using highly sensitive mass
spectrometry for screening potentially interesting reactions
and then applying the more complex methodology of
cryogenic ion vibrational spectroscopy, in combination with
electronic structure calculations, to resolve structural issues
involving isobaric and isomeric species, is generally applicable
and will prove helpful in future experiments, for example, in
the context of coupling methane with carbon dioxide in the
presence of metal-based heterogeneous catalysis.”"
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5. Catalytic Active Site Characterization of Heteronuclear Metal Oxide Clusters

Supporting Information

Experimental and Computational Section

The infrared photodissociation (IRPD) experiments are carried out on a 10 K ion trap-tandem
mass spectrometer!’! using the widely tunable, intense IR radiation from the Fritz Haber Institute
Free-Electron Laser (FHI FEL).”! In brief, [AIVO,]™ (x = 3, 4) ions are produced in a pulsed laser
vaporization source by focusing a frequency-doubled Nd:YAG laser operated at 50 Hz with a
pulse energy of 15-20 mJ onto a rotating Al/V (50-50 wt %) metal rod. The resulting plasma is
quenched with a gas pulse of 0.75 % O, seeded in He. Cluster ions are formed during
expansion through a clustering channel downstream from the rod and pass through a skimmer
with a diameter of 4 mm. The beam of ions is collimated and thermalized close to room
temperature in a He-gas filled radio frequency (RF) decapole ion-guide, mass-selected using a
quadrupole mass-filter, and focused into a cryogenically cooled RF ring-electrode ion-trap. The
trap is continuously filled with He buffer gas and held at a temperature of 12 K. Many collisions
of the trapped ions with the buffer gas provide gentle cooling of the internal degrees of freedom
close to the ambient temperature. At sufficiently low ion-trap temperatures, ion-messenger
complexes are formed via three-body collisions.” All ions are extracted from the ion trap at 5 Hz
and focused both temporally and spatially into the center of the extraction region of an
orthogonally mounted reflectron time-of-flight (TOF) tandem photofragmentation mass-
spectrometer. Here, the ions are irradiated with a counter-propagating IR laser pulse produced
by the FHI FEL (600-1300 cm™, bandwidth: ~0.5 % fwhm, pulse energy: 5-15 mJ). All parent
and photofragment ions are then accelerated toward an MCP detector and monitored
simultaneously. IRPD scans are recorded by averaging over 100 TOF mass spectra per
wavelength step (3 cm™) and scanning the wavelength. Typically, at least three scans are
summed to obtain the final IRPD spectrum. The photodissociation cross section oRgrpp is

determined as described previously.™

For the reaction with CO, mass-selected [AIVO,]™ ions interact with a < ~0.01 % CO,
seeded in He, gas mixture inside the ion trap held at 60 K. [AIVO3,¢(CO)s]™ is the most
abundant reaction product under these conditions and its IRPD spectrum is measured

monitoring the n-CO loss channels (n = 1, 2).

The labeling experiments were carried out using a Spectrospin-CMS-47X Fourier-transform

ion cyclotron resonance (FT-ICR) mass spectrometer as described elsewhere.® [AIV'®0,]™ ions
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were generated by laser ablation of an Al-V target using a Nd:YAG laser (A=532 nm); helium,
mixed with '®0-oxygen, served as a carrier gas. The ions were transferred from the external ion
source into the cylindrical ICR-cell, which is located in a superconducting magnetic field (7.05 T),
by using a system of electrostatic potentials and lenses. Thermalization of the ions of interest

has been achieved by collisions with repeatedly pulsed-in argon.

The theoretical work was performed using the Gaussian 09 program.® The cc-pVTZ basis
setl”! was employed for all atoms to perform structural optimization and frequency analysis.
More accurate single-point energies were obtained at the CCSD(T full)®/CBS(cc-pV[D:T]Z)
level of theory. Stationary points were optimized without symmetry constraint, and their nature
was confirmed by vibrational frequency analysis. Unscaled vibrational frequencies were used to

correct the relative energies for zero-point vibrational energy (ZPVE) contributions.

In order to select a reliable method for the IR calculations, the structural parameters of the
ground-state [AIVO,]*" (?1),®! [Al(u-O),VO{J** (?5), and [OAI(u-O),V]"™ (*6) calculated using
B3LYP'"?-D3(BJ),!" PBEOM"?-D3(BJ), TPSS!'"2-D3(BJ), B2PLYP!"3-D3(BJ), B2GP-PLYP!-
D3(BJ), DSD-PBEP86!"-D3(BJ), B97-1,['"" M06,""" M06L,!"® SCS-MP2!"! and TPSSh,"? were

compared with those given by CCSD. More details are given in Table S1.
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Table S1. Bond lengths of %1, °5 and “6 as calculated with different methods. The standard

deviations (STDs) from the CCSD results are included. Bond lengths are given in A 2

1 (Cy) 5(Cs)  *6(Cy)

B2GP- | DSD-
Bond cosp | BLYP- | PBEO- | TPSS- B2PLYP- L (b | peepss- | Bo7-1 | Mos | MosL | Soo | Tpssh
D3@J) | D3 | DB | DY | o | e MP2
2(AO0) | 1.715 1718 | 1713 | 1.73 1.717 1713 | 1716 | 172 | 1707 | 1713 | 1.718 | 1.722
2(A-0y) | 1.779 1783 | 1777 | 1.792 1.785 1781 | 1784 | 1.784 | 1769 | 1.772 | 1.793 | 1.785
21(V-0y) 1,536 1553 | 1.539 | 1.571 1.611 1.6 1.602 | 1.549 | 1.543 | 1.562 | 1.578 | 1.558
21(V-Op) 1.728 1734 | 1721 | 1.745 1.762 1756 | 1759 | 1.731 | 1725 | 1.74 | 1.766 | 1.735
21(Al-V) 2.524 2526 | 2507 | 2.528 2535 2526 | 2527 | 2521 | 2502 | 2513 | 2,537 | 2.521
25(V-0y) 1.54 1556 | 1.542 | 1.573 1.579 1552 | 1.606 | 1.551 | 1.546 | 1.564 | 1.586 | 1.56
25(V-Op) 1.722 1739 | 1.723 | 1.755 1.765 1.75 1761 | 1.738 | 1731 | 1.751 | 1.749 | 1.742
5(A0) | 1.806 1799 | 1.795 | 1.801 1.802 1.804 | 1.806 | 1.798 | 1.782 | 1.781 | 1.82 | 1.798
25(Al-V) 2535 253 | 2516 | 2.536 2.545 2542 | 2534 | 2529 | 251 | 252 | 2525 | 2528
‘6(A0) | 1.718 1.721 1.716 | 1.732 1.719 1716 | 1719 | 1724 | 1700 | 1.715 | 1.721 | 1.713
‘6(A-O,) | 1.766 1772 | 1766 | 1.784 1.775 1.77 1773 | 1.779 | 1769 | 1.766 | 1.775 | 1.762
“6(V-Op) 1.754 1749 | 1736 | 1.753 1.757 1754 | 1752 | 1.755 | 1.73 | 1.748 | 1.758 | 1.747
“8(AI-V) 2532 2526 | 25507 | 2.526 2532 2529 | 2524 | 2532 | 2466 | 25 | 254 | 2519
STD 0 0009 | 0.012 | 0.019 0.028 0021 | 0030 | 0.008 | 0.023 | 0.018 | 0.023 | 0.012

Oy terminal oxygen atom; O,: bridging oxygen atom

As shown in Table S1, the B3LYP-D3(BJ) and B97-1 exhibit the smallest STD as compared with
CCSD. Considering the reliability of the B3LYP functional in calculating frequencies of
vanadium-containing metal-oxide clusters,”® the IR calculations are thus performed with
B3LYP-D3(BJ). We use the scaling factors that were determined for small vanadium oxide
cluster cations;?"! thus, harmonic frequencies of the V=0 stretching modes are scaled by
0.9167 and all the other modes by 0.9832.
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Figure S1. Simulated IR spectra of ?1, *5 and %6 as calculated at the B3LYP-D3(BJ)/cc-pVTZ

level of theory. The signal for the symmetric O,—V-0O, stretch is marked with rhombs; dipole
moments of the structures are given in Debye, and the corresponding vectors are shown as
blue arrows; as red arrows, the dipole derivative unit vectors concerning the O,—V-0O, mode are

given. The displacements of vibrating structures from the associated stable points are with a

scale £0.5. Harmonic frequencies of the V=0 modes are scaled by 0.9167 and all other modes

by 0.9832.

73



5. Catalytic Active Site Characterization of Heteronuclear Metal Oxide Clusters

As shown in Figure S1, the O,—V-0y vibration is associated with significant changes of the
dipole moments of 21 and “6 either in orientation or in magnitude; in contrast, this vibration does
not bring too much change of the dipole moment to ?5. Thus, for 1 and “6 high IR intensities

result regarding this vibration while a rather low intensity is expected for %5.

AVO ' n=3 4 5 6 7

AIV,0,

+
m

AIV,0,

ALVO

AV,0,

3

1
A
o
»
~

AlVO,’

AlLO"

o L e
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Figure S2: Quadrupole mass spectrum of the ions produced by pulsed laser vaporization of an
Al/V (50-50 wt %) metal rod and quenching in a gas pulse of 0.75 % O, seeded in He.
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Figure S3: Time-of-flight mass spectrum (converted to a m/z scale) of the reaction products

obtained after trapping mass-selected AIVO," ions for up to 200 ms in the gas-filled (CO seeded
in He) ion trap held at 60 K.
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5.2. Direct Identification of Acetaldehyde Formation and
Characterization of the Active Site in the [VPO,]"/C,H, Couple
By Gas-Phase Vibrational Spectroscopy

In the publication “Direct Identification of Acetaldehyde Formation and
Characterization of the Active Site in the [VPO4]"/C;Hs Couple By Gas-Phase
Vibrational Spectroscopy”,1 cryogenic ion trap vibrational spectroscopy is used to
identify the active site in [VPO4]" cluster. To this end, [VPO4]"" is generated by
electrospraying a mM solution of VOCI3 and PO(OEt)s in methanol. IRPD spectra of
He-tagged [VPO,]"" is measured which reproduced previous experimental finding.2 In
the next step mass selected [VPO4]"" clusters are trapped and bought in contact with
CzH4 (0.025% C,H4 in He) at 150K. Even under this multiple collision condition a
small amount of [VPO3]"" is formed and the main reaction channel is C,Hs-tagged
[VPO4]"" clusters. This result is consistent with the previous mass spectrometric
study by Schwarz et al..? IRPD spectrum of [VPO4]"*-(C2H4), is recorded monitoring
the dissociation channel of the second ethylene tag (I didn’t see any dissociation of
the first tag). Comparison of spectral signatures of [VPO4]""-He and [VPO4]"*-(C2H4)2
reveals that the P-O; stretching band at 1445 cm™ is missing in case of the later
species, inferring that the P-O; species is the active site and was involved in the OAT
reaction. More interestingly, the new peak which appeared in the carbonyl stretching
region at 1653 cm™ in the IRPD spectrum of the latter species, was assigned to the
C=0 stretching of the formed CH3CHO. This is how the neutral product of the OAT
reaction was spectroscopically identified.
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Abstract: The gas-phase reaction of the heteronuclear oxide
cluster [VPO,J" with C,H, is studied under multiple collision
conditions at 150 K using cryogenic ion-trap vibrational
spectroscopy combined with electronic structure calculations.
The exclusive formation of acetaldehyde is directly identified
spectroscopically and discussed in the context of the underlying
reaction mechanism. In line with computational predictions it
is the terminal P=0 and not the V=0 unit that provides the
oxygen atom in the barrier-free thermal C,H,—CH;CHO
conversion. Interestingly, in the course of the reaction, the
emerging CH;CHO product undergoes a rather complex
intramolecular migration, coordinating eventually to the
vanadium center prior to its liberation. Moreover, the spectro-
scopic structural characterization of neutral C,H,O deserves
special mentioning as in most, if not all, ion/molecule reactions,
the neutral product is usually only indirectly identified.

The identification of the active site(s) of single-site cata-
lysts—the so-called “aristocratic atoms”!!'—constitutes one of
the intellectual cornerstones in contemporary catalysis
research.”’) This holds true in particular for heteronuclear
cluster oxides whose judicious “doping” allows for an
unprecedented control of their gas-phase ion chemistry.”! In
this respect, the redox couple [AIVO,]""/CO/N,O (x=3, 4)
may serve as a good example.) At room temperature,
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[AIVO,]" is reduced to [AIVO;]* in the presence of CO,
and if N,O is added, re-oxidation occurs; both oxygen atom
transfers (OATs) are clean and proceed with reaction
efficiencies of 59 and 65 %, respectively. DFT calculations
have provided insight into the mechanism of this OAT
catalytic cycle and predicted the terminal Al-O and not the
expected V—O unit as the active site of the catalyst.[!
Experimental confirmation of these predictions for both the
structure of the [AIVO,]"* cluster oxide as well as its active
site was only obtained much later by cryogenic ion-trap
vibrational spectroscopy of messenger-tagged cluster ions."

Herein, we describe the spectroscopic characterization of
the reaction of the [VPO,]"*/C,H, couple. This heteronuclear
oxo cluster has served as a model system of industrially
important VPO catalysts!”! in the gas-phase oxidation of small
hydrocarbons.®! At room temperature, [VPO,]"* brings about
the selective conversion of C,H, to form C,H,0.® In line with
DFT calculations, IR photodissociation spectroscopy permit-
ted an unambiguous structural assignment of [VPO,]™" (1).
Other isomers considered were not only predicted to lie
>100 kJmol ™! higher in energy than 1, also their calculated
IR spectra did not match the experimentally recorded one."!
DFT calculations further predicted that it is only the terminal
P=0 unit that serves as the active site in the course of the
C,H,—CH,O conversion. The alternative OAT process
involving the terminal V=0 group of 1 was calculated to
require too much energy to play a role at ambient temper-
ature.™

What has been missing thus far is an unambiguous
experimental characterization of relevant reaction intermedi-
ates and the products, for example, the structural assignment
of the [VPO,]** ion and in particular the neutral OAT C,H,O
(Scheme 1). In fact, to the best of our knowledge, in none of
the numerous gas-phase ion/molecule reactions, the neutral
product has ever been spectroscopically characterized. Fur-
thermore, and as suggested by a reviewer, in addition to the
previous DFT calculations,® a more detailed discussion of the
actual mechanism of the C,H,—CH;CHO conversion is
indicated. This will be provided further below.

®,0... OAT .
O=P\O/V=O 7?’ [VPO4]™*
1 C,H; C,H4O

Scheme 1. Oxygen atom transfer in the reaction of [VPO,| ™ with C,H,.
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To this end, we revisited the OAT reaction of 1 with C,H,
and studied it by ion-trap mass spectrometry in combination
with cryogenic ion vibrational spectroscopy (see the Support-
ing Information for experimental details).** Species 1 is
produced as previously described,” mass-selected, and inter-
acts with 0.025% C,H, in He (py.~0.022 mbar) under
multiple collision conditions in a linear radiofrequency ion
trap. The reaction products obtained after 100 ms are shown
in Figure 1. Two series of mass peaks are observed. The
dominant product channel corresponds to the formation of
[VPO,,(CH,),]”" adducts with n=0-3. Formation of
[VPO;]"" and its adducts with C,H, is roughly 100 times less
efficient. The present results are in qualitative agreement with
the previous results obtained under single-collision condi-
tions, which also found that adduct formation is favored over
O-atom loss; however, adduct formation was less efficient,
and obviously no adducts with n>1 were observed under
single-collision conditions.”! The adduct ion yields are also
expected to be higher in the present case as the reaction under
scrutiny is predicted to be barrier-free with respect to the
energy of the entrance channel (energy of 1 and C,H, in
Figure 2), and hence shows a negative temperature depend-
ence.

As to the mechanism of OAT in the [VPO,]"*/C,H, couple,
the new DFT calculations (Figure 2) provide some unex-
pected findings:

1) Coordination of the incoming C,H, ligand can occur at
both the phosphorus (1—2) and the vanadium sites of the
cluster (1—6), with the latter path being energetically
clearly favored.

In the course of the multistep OAT reaction, the global
minimum corresponds to a complex in which the newly
formed CH;CHO ligand (containing the oxygen atom of
the P=0 unit) is coordinated to the vanadium center (1—
——5). The isomeric cluster 9, generated from 6, is
approximately 115 kI mol ' less stable than 5. However, as
the transition states leading to both 5 and 9 are located
below the entrance channel 1+ C,H,, both routes are
energetically accessible. Interestingly, 5§ and 9 are con-
nected via transition state TS9/4 and TS4/5.

2)
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a) He (10 K) [VPO,, (C,H,)™

n=0 1 12 3
+He
+He, :
b) C,H, (150 K) :
[VPO;,, (C,H,), 1™ :
m=0, 1 pA_ ;2 A
c) onéresonance
A JL A J A
d) on-off
A X2
mrrrrrrr
120 140 160 180 200 220 240
mlz

Figure 1. Time-of-flight (TOF) mass spectra obtained after storing
mass-selected [VPO,]'* ions for 100 ms in the ion trap filled with a) He
at 10 K and b) C,H,/He and held at 150 K. c) Upon resonant excitation
(7 =1655 cm™'; see Figure 3), fragmentation of the weaker bound
adducts (n>1) occurs. d) Difference spectrum, obtained by subtract-
ing the on-resonance from an off-resonance (v =1685 cm™') mass
spectrum, showing the depletion (downward peaks) of the parent ions
(n>1) and the formation of the corresponding fragment ions (n<1).
Note that the ions with n<1 are more strongly bound, making their
dissociation less probable.

3) Evaporation of CH;CHO to produce [P(O,)VO]" can
take place from either 4, 5, or 9.

:;:; °, s
o %0 4 0289 o 289 °
a 9y g ‘ 1+CH, ® e &
. 2 e m 5 i —_— “ @ 3’“
Ao gl oo B g Y Cn, & W o
S ” ED Al W Ao TS67 . A o i3
£ % g P $ ,‘ o— 552 : H
2 100 —_-. e - L A H‘f"
~ F -98 . ; " E 38° J% ° TSUE
w aezs e q8a 'Y ! ] F s ® Teg9 Lk . mm
N — ’ " — ,',‘ FLx 7 — @ —_-153%
+ ! ? 229 &, -170 3 o
200 280 £ & 2
o - oy 3 8 PP g 2 ¢
J\“ ¥ H o 6 ‘%J ‘\‘. X .
] 4 m P ] 4 %2837
2, %, -9
-300 9 ego ,

Figure 2. Simplified electronic ground-state PES for the reactions of [VPO,]'"" with C,H,, calculated at the B3LYPD2/def2-TZVPP level of theory.
C gray, H white, V green, O red, P yellow. The relative energies AH are given in kj mol™' and corrected for unscaled ZPE contributions.
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5. Catalytic Active Site Characterization of Heteronuclear Metal Oxide Clusters

In order to identify the structure of the reaction prod-
uct(s), we turn to infrared photodissociation (IRPD) spec-
troscopy combined with messenger tagging to ensure probing
in the linear absorption regime; this simplifies the interpre-
tation of the IRPD spectra significantly."”’ The IRPD experi-
ments are performed on a cryogenic ion-trap tandem mass
spectrometer'! using the widely tunable, intense IR radiation
from the Fritz Haber Institute free electron Laser (FHI-
FEL).'" As typical messengers, such as He or H,, do not bind
efficiently to cations at the present ion-trap temperature of
150 K, we exploit the fact that larger [VPO,,(CH,),]”"
adducts are formed, in which the additional C,H, moieties
are more weakly bound and function as messengers upon
photoabsorption. This is demonstrated in the mass spectra
shown in the bottom panels of Figure 1. The spectrum in
Figure 1c is obtained after irradiating all ions extracted from
the ion trap on-resonance (1655cm™), and the difference
spectrum (Figure 1d) is obtained by subtracting an off-
resonance spectrum (1685 cm™') from this on-resonance
spectrum. Using sufficiently attenuated laser pulse energies,
photodissociation is only observed for the n > 1 adducts, that
is, the corresponding peaks are depleted in the on-resonance
spectrum (i.e., downward peaks in Figure 1d), while the n <1
peaks increase in intensity (i.e., upward peaks in Figure 1d),
suggesting that [VPO,,C,H,|""(C,H,),_, type complexes are
present, containing a single, chemically transformed ethylene
species, while the others remain physisorbed.

The IRPD spectrum of [VPO,,C,H,]""-(C,H,) is shown in
Figure 3b and compared to the previously obtained spectrum
of [VPO,]"*"He, (Figure 3a).! The two spectra are distinctly
different, showing that a reaction must have occurred. Note
that the terminal P=O stretching band of [VPO,]" at
1445 cm™' is not present in the spectrum of the C,H, adduct,
but has been replaced by a similarly intense band at higher
energies (1653 cm™'), which lies in the carbonyl stretching
region.

In order to assign the IRPD spectrum of [VPO,,C,H,]*
(C,H,), we compare it to the BALYPD2/def2-tzvpp harmonic
spectra of possible structural candidates in Figure 3 (see
Figures S1 and S2 in the Supporting Information for addi-
tional information). Indeed, the best agreement is found for
the global minimum-energy structure 5, which is predicted to
lie 283 kJmol™" below the entrance channel and represents
the final reaction product contain-
ing acetaldehyde bound to [P-
(0),VOJ*. The exclusive formation
of 5 rather than 4 or 9 (Figure 3b,d,
and e, respectively) as the long-

numbers (in cm™

assignments.

Table 1: Experimental band positions (in cm

Communications

dte

Chemie

Internatic
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o) VPO,
&
o b) [VPO,,C,H,]™*(C,H,)
g a
h
e dc b /
c) 5+c2H4 Vc=0 439
VS Visvoz W-=0,
- Sch g Sc Scn v, Q
C-C-H A A Cc=C ?J
d) 5
(-283)
.JJ
ol UUl " A_a J 5
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= 3
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Figure 3. Experimental IRPD

15 K,® b) [VPO,,C,H ™ (C,H,
def2-tzvpp IR spectra (green,

spectra (dark red) of a) [VPO,]""-He, at
) at 150 K, and the harmonic B3LYPD2/
Gaussian line function convolution

FWHM=10cm™") of ¢) 5+ C,H,, d) 5, e) 4, f) 3, and g) 2. C gray,
H white, V green, O red, P yellow. The zero-point vibration-corrected
energies (AHy, shown in parentheses) with respect to the separated

reactants are given in k) mol~

modes are scaled by 0.9167

'. Harmonic frequencies of the V=0,
and all other modes by 0.9832. See

Table 1 for the band positions and assignments. Note that the

calculated IR spectra of 4 an
guishable.

-1

d 9 (not shown) are practically indistin-

, see Figure 3b), scaled harmonic vibrational wave-
, see Figure 3¢c), IR intensities (in parentheses, in kmmol™) of 5+ C,H,, and band

. i L
hveq [YPO3] /,CH3CHO_ lnt§r Band Exp. B3LYPD2/def2-tzvpp Assignment!®

mediate in the ion trap is quite -

remarkable; after all, the OAT 2 1653 1558;}1(350) v(C=0)

potential energy surface is rather b 1575 1608“)](]3) V(&0 _ .

) 4 invol it c 1404 1433P(43) O(C—H) in CH;CH=0 moiety
compiex — and nvolves - quite 4 1347 1345P(89) 8(C—H) in CH,CH=0 moiety
a number of isomeric intermediates 1147 1148821 §(C—C-H) in CH,CH=0 moiety
and transition states. Nevertheless, f 1078 1063 (41) 8(C—H) in CH~CH,
most likely on thermochemical g 1033 102501(242) v*(PO,) +v(V=0,)
grounds, the CH;CHO product h 999 989"(136) v*(PO,)

undergoes an intracomplex migra-
tion from the P- to the V-center to

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[a] Scaling factor: 0.9167 (VO stretches). [b] Scaling factor: 0.9832 (all other modes). [c] Stretching (v),
bending (0), symmetric (s), antisymmetric (as).
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form 5 (Figure 2). Note that the agreement of the IRPD
spectrum with the predicted harmonic spectrum is improved
after the second, weakly bound C,H, molecule is considered
in the calculations (see Table1 for band assignments),
highlighting its small but distinct perturbation. However, if
this is considered, the complete IRPD spectrum is repro-
duced, demonstrating that the formation of other long-lived
intermediates and products with this m/z ratio is insignificant.

Using C,H, as a messenger tag raises the interesting
question as to what the influence of the second C,H,
molecules is on the reaction pathway. To address this, we
also performed experiments under single collision conditions
(with respect to ion—ethylene collisions), but did not observe
any substantial photodissociation of untagged [VPO,,C,H,]".
Note that the predicted dissociation energy of 5 is
283 kImol !, which would amount to the absorption of
roughly 20 photons at 1000 cm™', which is unlikely under
the present experimental conditions. This shows that for bare
[VPO,]"", chemisorption of C,H, is highly favored over
physisorption, and therefore the influence of the second
C,H, molecule is probably negligible under the present
conditions.

Additional and independent spectroscopic support that
the P-center represents the active site for the OAT from
[VPO,]"" to C,H, is found in the IRPD spectrum of another
product ion, namely that of (C,H,),-tagged [VPO;]".
Although the yield of [VPO;]""(C,Hy),_, is small compared
to that of [VPO,,C,;H,]""-(C,H,) (see Figure 1), we were able
to record an IRPD spectrum of [VPO;]"*-(C,H,),. The good
agreement between the experimental and computational
results (Figure S3) confirms that the P—O,—V=0, and not
the O=P—O,—V structure is generated upon desorption of
CH;CHO from [VPO,,(C,H,),]™".

In summary, the present study has experimentally con-
firmed the previously predicted mechanism, which postulated
that the P-atom represents the active site of the heteronuclear
cluster [VPO,]"" for the reaction of [VPO,]" with C,H,.
Moreover, while in most ion/molecule reactions studied,
characterization of the neutral product is based on circum-
stantial evidence,"® in the present case the OAT product was
spectroscopically identified as CH;CHO.
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6) References

1) Experimental methods section

The infrared photodissociation (IRPD) experiments are performed on a cryogenic ion trap tandem
mass spectrometer™ using the widely tunable, intense IR radiation from the Fritz-Haber-Institute
Free—Electron Laser (FHI FEL).” [VPO,]"* ions are generated as previously described.® Briefly, [VPO,]"*
ions are produced by collision induced dissociation after the corresponding precursor is transferred to
the gas phase using a commercial Z-spray electrospray ionization (ESI) source and a millimolar solution
of VOCI; and PO(OEt); (both purchased from Sigma-Aldrich) in methanol, which were introduced
through a stainless steel capillary to the ESI source by a syringe pump (~10 pL min™). Nitrogen was used
as nebulizing and drying gas at a source temperature of 80 °C. The best ion yield was achieved by
adjusting the cone voltage (UC) to 170 V. The beam of cations pass through a 4 mm diameter skimmer
and are collimated in a radio frequency (RF) decapole ion guide. The desired cations are mass—selected
using a quadrupole mass filter, deflected 90° in an electrostatic quadrupole deflector, and focused into a
cryogenic RF ring—electrode ion trap. The trap is continuously filled with a reactant gas/ buffer gas mix
of 0.025 % C,H, in He at an ion-trap temperature of 150 K. Many collisions of the trapped ions with the
mixture gas provide gentle cooling of the internal degrees of freedom close to the ambient temperature.
Under these conditions, only small amounts of [VPO;]** and C,H,-tagged [VPO;]*" ions [VPO;]""(C,Ha)12
(see Fig. 1b and Fig. 3b) are formed.

For the IRPD experiments of the [VPO,, C,H,]*" complex we used a second C,H, molecule as a
messenger tag (Fig. 3 and Fig. S2). All ions are extracted from the ion trap at 5 Hz and focused both
temporally and spatially into the center of the extraction region of an orthogonally mounted reflection
time-of-flight (TOF) tandem photofragmentation mass-spectrometer. Here, the ions are irradiated with
a counter-propagating IR laser pulse produced by the FHI FEL (700-1800 cm™*, bandwidth: ~0.5 % fwhm,
pulse energy: 4-32 ml). All parent and photofragment ions are then accelerated toward an MCP
detector and monitored simultaneously. IRPD scans are recorded by averaging about 100 TOF mass
spectra per wavelength step (3 cm™) and scanning the wavelength. Typically, at least three scans are
summed to obtain the final IRPD spectrum. The photodissociation cross section ogpp is determined as
described previously.[4]

2) Computational section

All calculations were performed using the Gaussian09 package.ls] Geometries were optimized at the
unrestricted UB3LYPD2 level of theory[6] with the triple-C plus polarization basis sets def2-1zvp.”!
Vibrational frequency analyses have been carried out at the same level of theory to characterize the
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nature of stationary points as minima or transition structures, to derive the zero-point energy (ZPE)
corrections, and to assign the IR relevant structures. All relative energies presented in this work are
corrected for ZPE and given in kJ mol™. Intrinsic reaction coordinate (IRC)® calculations or manual
displacements along the reaction trajectory of the imaginary frequency were performed to link all
transition states with the respective intermediates. All given ionic reactants, intermediates, and
transition states have been located on the ground-state doublet potential energy surface.

It is known that B3LYP vibrational frequencies are systematically too Iarge;[g] however, the agreement
with observed frequencies can be improved by appropriate scaling. Scaling then accounts for both
anharmonicities and systematic errors of the calculated harmonic force constants (calculated harmonic
wavenumbers are compared to observed fundamentals including anharmonicities). We use scaling
parameters that were determined for small vanadium oxide cluster cations.™ The vanadyl (V = 0)
modes are scaled by 0.9167 and all other modes by 0.9832. The simulated linear absorption spectra are
derived from scaled harmonic frequencies and intensities.

3) Details regarding the structures in Figure 3
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Figure S1. ZPE-corrected energy (AHq) with respect to the separated reactants (k) mol™), symmetry,
electronic state and bond lengths (pm) of the B3LYPD2/def2-tzvpp structures shown in Figures 2 and 3
(color code: yellow, P; green, V; red, O; gray, C; white, H).
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4) IRPD Spectroscopy of [VPO,, (C2Ha)2]""
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Figure S2 Experimental IRPD spectra (dark red) of [VPO,C,H4]**(C,Hs) at 150 K compared with
calculated harmonic B3LYPD2/def2-tzvpp spectra (green, Gaussian line function convolution, FWHM=10
cm™) of various isomers. Numbers in parenthesis indicates relative ZPE-corrected energies (AHo, in kJ
mol'l) of the isomers (yellow, P; green, V; red, O; gray, C; white, H). Harmonic frequencies of the V=0,
modes are scaled by 0.9167 and all other modes by 0.9832.

The band at 1653 cm™ is assigned to the C=0 stretching mode. The weak band b (1575 cm™) is
assigned to the C=C stretching mode, which confirms that the integrity of the second ethylene, which
acts as a tag, remains intact. The other two intense bands g (1033 cm™) and h (999 cm™) are assigned to
the combination of symmetric PO, stretching with terminal V=0, stretching mode and antisymmetric
PO, stretching mode, respectively. The terminal V=0, stretching mode at 1033 cm™is line with the IRPD
data reported previously for [CeVO,]*" ™ [V,0,]°*, ™ vPO,™,® and [AIVO,]"*." The weak bands c
(1404 cm™), d (1347 cm™), e (1147 cm™) are assigned to two C-H bending modes and the C-C-H
bending mode in CH;CH=0 moiety, respectively, and the weak band f (1078 cm™) is assigned to the C-H
bending mode in CH,=CH,.
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5) IRPD Spectroscopy of [VPO3, (CoH4),]™"

a) [VPO,]™*-(C,H,), depletion trace
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Figure S3. Experimental (dark red) (a) IRPD depletion trace of [[VPO3]"*-(C,H,),, (b) IRPD formation trace
of [VPO3]"":(C,H4)o,1 at 150 K, and the harmonic B3LYPD2/def2-tzvpp IR spectra (green, Gaussian line
function convolution FWHM=10 cm™?) of structure c) A (PO,VO-C,H,) and d) B (C,H,~OPO,V) (color code:
yellow, P; green, V; red, O; gray, C; white, H). The relative, ZPE-corrected energies (AHy, shown in
parentheses) are given in kJ mol™. Harmonic frequencies of the V=0, modes are scaled by 0.9167 and all
other modes by 0.9832.

The reaction of [VPO,]™" with C,H, also yields small amounts of C,H,-tagged [VPO;]""ions, which are
formed by CH;CHO desorption from [VPO,,C,H,]™+(C,Ha),.. We also measured IRPD spectra of these ions.
The comparison in Fig. S3 shows that C,H,-tagged [VPO] " ions contain the P-0,~V=0, and not the O=P-
0,-V, structure, yielding additional support that the P-center represents the active site for the OAT
reaction of [VPO,]"* with C,H,.
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Chapter 6
CO, Adsorption on Ti3Og"

TiO, based materials have proved to be a promising candidate for photocatalytic CO
reduction and conversion. Many reports have showed that the oxygen deficient
defect sites on titania surface are eventually the active sites for H,O or CO;
adsorption. In an earlier study published by our group, TisOg cluster is found to
contain both Ti* and Ti** centres, where the later center contains the excess
negative charge representing oxygen vacant defect site on titania surface.’
Cryogenic ion trap vibrational spectroscopy in combination with high level quantum
chemical calculations is used to gain a molecular level understanding of the CO,
adsorption mechanism on titania with special emphasis on different CO, binding
motifs.

6.1. CO, Adsorption on TizO¢ : A Novel Carbonate Binding Motif

The published article “CO, Adsorption on TizOs": A Novel Carbonate Binding Motif"*>
presents different CO, binding motifs on Ti-oxide, with special mentioning of a newly
found tridentate bridged carbonate binding pattern. Ti-oxide clusters were produced
by ablation of a pure Ti-rod target in a dual channel laser ablation source and the
CO, was added from the second reaction channel to produce [Ti3Os(CO2),]" (n=1, 2)
clusters. Structural characterization of the mentioned ions were performed by
comparing the measured D,-tagged IRPD spectra to the DFT predicted IR harmonic
spectra. Chemical adsorption of the first two CO, to the Ti3Os cluster anion was
found, by incorporating a formally doubly negatively charged either doubly or triply
coordinated O atom to form a bidentate (asymmetric) or tridentate (symmetric)
bridging carbonate di-anion (COs%"), respectively, of which the latter has not been
reported previously. Each type of formed carbonate has their distinguishable
characteristic IR signature within 400-2400 cm™. Interestingly, the tridentate binding
motif exhibits a characteristic IR signature in the form of an intense doublet of peaks
near 1400 cm™' stemming from two antisymmetric carbonate stretching modes, which
has been assigned previously to the signature of HCOj3™ present at the CO, adsorbed
wet titania surface.*® This finding asks for additional scrutiny on the role of (HCO3")
species in the CO, activation/conversion process at titania-interface.

Weichman, M.L., et al., Journal of Chemical Physics, 2016, 144, 1-11

Debnath, S., et al., The Journal of Physical Chemistry C, 2019, 123, 8439-8446
Debnath, S., et al., The Journal of Physical Chemistry C, 2020, 124, 6952-6953
Mino, L., The Journal of Physical Chemistry C, 2014, 118, 25016-25026.

Su, W, et al., The Journal of Physical Chemistry C, 2008, 112, 7710-7716
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ABSTRACT: CO, adsorption on Ti;O4, which serves as a (S Y

model for an oxygen vacancy on a titania surface, is studied ' T oy

using infrared photodissociation (IRPD) spectroscopy in

combination with density functional theory (DFT) and coupled

cluster computations, as well as a recently developed multi-

component artificial force induced reaction method. The IRPD

spectra of D,-tagged [(Ti;04)(CO,),]", with n = 1, 2, are

reported in the spectral window of 450—2400 cm™' and

assigned based on a comparison to harmonic IR spectra from

the DFT calculations. We find that CO, binding leaves the 4 i . . i / i |
unpaired electron largely unperturbed. The first two CO, 600 800 1000 1200 1400 1600 1800
molecules adsorb chemically to Ti;O4 by incorporating a

formally doubly negatively charged, either doubly or triply coordinated O atom to form a bidentate or tridentate bridging
carbonate dianion (CO;*7), respectively. The latter binding motif exhibits a characteristic IR signature in the form of an intense
doublet of peaks near 1400 cm™' stemming from two antisymmetric carbonate stretching modes.

1. INTRODUCTION binding is promoted by higher oxygen basicity as well as higher
metal acidil’y.6_9 Here, we employ a complementary approach
to shed new light on TiO,—CO, interactions. We use infrared
photodissociation (IRPD) spectroscopy, combined with
density functional theory (DFT) calculations, to study CO,
adsorption by the radical anion Ti;O4 in the gas phase. This
cluster represents a model for oxygen vacancies on titania
surfaces.'” The goal of the present study is identifying the
vibrational signatures of characteristic binding motifs in the
vicinity of such defect sites.

The C, structure of Ti;O4 (see Figure 1), characterized
previously by IRPD spectroscopy,'® exhibits two 4-fold
coordinated Ti** centers and one triply coordinated Ti**

Steadily growing global energy consumption has led to a sharp
rise in atmospheric CO, levels, one of the factors contributing
to anthropogenic climate change. Hence, there is an increasing
demand for efficient methods to reduce atmospheric CO, and
convert it into value-added chemicals using heterogeneous
catalysts."”” TiO,-based materials have been identified as
promising, cost-efficient candidates for CO, sequestration
and conversion, considering their relative abundance in earth’s
crust in combination with their photocatalytic activity.” > To
enhance the photocatalytic efficiency, it is necessary to develop
an understanding of the fundamental processes occurring at
the TiO, interface. Adsorption studies of CO, on titania, for
example, have focused on a molecular level characterization of
chemi- versus physisorption, that is, formation of bicarbonate
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Figure 1. Spin density plot of the singly occupied molecular orbital in
the Ti;O4  anion from @B97XD/aug-cc-pVIZ calculations. The
unpaired electron is localized at the under coordinated Ti** center.
Bond lengths (in pm) are also shown.

center. The latter carries the spin density and represents the
reactive center for hydrogen dissociation'' as well as water
adsorption.'” CO, adsorption could be favorable at this site as
it represents an electron donor site for the 7 acceptor CO,.
However, there are many possible binding motifs known from
CO, adsorption studies on titania surfaces”®'*'* and on
neutral and small anionic titanium oxide clusters in the gas
phase."'® These include chemisorbed monodentate, bridging
bidentate, chelating bidentate and tridentate carbonates,
oxalates, as well as configurations with linear and bent
physisorbed CO,. A priori, it is unclear which binding motifs
are preferred in the [Ti;04(CO,),]” system. Our results show
that two types of tridentate carbonates, each with its own
characteristic IR signature, are formed, an asymmetric and a
symmetric one, of which the latter has not been reported
previously.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Methods. The IRPD experiments were
carried out with an jon trap tandem mass spectrometer
described previously.”’18 In brief, [Ti;04(CO,),]” (n =1, 2)
clusters are produced in a dual gas channel pulsed laser-
vaporization source operated at 50 Hz.'"'® The beam of ions

passes through a 4 mm diameter skimmer and is collimated in
a radio frequency (RF) decapole ion-guide filled with He
buffer-gas. Ions of interest are mass-selected according to their
mass/charge ratio using a quadrupole mass-filter (see Figure
S1 for a characteristic mass spectrum of the [Ti;04(CO,),]”
clusters studied here). The mass-selected beam is focused into
a cryogenically cooled RF ring-electrode ion trap. The trap is
continuously filled with buffer gas (10% D, in He) at a trap
temperature of 13—15 K, which allows for the accumulation
and thermalization of the trapped ions. Inside the trap, ions
undergo three-body collisions with the buffer gas, which
promote the formation of weakly bound ion-D, complexes.*’
Ions are extracted from the ion trap at 5 Hz and are focused
into the center of the extraction region of a time-of-flight
(TOF) mass spectrometer, where they are irradiated by an
intense and wavelength-tunable IR laser pulse from the IR free
electron laser FHI FEL.>! When resonant with a rovibrational
transition, the initially internally cold parent ions can absorb
one (or more) photon(s), leading to loss of messenger
molecules via intramolecular vibrational predissociation. At
sufficiently high pulse energies, loss of the more strongly
bound CO, molecules is also observed.

The TOF intensities of all ions are monitored simulta-
neously as the FEL wavelength is scanned from 450 to 2400
em™ in 3 cm™ steps; for each wavelength step, ~100 TOF
traces are acquired and averaged. Over this wavelength range,
the FHI FEL has a spectral bandwidth ranging from 2 cm™
fwhm at 450 to 7 cm™' fwhm at 1200 cm™, and a typical
energy output of 10—30 mJ/pulse. Attenuated laser pulses
using 12—33% of the full FEL power are employed in a
particular spectral window to ensure operation within a linear
absorption regime and to avoid saturation. Typically, at least
three scans are summed, the photodissociation cross section
Orpp 1S determined as described previously,zz‘23 and the data
obtained in separately scanned ranges are stitched together to
obtain the final IRPD spectrum.
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Figure 2. Experimental IRPD spectra of D,-tagged [Ti;O4 (CO,),]” with n = 0, 1 and 2. See Table 2 for band positions and assignments. Four
characteristic spectral regions are indicated by the dashed lines: (i) antisymmetric O—C—O stretching modes (>1000 cm™), (i) symmetric
O—C-0 and terminal Ti—O stretching modes (1000—900 cm™), (iii) stretching modes associated with Ti—O—Ti bridges and O—C—O bending
modes (900—600 cm™), and (iv) low frequency bending, wagging, rocking, and ring breathing modes (<600 cm™).
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Computational Methods. DFT calculations were carried
out using the Gaussian 09 (rev. C01) program package24 to
find relative energies, optimized geometries, BSSE-corrected
binding energies, harmonic vibrational frequencies, and IR
intensities of the lowest-lying [Ti;04(CO,),-;_,]~ isomers. We
use the range-separated hybrid @B97X-D functional®® which
includes dispersion interactions. It has been shown to perform
well for geometry optimization of transition metal com-
pounds®® and has provided satisfactory results in our previous
work on [(TiO,),_,_4(D,0),,.1_3]"."> The aug-cc-pVTZ basis
set?”?*® was used for all atoms, with full treatment of all
electrons.

Single point CCSD(T) calculations of all the lowest
lying isomers (for n = 2 aug-cc-pVDZ optimized geometries
were taken for CCSD(T) calculation) were performed with the
def2- TZVPg4 > basis set using the TURBOMOLE 6.6
programs.*® In the search of energetically low-lying structures
of bare and D,-tagged [Ti;04(CO,),-1_,]” isomers, the
multicomponent artificial force induced reaction (MC-AFIR)
method implemented in the GRRM program was used,””*®
where geometries obtained by the MC-AFIR calculations
utilizing the PBE functional and DZP basis set of the SIESTA
program® were reoptimized at the aforementioned computa-
tional level using Gaussian 09 (rev. C01).**

29-33

3. RESULTS

The experimental IRPD spectra of the D,-tagged anions
[Ti;O4 (CO,),]”, with n = 0—2, are shown in Figure 2 in the
spectral region 450—2400 cm™'. Experimental band positions
and band assignments (vide infra) are summarized in Table 1.
Based on our previous studies of titanium oxide anions'®'* and
CO, adsorption, we group characteristic normal modes into
four spectral regions, labeled (i) to (iv) in Figure 2: (i)
antisymmetric O—C—O stretching modes (>1000 cm™), (ii)
symmetric O—C—O and terminal Ti—O stretching modes
(1000—900 cm™"), (iii) the stretching modes associated with
Ti—O—Ti bridges and O—C—O bending modes (900—600
ecm™), and (iv) low frequency bending, wagging, rocking, and
ring breathing modes (<600 cm™). No evidence is found for
the IR signature of physisorbed CO,, which would be above
2000 il;n_l, close to the absorption of neutral CO, (2349
cm™).

The IRPD spectrum of D,-tagged [T13OG(COZ) ]~ forn=
has been discussed in detail previously.'’ Briefly, no absorptlon
is observed in the region (i). The two characteristic peaks in
region (ii) are the symmetric (a;,, 972 cm™') and
antisymmetric (a,, 948 cm™') terminal Ti—O stretching
modes. Six vibrational bands that show decreasing IR intensity
with decreasing frequency are observed below 750 cm™ and
attributed to Ti—O—Ti bridge stretching modes.

The IRPD spectrum for n = 1 (center panel in Figure 2)
looks similar to that for n = 0 below 950 cm™, suggesting that
the core structure remains intact upon adsorption of the first
CO, molecule. The signal-to-noise ratio is slightly better in the
present spectra (n = 1, 2) compared to the previously
published one (n = 0), mainly a result of improved source
conditions.'” The intense peaks observed above 950 cm™ at
1773 cm™ (by), 1144 cm™ (b,), and 984 cm™ (b,) signal that
CO, is preferentially chemisorbed. This particular carbonate
stretch pattern, with no absorption in the 1200—1600 cm™!
region, fits best with a bridging bidentate carbonate species,7'8
as discussed in more detail in Section 4. There is a weak
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Table 1. Experimental Band Positions (in cm™) from the
IRPD Spectra of D,-Tagged [Ti;O4 (CO,),]”, Shown in
Figure 2, and @B97XD/aug-cc-pVTZ Harmonic
Frequencies Scaled by 0.96 (in cm™) of Isomers 1b (n = 1)
and 2a (n = 2), as Well as Band Assignments

experiment theorly
n  label xE’cm_l) (em™) assignment
1 b, 1773 1761 terminal C=0 stretch
b, 1144 1157 antisym. CO, stretch
b 984 1017 sym. CO, stretch
b, 954 993 terminal Ti—O stretch (sym.)
bs 936 965 terminal Ti—O stretch
(antisym.)
bg 813 748 in-plane CO; bend
b, 780 726 antisym. Ti—O—Ti ring
stretch
by 747 692 antisym. ring breathing
by 693 656 in-plane COj; bend
byo 630 614 O—(Ti); stretch
by, 561 565 O—(Ti); bend
2 g 1779 1778 terminal C=0 stretch
(> 1400 1415 antisym. COj; stretch
c3 1391 1382 antisym. COj; stretch
[N 1147 1185 antisym. CO, stretch
s 1052 1048 sym COj stretch
[ 994 1022 terminal Ti—O stretch (sym.)
[ 976 994 terminal Ti—O stretch
(antisym.)
Cg 947 954 sym. CO, stretch
[ 867 874 COj; umbrella motion
Clo 806 776 antisym. Ti—O—Ti ring
stretch
cn 767 756 in-plane CO, bend
cn 684 672 antisym. Ti—O—Ti ring
stretch
C3 653 651 in-plane CO,/CO; bend
Cla 612 602 sym. Ti—O—Ti ring stretch
Cs 530 530 antisym. ring breathing
Ci6 491 484 antisym. ring breathing

feature at 2285 cm™, indicative of another isomer containing a
physisorbed CO,, but its contribution is negligible.

The IRPD spectrum for n = 2 (bottom panel in Figure 2)
shows similarities to the n = 1 spectrum over large parts of the
spectral range. The carbonate stretching bands ¢, ¢,, and ¢4 in
the n = 2 spectrum are found nearly unshifted from the
positions in the n = 1 spectrum, where they correspond to
bands by, b,, and b;. The persistence of these bands supports
an identical bridging bidentate binding motif for one of the
two CO, molecules in the n = 2 species. There are, however,
two new, closely spaced features at 1400 cm™ (c,) and 1391
cm™! (c;) that cannot be attributed to any of the known CO,
binding motifs,”® including those proposed in a recent
computational study on neutral Ti;O4 (CO,), clusters. 1S

4. ANALYSIS AND DISCUSSION

In order to assign the IRPD spectra, we performed geometry
optimizations and harmonic frequency calculations using DFT.
The wB97XD/aug-cc-pVTZ relative electronic energies AEpgr
and zero-point energy (ZPE) corrected relative energies
AE;ppr are listed in Table 2. To obtain more accurate
electronic energies, we also calculated CCSD(T)/def2-TZVP
single-point energies AEccsp(r) at the optimized wB97XD/
aug-cc-pVTZ geometry; these are also listed in Table 2. The six
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Table 2. wB97XD/aug-cc-pVIZ Relative Electronic
Energies AEper and ZPE-Corrected Relative Energies

AE, pgr of the Lowest-Energy Minimum-Energy Isomers of
[Ti306 (CO2)perp] ™

n isomer AEDFTb AEo,DFTC AECCSD(T)b AEO,CCSD(T)/DFTC

1 la 0.0 0.0 0.0 0.0
1b 19.1 18.0 0.0 -0.8
1c 12.0 11.9 10.5 112
1d 374 39.2 81.7 84.4
le 45.1 382 156.0 149.9
1f 53.4 46.2 130.2 123.8

2 2a 0.0 0.0 0.0 0.0
2b 18.5 17.8 14.9 14.2
2c 24.5 242 41.8 41.6
2d 32.5 30.6 274 25.4
2e 392 38.8 754 75.1
2f 41.4 40.1 47.5 46.2

“CCSD(T)/def2-TZVP relative electronic energies AEccsp(r) at the
DFT minimum-energy geometry and ZPE-corrected relative elec-
tronic energies AEOCCSDm sper using the DFT ZPE correction are
also shown. All energies are given in kJ/mol. b Absolute energies:
—3189.03837 au (1la, DFT), —3182.85095 au (la, CCSD(T)),
—3377.67800 au (2a, DFT), —3370.61920 au (2a, CCSD(T)). “Zero-
point-energy (ZPE) determined from @B97XD/aug-cc-pVTZ har-
monic vibrational frequencies.

lowest minimum-energy structures for n = 1 and n = 2 are
shown in Figure 3. The isomers are labeled with nx, where n is
the number of CO, molecules adsorbed to Ti;O4~ and x = a, b,
¢, ... indicates the energetic ordering. See Tables 2 and S3 for
the isomer energies and Figures S2 and S3 for the harmonic IR
spectra of all the considered isomers.

For [Ti;04CO0,]™, we considered the six structures (1a—1f)
shown in Figure 3. Their relative energies are listed in Table 2.
Chemisorption, that is, carbonate formation (la—1d), is
preferred over physisorption, with a counterpoise-corrected
DFT CO, binding energy of 139 kJ/mol (1a). Note that the
physisorbed complexes (1e, 1f) are predicted to lie even higher
in energy when the CCSD(T) energies are considered (see
Table 2). Structure 1a represents the global minimum-energy
structure using DFT. Structure 1b is predicted to be 19 kJ/mol
higher in energy. However, when the CCSD(T) energies are
considered, structures 1a and 1b are nearly isoenergetic, with
1b predicted only +0.3 kJ/mol higher in energy. Moreover,
when the harmonic vibrational ZPEs from DFT are combined
with the CCSD(T) electronic energies, the energetic ordering
is reversed and 1b is indeed slightly favored by 0.8 kJ/mol.
Both of these structures exhibit carbonate binding motifs, but
in different binding environments and with different formal
charges on the carbonate moiety: —1.039 lel (la) versus
—1.126 lel (1b) (see Figure S6 and Table S1). Structure la
contains a tridentate, quasi-symmetric carbonate moiety,
(C(=0),)*", that exhibits three similar C—O bonds (~131
pm, see SI) and forms three Ti—O bonds, one to each of the
three Ti centers. On the other hand, 1b contains an
asymmetric tridentate carbonate moiety, (O=C(-0),)*",
that involves a bridging O atom and only two Ti-centers. The
higher energy chemisorbed structures involve an asymmetric
bidentate carbonate species bound to a single Ti-center (1c,
AEccsp(r) = 11 kJ/mol) and a quasi-symmetric tetradentate
carbonate species bound to two Ti-centers involving a brldgmg
O atom (1d, +82 k]/mol) Dixon and co-workers'® find
structures similar to 1b to 1d for neutral chemisorbed
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A L

1a (Cq) 1b(C1) 1c (Cy) 1d (Cy)
0(0) +10 (+11) +82 (+84)
¢ ¢ g
1a-D, (Cy) 1b-D, (C1) 1e (Cy) 1£(Cy)
+156 (+150) +130 (+124)
2a (Cy) 2b (Cy) 2¢ (C1) 2d (Cy)
0 (+0) +15 (+14) +42 (+42) +27 (+25)
¢
)
2e (Cy) 2f (Cq)
2a-D, (C1) +75 (+75) +47 (+46)
Figure 3. mB97X—D/aug—cc—pVTZ minimum-energy structures,

symmetry (in parentheses) and relative CCSD(T) single-point energy
(in KJ-mol™") of energetically low-lying [Ti;04 (CO,),-;,]” isomers.
The ZPE-corrected energies are given in parentheses. The isomers are
labeled with nx, where n is the number of CO, molecules adsorbed
and x = a, b, ¢, .., which indicates the energetic ordering. Atoms in
gray represent Ti, dark gray represents C, red represents O, and blue
represents H. The structures of D,-tagged species for 1a, 1b, and 2a
are also shown.

[Ti;04(CO,)] clusters of which the neutral structure
corresponding to 1d was found to be the lowest in energy.
Interestingly, they did not consider the tridendate symmetric
carbonate motif of 1a. We determined the optimized geometry
of the neutral analogue of 1a and find that it lies 20 kJ/mol
above the 1d analogue using DFT (see Table S1). However,
when the CCSD(T) energies are considered, the order is
reversed; the 1a analogue is predicted 11 kJ/mol below the 1d
analogue and thus is likely the ground state structure of neutral
[Ti;04(CO,)]. Formation of the physisorbed species 1e (+130
kJ/mol) and 1f (+156 kJ/mol) is less favorable compared to
the corresponding neutral clusters and contain bent CO,
moieties (see SI for geometric parameters), indicating partial
charge transfer to the CO,.

Messenger-tagging with D, also plays a significant role for
the energetic ordering of the isomers. We calculated counter-
poise-corrected D, binding energies for 1a-D, and 1b-D, and
find that 1b (21 kJ/mol) binds D, more than twice as strong as
1a (9.0 kJ/mol). This is presumably due to the higher positive
atomic charge on the corresponding Ti atom in 1b (0.86 lel)
versus la (0.59 lel). Hence, messenger tagging favors the
formation of 1b-D,.

For n = 2, we considered the six structures shown in Figure
3. Their relative DFT and CCSD(T) energies are listed in
Table 2. Independent of the computational method used, 2a is
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predicted to lie lowest in energy followed by 2b, which lies
about 15 kJ/mol higher. Structure 2a consists of two
chemisorbed CO, molecules in the form of a bidentate (1b)
and tridentate (1a) bridged carbonate, the two most stable
n = 1 motifs. Structure 2b corresponds to the combination of
the 1b/1c motifs, while the higher energy isomers 2d (+27 kJ/
mol), 2¢ (+42 kJ/mol), and 2e (+75 kJ/mol) then represent
the 1b/1b, 1c/1c, and 1b/1d combinations, respectively.
Structure 2f (+48 kJ/mol) exhibits similar CO, binding motifs
as 2b, but here the two carbonate groups share a Ti*" center.

In order to assign the IRPD spectra of the D,-tagged [Ti;Og
(CO,),]” anions with n = 1 and 2, we compare them to the
calculated harmonic spectra of the three lowest energy isomers
(without tag) in Figures 4 and S, respectively (see Figures S2
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Figure 4. Experimental IRPD and IRMPD spectra of D,-tagged
[Ti304 (CO,)]™ and calculated IR spectra of the three energy isomers
(la—1c) of the untagged anions. The IRPD spectrum (top panel),
measured with an attenuated (14%) laser beam, shows the D,-loss
channel, while the IRMPD spectrum (second panel from top),
measured with a nonattenuated laser beam, shows the CO,-loss
channel. The calculated IR spectra (lower panels), derived from
®B97XD/aug-cc-pVTZ harmonic frequencies (scaled by 0.96) and
intensities, are plotted with sticks (gray) and a 10 cm™ fwhm
Gaussian line shape convolution. See Table 1 for band assignments.

and S3 for a comparison to the spectra of all isomers, also
including isomers with D, tag). For n = 1 (see Figure 4), we
find the best agreement of the experimental D,-loss IRPD
spectrum with the simulated spectrum of 1b. It reproduces all
of the observed bands b, to by, satisfactorily (see Table 1).
The three absorption bands b; (1773 cm™), b, (1144 cm™),
and by (984 cm™) are assigned to the terminal C=0 (1761
cm™"), antisymmetric CO, (1157 cm™), and symmetric CO,
(1017 em™) stretching modes, respectively, of the bridging
bidentate carbonate moiety. Bands b, (954 cm™) and b (936
cm™') correspond to the symmetric (993 cm™') and
antisymmetric (965 cm™') combinations of the terminal Ti—
O stretching modes, followed by CO; bending (bs, by) and
Ti—O-Ti stretching and bending modes at lower energies.
Note that the weak features at 1855 and 1174 cm™ (marked
with an asterisk in Figure 2) are not reproduced by the
harmonic spectrum and we therefore attribute them to
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Figure 5. Experimental IRPD spectra of D,-tagged [Ti;O¢ (CO,),]~
(top panel) and calculated IR spectra (lower panels) of the three low-
energy isomers (2a-2c) of the untagged anions. The calculated IR
spectra, derived from @B97XD/aug-cc-pVTZ harmonic frequencies
(scaled by 0.96) and intensities, are plotted with sticks (gray) and a
10 cm™" fwhm Gaussian line shape convolution. See Table 1 for band
assignments.

excitation of antisymmetric CO, stretching mode/triply
coordinated O atom stretching mode and carbonate bending
mode/ring breathing mode combination bands, respectively.
The spectrum of 1c, on the other hand, does not reproduce the
characteristic triplet by—bg around 1000 cm™, because one of
the Ti==O sites is occupied. The spectrum of 1a exhibits two
characteristic antisymmetric stretching modes of the sym-
metrically bound carbonate species at 1436 and 1350 cm™,
which are not observed in the D,-loss channel.

Interestingly, we do find evidence for the population of
(bare) 1a when monitoring the CO,-loss channel as part of
IRMPD measurements using higher pulse energies (~8 vs 1
mJ). In addition to the features previously attributed to 1b, the
corresponding IRMPD spectrum (see second trace from top in
Figure 4) exhibits two weaker peaks at 1427 (b,") and 1329
em™ (b;”), which we assign to the two antisymmetric
stretching modes of the tridendate carbonate in la. This
observation confirms that 1a lies close in energy to 1b in the
absence of tagging and both are formed and present initially in
the ion trap, but subsequent D,-tagging then favors the
formation 1b-D, over 1a-D,.

The IRPD spectrum of the n = 2 cluster is compared to the
harmonic spectra of the three lowest energy isomers in Figure
S. Only the spectrum of the lowest energy isomer 2a
reproduces the characteristic IR signature in the C—O
stretching region. The four bands at 1779 (c;), 1400 (c,),
1391 (c;) and 1147 ecm™ (c,) are assigned to the terminal
C=O0 (1778 cm™) and antisymmetric CO, stretch (1155
cm™!) of the bidentate carbonate as well as the two
antisymmetric CO; stretches (1415 and 1382 cm™) of the
tridentate carbonate. Note that the calculated splitting of the
antisymmetric CO; stretches of 33 cm™ for the untagged
cluster (spectrum 2a in Figure S) is substantially larger than
the experimental value of 9 cm™ (for the tagged cluster), but is
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reduced to 2 cm™' when D,-tagging is explicitly considered
(see Figure S3). This is the only band that shows such a
pronounced messenger-tag induced shift. The bands at lower
energies can then be assigned as follows. Bands c; (1052 cm™)
and cg (947 cm™') are the symmetric CO; (1048 cm™) and
CO, (954 cm™) stretches of the tridentate and bidentate
bridging carbonates, respectively. The symmetric (1022 cm™)
and antisymmetric (994 cm™) combinations of the terminal
Ti—O stretches correspond to bands cs (994 cm™) and ¢,
(976 cm™), followed by Ti—O—Ti ring stretching (c;0,c15),
CO,/CO, bending modes (cqc;yycy3), and Ti—O—Ti ring
breathing modes (c;4-c;¢) at lower energies (see Table 1). The
spectra of 2b and 2¢, on the other hand, cannot recover the
experimental spectrum, in particular the characteristic doublet
of the tridentate carbonate moiety around 1400 cm™ (c,, c3) is
absent from these spectra.

The similarities in the IRPD spectra of D,-tagged [Ti;O4
(C0O,)p—]" anions show that addition of up to two CO,
molecules to Ti;O4 leads to local perturbations rather than
overall structural changes. For example, the two terminal
Ti=O bonds remain intact and slightly increase in bond
strength upon CO, addition, indicated by a small, but
consistent, blue-shift of the corresponding stretching modes
from 970/948 cn™! (n = 0) to 984/954 cm™ in the n = 1
cluster and 994/976 cm™' in the n = 2 cluster, concomitant
with a predicted shortening of the terminal Ti—O bonds from
164 pm (n = 0) to 162 pm (n = 2). Similarly, the two
stretching modes associated with the bidentate carbonate
species are also slightly blue-shifted from 1773/1144 cm™ (n =
1) to 1779/1147 cm™" (n = 2). The spectral changes in regions
(iii) and (iv) (<900 cm™) are slightly more pronounced, but
also not dramatic. Finally, calculation of the spin density for
the n = 0—2 anions (see Figure SS) confirms that the localized,
unpaired electron remains nearly unperturbed upon CO,
adsorption. On the other hand, D,-tagging leads to more
substantial effects, for example, the symmetric CO, stretch in
the spectrum of 1b is red-shifted by 61 cm™ and its IR
intensity increases by a factor of 6 (from 99 to 626 km/mol)
upon D,-tagging (see Figure S2) as a result of electron
delocalization from the Ti** center to the D, molecule.

5. CONCLUSIONS

In summary, we find that the first two CO, molecules adsorb
chemically to Ti;O4”, leaving the unpaired electron largely
unperturbed. CO, activation in this case involves the
incorporation of a formally doubly negatively charged, either
doubly or triply coordinated O atom to form a bidentate or
tridentate bridging carbonate dianion (CO5>7), respectively.
The bidentate binding motif described here is well-known
from CO, adsorption studies on TiO, anatase surfaces”®1¥1*
and has also been predicted as a particular stable motif for CO,
adsorption on neutral gas phase titanium oxide clusters.'® The
tridentate binding motif is identified here experimentally for
the first time and exhibits a characteristic IR signature in the
form of an intense doublet of peaks near 1400 cm™, which
correspond to two antisymmetric carbonate stretching modes.

The present results have several implications for under-
standing CO, activation/conversion in general and CO,
adsorption at titania interfaces in particular. For example, the
characterization of the role of bicarbonate (HCO;") species in
such processes using IR spectroscopy may require additional
scrutiny, since the characteristic doublet of the tridentate
carbonate binding motif lies in the same spectral region that
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has typically been attributed to HCO;™." " Moreover, recent
DEFT calculations suggest that a tridentate binding motif plays
a central role in the oxygen exchange mechanism on a defective
anatase surface.”” However, the prediction of the reaction
barriers for such rather complex systems using DFT depends
intimately on the specific value of the Hubbard U correction
used to describe the on-site Coulomb interaction.*”** Gas
phase clusters such as those studied here represent ideal model
systems to accurately test more such approximate computa-
tional methods, since smaller clusters are amenable to higher
level calculations.'”***

The present study also demonstrates the high potential of
calculations based on the AFIR method for investigation of
chemical reactions on small atomic clusters. In future IRPD
studies, we will try to obtain a molecular level understanding of
how water coadsorption influences CO, activation in these
model systems and how this ultimately can be exploited for the
catalytic conversion of CO, to value-added chemicals.
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ACCESS ‘ [l Metrics & More ‘ Article Recommendations ‘ @ Supporting Information

he published article contained erroneous CCSD(T) Table 2. ®B97XD/aug-cc-pVTZ and CCSD(T)/def2-TZVP
Relative Electronic Energies, AEpgr and AEccsp(r), as Well
as ZPE-Corrected Energies AE, (All Energies in kJ/mol) of
the Lowest-Energy Minimum-Energy Isomers of

Table 2 as well as Figure S4 and Tables S2 and S3 of the [Ti;04(CO,),-1,]” at the Corresponding @B97XD/aug-cc-
pVTZ Minimum-Energy Geometry”

n isomer AEDFT“ AEO,DFTb AECCSD(T}“ AEO’CCSD(T)/DFTb
=0 1 la 0.0 0.0 0.0 0.0
1b 19.1 18.0 17.6 16.4

electronic energies. This concerns all CCSD(T) energies

mentioned in the article, including values in Figure 3 and

1a (Cy) 1b (Cy) 1c (C1) 1d (Cy) 1c 12.0 119 53 52
00 *19(+18) *12(+12) 37 (+39) 1d 37.4 392 182 20.1
le 45.1 382 17.5 10.7
¢ ¢

1f 53.4 462 163 9.1
2 2a 0.0 0.0 0.0 0.0
0 2b 185 17.8 8.0 72
{ 2c 24.5 242 7.8 7.5
2d 325 30.6 22.8 20.8

2 2 . 12. 12.
1a-D, (Cs) 1b-D, (C+) 1e (Cy) 1f(Cs) : 3 388 6 3
+45 (+39) +53 (+46) 2 414 40.1 27.0 25.8

“Absolute energies: —3189.03837 au (la, DFT), —3186.14665 au
(1a, CCSD(T)), —3377.67800 au (2a, DFT), —3374.51650 au (2a,

CCSD(T)). ZPE determined from @B97XD/aug-cc-pVTZ harmon-
ﬁ‘ ﬁ ic vibrational frequencies.

2a(Cy 2b(Cy) 26 (Cy) 2d(Ch) Supporting Information. In addition, the calculated spectra of
0(0) +19(+18) 25 (+24) +33 (+31) le and 1f were incorrectly labeled in Figure S2. Corrected
Table 2 and Figure 3 are presented here, and the corrected

¢ Supporting Information figures and tables are deposited. These
corrections do not affect the main conclusions drawn in the
Y
paper.
Page 8442, second paragraph (left column): “Note that the
20.(C) 2 physisorbed complexes (1e, 1f) are predicted to lie even higher

2a-D, (Cy) +39 (+39) +41 (+40) in energy when the CCSD(T) energies are considered (see
Table 2).”

Figure 3. ®B97X-D/aug-cc-pVTZ minimum-energy structures,
symmetry (in parentheses) and relative energy AEper (in kJ-mol™)
of energetically low-lying [Ti;04 (CO,),-;,]” isomers. The ZPE- Published: March 16, 2020
corrected energies AE,ppr are given in parentheses. The isomers are

labeled with nx, where n is the number of CO, molecules adsorbed

and x = a, b, ¢, ... indicates the energetic ordering. Atoms in gray

represent Ti, dark gray C, red O, and blue H. The structures of D,-

tagged species for 1a, 1b, and 2a are also shown.
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6. CO2 Adsorption on Ti306~

The Journal of Physical Chemistry C pubs.acs.org/JPCC Addition/Correction

Corrected: “Note that the physisorbed complexes (1e, 1f)
are predicted to lie lower in energy when the CCSD(T)
energies are considered (see Table 2).

Page 8442, second paragraph (left column): “However,
when the CCSD(T) energies are considered, structures la and
1b are nearly isoenergetic, with 1b predicted only +0.3 kJ/mol
higher in energy. Moreover, when the harmonic vibrational
ZPEs from DFT are combined with the CCSD(T) electronic
energies, the energetic ordering is reversed and 1b is indeed
slightly favored by 0.8 kJ/mol.”

Corrected: “However, when the CCSD(T) energies are
considered, the energy difference between structures 1a and 1b
is reduced from 18 kJ/mol (AEgpgr) to 16 kJ/mol
(AEqcesp(m)-”

Page 8442, first paragraph (right column): “We determined
the optimized geometry of the neutral analogue of 1a and find
that it lies 20 kJ/mol above the 1d analogue using DFT (see
Table S1). However, when the CCSD(T) energies are
considered, the order is reversed; the 1a analogue is predicted
11 kJ/mol below the 1d analogue and thus is likely the ground
state structure of neutral [Ti;04(CO,)].”

Corrected: “We determined the optimized geometry of the
neutral analogue of 1a and find that it lies 20 kJ/mol above the
1d analogue using DFT (see Table S2). When the CCSD(T)
energies are considered, the order is confirmed; the 1la
analogue is predicted 32 kJ/mol above the 1d analogue.”

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01893.

Corrected Figures S2 and S4 and Tables S2 and S3
(PDF)
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S4. Isomer energies

S5. Cartesian atomic coordinates of all calculated isomers

S1. Quadrupole mass spectra

[Ti,04.(CO,),J Ti,Og
—— without addition of CO,
— with CO,
, Y
Ti,06 n=0 n=1 n=2
Ti,O5 \

Ti,O4p

Ti, O
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Fig.S1: Quadrupole mass spectrum of the ions produced by pulsed laser vaporization of a pure
Ti metal rod and quenching in a gas pulse of 0.75 % O, seeded in He. Pure CO, was added from
a second gas channel to the source block to get CO; reaction product.
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S2. Experimental spectra compared to computed spectra for all the isomers
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Fig.S2: Experimental IRPD spectra of D, tagged [Ti306.(CO,)] (D2 loss — top trace, CO, loss —
second trace from the top) compared with calculated harmonic spectrum ( using Gaussian
convolution, FWHM=10) of different possible isomers for the species, using ®B97XD/aug-cc-
pVTZ level of theory and numbers in parenthesis indicates relative energy of the isomers. A
scaling factor of 0.96 is used for the whole region.
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Fig.S3: Experimental IRPD spectra of D, tagged [Ti306.(CO,).] (top trace) compared with
calculated harmonic spectrum ( using Gaussian convolution, FWHM=10) of different possible
isomers for the species, using ®wB97XD/aug-cc-pVTZ level of theory and numbers in
parenthesis indicates relative energy of the isomers. A scaling factor of 0.96 is used for the whole

region.

S3. Additional possible isomers, spin densities and NBO charges

B e

2g (C) 2h (C) 2i (C)) 2j (C)
173 (+166) 63 (+61) 110 (+109) 86 (+80)

2k (C)) 21(C) 2m (C)) 2n (C)
98 (+97) 149 (+140) 213 (+211) 272 (+266)

Fig.S4: ©B97X-D/aug-cc-pVTZ minimum-energy structures, symmetry (in parentheses) and
relative CCSD(T) single-point energy (in kJ-mol™) of energetically low-lying [TizOg (CO2) 2]
isomers (2a-2f in main manuscript). The ZPE-corrected energies are given in parentheses. The
isomers are labelled with nx, where n is the number of CO, molecules adsorbed and x = g, h, i,...
indicates the energetic ordering. Atoms in grey represent Ti, dark grey C, and red O. .
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n=1 (1b) n=2 (2a)

Fig.S5: Spin density plot of [Tiz0s.(CO2)n=0-2] clusters. (Colour code : sky blue: Ti, orange red:
O, pink: C)
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n=1 (1b)

Fig.S6: NBO charges on the C and O atoms of the adsorbed CO; on TizOs cluster forming

[Ti306.(CO2)n=0-2] clusters. Bond lengths (in pm) and bond angles (in degrees) are also shown.
(Colour code : sky blue: Ti, orange red: O, pink: C)

Table.S1: Spin densities and NBO charges on different atoms of [TizOs.(CO2)n=02] clusters. Ti
atom of the Ti®" center is named as Ti, and then anticlockwise other Ti atoms named as b, c. For
bidentate bridged COs, free C-O oxygen named as O, and then same naming as Ti atoms, and
for the tridentate CO5 the oxygen connected to the Ti** centre named as O, and then followed

same naming as above. All the calculations are performed with ®B97XD/aug-cc-pVTZ level of
theory.

Isomer Spin densities NBO charges
Ti, Tip Tic C Oa Ob Oc COs
TisOs 1.044  -0.013 -0.013 n.a

la 1.064  -0.030 -0.030 1.022 -0.733 -0.664 -0.664  -1.039
1b 1.034 -0.012 -0.011 1.002 -0.626 -0.743 -0.759  -1.126
2a 1.062 -0.019 -0.023 1.025 -0.716 -0.666 -0.661  -1.018
0.998 -0.616 -0.766 -0.739  -1.123
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S4. Isomer energies

Table.S2: ®B97XD/aug-cc-pVTZ relative electronic energies AEper and ZPE-corrected relative
energies AEq prr Of the neutral analogues of [Ti30s (CO2)n=12] . CCSD(T)/def2-TZVP relative
electronic energies AEccsp(r) at the DFT minimum-energy geometry and ZPE-corrected relative
electronic energies AEq ccsperyorr Using the DFT ZPE-correction are also shown. All energies are
given in kJ/mol

isomer label AEper® AEoprr’ AEccspr)®  AEo,cespmyprt

(Dixon
et.al)
n=1
la n.a 19.6 18.3 0.0 0.0
1b 3-4Bc 28.4 25.2 8.9 7.0
1d 3-4 Ba 0.0 0.0 11.0 12.3

& Absolute energies: -3188.90843 a.u (1a, DFT), -3182.69384 a.u (1a, CCSD(T)),
-3188.90509 a.u (1b, DFT), -3182.69046 a.u (1b, CCSD(T)),

-3188.91590 a.u (1d, DFT), -3182.68965 a.u (1d, CCSD(T)),

b ZPE determined from ®B97XD/aug-cc-pVTZ harmonic vibrational frequencies.

Table.S3: ®B97XD/aug-cc-pVTZ relative electronic energies AEprr and ZPE-corrected relative
energies AEoprr of the lowest-energy minimum-energy isomers of [TisOs (COy).] .
CCSD(T)/def2-TZVP relative electronic energies AEccspr at the DFT minimum-energy

geometry and ZPE-corrected relative electronic energies AEg,ccsoryper using the DFT ZPE-
correction are also shown. All energies are given in kJ/mol.

- ) )
isomer  AEper®  AEgper’  AEccspm”  AEgcesparyoet

n=2

2a 0.0 0.0 0.0 0.0
2b 18.5 17.8 14.9 14.2
2C 24.5 24.2 41.8 41.6
2d 32.5 30.6 27.4 25.4
2e 39.2 38.8 75.4 75.1
2f 41.4 40.1 475 46.2
29 48.1 41.1 173.2 166.2
2h 47.9 46.5 62.8 61.4
2i 67.4 66.3 110.4 109.3
2j 82.0 77.0 85.6 80.5
2k 93.6 92.9 98.1 97.5
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2 105.0 95.7 149.4 140.1
2m 119.2 118.0 212.6 211.4
2n 213.0 206.6 272.0 265.6

S5. Cartesian atomic coordinates of all calculated isomers

Table S4: Optimized Cartesian coordinates (A) of the low-lying [Ti306.(CO,),] isomers (n=1,2)
calculated with ®B97XD/aug-cc-pVTZ.

Isomer X y z

la Ti 0.656893 -0.412899 1.592554
Ti -1.942848 0.040596 0.000000
Ti 0.656893 -0.412899 -1.592554
@) 1.401944 -0.867598 -2.964180
O 1.339432 -1.066624 -0.000000
@) -1.257310 -0.672020 1.477161
O 1.401944 -0.867598 2.964180
@) -1.257310 -0.672020 -1.477161
@) 0.656893 1.569963 -1.116053
C 0.047059 1.706780 0.000000
O -1.247861 1.885156 0.000000
@) 0.656893 1.569963 1.116053

la-D2 Ti 0.718989 -0.418080 1.593425
Ti -1.924554 -0.016013 -0.000000
Ti 0.718989 -0.418080 -1.593425
@) 1.467674 -0.869631 -2.965628
@) 1.393085 -1.080312 0.000000
@) -1.196166 -0.673997 1.482950
O 1.467674 -0.869631 2.965628
@) -1.196166 -0.673997 -1.482950
@) 0.718989 1.552701 -1.115609
C 0.101200 1.692596 -0.000000
O -1.182670 1.872413 -0.000000
@) 0.718989 1.552701 1.115609
D -3.532073 1.391555 -0.000000
D -3.901702 0.718676 -0.000000

1b Ti 1.926826 -0.500417 -0.299269
Ti -0.606592 -1.268923 0.552455
Ti 0.030153 1.583162 0.030137
@) 3.505320 -0.752946 0.021334
O 0.712622 -1.997597 -0.410413
@) 1.361585 1.093658 -1.136124
@) 0.639434 0.067323 1.139497
@) -1.646418 0.500683 -0.097076
@) 0.072679 3.091645 0.630682
C -2.761399 -0.250167 -0.306470
@) -3.786253 0.189915 -0.744438
) -2.501483 -1.493066 0.047253
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1b-D2 Ti 1.982218 -0.395049 -0.264622
Ti -0.607473 -1.312037 0.307194
Ti 0.025407 1.568160 0.069267
@) 3.534460 -0.716705 0.128893
@) 0.738074 -1.843155 -0.706431
@) 1.495896 1.256171 -1.001266
@) 0.625138 0.034703 1.130454
@) -1.519482 0.388925 -0.469123
@) -0.115256 3.019194 0.788849
C -2.770015 -0.171337 -0.308646
@) -3.780558 0.405821 -0.595176
@) -2.622610 -1.376179 0.181803
D -0.757532 -2.868723 1.683684
D -0.271021 -2.397091 2.043717

1c Ti -1.770986 -0.982807 -0.081115
Ti -1.287389 1.640100 0.321034
Ti 0.919320 0.058022 -0.303703
@) -2.650518 -2.254809 0.427895
@) -2.612711 0.711815 -0.458906
@) -0.133604 -1.178224 -1.045570
@) -0.671681 0.119096 1.152836
@) 0.280598 1.765616 -0.618638
@) 2.198132 -0.348614 1.090321
C 3.206867 -0.317311 0.216285
@) 2.695671 -0.054529 -0.998629
O 4.371366 -0.489483 0.463885

1d Ti 0.354865 0.107221 1.589660
Ti -1.847590 0.690606 -0.000000
Ti 0.354865 0.107221 -1.589660
@) -1.531060 -0.134776 1.578155
@) 0.917248 -1.917732 1.142569
@) 0.917248 0.803919 2.930699
@) -1.531060 -0.134776 -1.578155
@) 0.917248 0.803919 -2.930699
@) 0.917248 -1.917732 -1.142569
C 1.239103 -1.477370 0.000000
@) 1.743480 -0.251093 0.000000
O -0.150560 1.367417 -0.000000

le Ti 1.222410 -1.399769 -0.043028
Ti 1.222410 1.399769 -0.043028
Ti -1.200514 0.000000 -0.175592
@) 0.267256 0.000000 1.029654
@) 2.284185 -0.000000 -0.658064
@) 1.894844 2.729813 0.620773
@) 1.894844 -2.729813 0.620773
@) -0.527698 -1.439028 -0.917989
@) -0.527698 1.439028 -0.917989
C -3.562425 0.000000 0.453117
@) -3.321163 0.000000 -0.762395
O] -2.714594 0.000000 1.364929
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1f Ti 0.997345 0.788764 1.403082
Ti -0.600454 -1.024079 0.000000
Ti 0.997345 0.788764 -1.403082
@) 0.997345 1.730171 -2.734645
@) 2.173963 1.121648 -0.000000
@) -0.447813 0.860776 -0.000000
@) 0.401827 -1.074817 1.444461
@) 0.401827 -1.074817 -1.444461
@) 0.997345 1.730171 2.734645
C -2.912387 -1.472840 0.000000
@) -2.091859 -2.429624 0.000000
) -4.082494 -1.280863 0.000000

2a Ti 0.363085 1.738179 -0.022090
Ti 0.679669 -1.592185 0.216930
Ti -2.038259 -0.291691 -0.636957
@) 0.864441 3.263336 -0.169311
@) 1.588076 0.170100 -0.290857
@) -1.104460 1.277859 -1.011040
@) -1.983229 -0.176801 1.381653
@) -0.741712 -1.723288 -0.818168
@) -3.485185 -0.486900 -1.336924
C 2.783677 -0.475292 -0.556209
@) 3.769378 0.098071 -0.914594
@) 2.595142 -1.751204 -0.332469
C -0.768433 -0.017974 1.757783
@) -0.242042 1.153832 1.796971
O -0.034205 -1.054388 2.009382

2a-D2 Ti 0.292832 1.799661 0.039423
Ti 0.741453 -1.589325 0.147932
Ti -2.029582 -0.288403 -0.662467
@) 0.753152 3.342105 -0.062627
@) 1.557653 0.271879 -0.243090
@) -1.146432 1.318735 -0.985263
@) -1.992258 -0.233145 1.351106
@) -0.684690 -1.675028 -0.876466
@) -3.467004 -0.509522 -1.375928
C 2.762369 -0.297273 -0.596101
@) 3.710061 0.339746 -0.952172
@) 2.644049 -1.595488 -0.454404
C -0.784720 -0.044060 1.746802
@) -0.310175 1.148863 1.830736
@) -0.018610 -1.055326 1.966142
D 1.054047 -3.636305 0.692777
D 0.610626 -3.420754 1.271200

2b Ti -1.402867 -0.169791 0.338281
Ti 1.039363 -1.256387 -0.576252
Ti 0.858378 1.594262 0.005765
@) -3.113749 -0.488674 1.107297
@) -0.425302 -1.730638 0.416063
©) -0.593232 1.232807 1.138679
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@) 0.073669 0.244075 -1.142431
@) 2.326667 0.277612 0.198689
@) 1.062571 3.096607 -0.554106
C 3.340889 -0.633824 0.279534
@) 4.430424 -0.376005 0.697554
@) 2.889886 -1.790086 -0.164663
C -3.735318 -0.254444 -0.062745
@) -2.797730 0.056225 -0.965350
O -4.918283 -0.317954 -0.255755
2c Ti -1.464895 -0.030387 -0.279266
Ti -0.001343 2.168161 0.451412
Ti 1.466075 -0.028286 -0.277947
@) -3.055806 -0.774488 -1.004815
@) -1.551335 1.801306 -0.456206
@) 0.001541 -0.690756 -1.147614
@) -0.000448 0.493100 1.116324
@) 1.550353 1.803742 -0.454173
@) 3.057553 -0.771116 -1.003734
C -3.420491 -1.283086 0.187672
@) -2.464221 -0.966090 1.068205
@) -4.423272 -1.901416 0.411804
C 3.420440 -1.283312 0.187743
@) 4.422122 -1.903635 0.411253
@) 2.463999 -0.966943 1.068349
2d Ti -1.534432 -1.349231 0.065669
Ti 0.083113 1.172001 0.485455
Ti 1.266889 -1.412798 -0.313338
@) -2.583501 -2.306994 0.841123
@) -1.896696 0.525806 -0.347516
@) -0.269187 -2.145068 -1.037105
@) 0.042811 -0.642225 1.065796
@) 1.620196 0.539341 -0.714393
@) 2.425027 -2.423874 0.180295
C -2.239024 1.838433 -0.393539
@) -3.289564 2.240417 -0.800353
@) -1.224571 2.554157 0.060148
C 2.504142 1.429410 -0.075397
@) 1.837900 2.046582 0.857943
©) 3.645931 1.533554 -0.408148
2e Ti -0.346440 1.485635 -0.490685
Ti -0.764220 -1.494355 -0.414672
Ti 1.918058 -0.699877 -0.040013
@) -0.704786 2.681719 -1.493627
@) -1.876453 0.300465 -0.059177
@) 1.703169 1.454734 0.003421
@) 0.338720 -0.210083 -1.264163
@) 0.719725 -2.112814 0.384549
@) 3.288651 -1.218180 -0.706485
C -2.919064 -0.449992 0.398065
O] -3.945504 0.015060 0.799504
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@) -2.583590 -1.721840 0.306270
C 1.285722 1.251039 1.246209
@) 1.872861 0.324666 1.868662
O 0.191869 1.834129 1.527608
2f Ti 1.034812 -0.125925 0.196037
Ti -1.726445 0.728934 -0.690407
Ti -1.296042 -1.795105 0.329125
@) 2.786413 0.379794 0.764577
@) 0.080629 1.586586 0.069783
@) 0.298453 -1.245484 1.316678
@) -0.465875 -0.657169 -1.050519
@) -2.675122 -0.487172 0.239195
@) -1.648185 -3.350444 0.030624
C -0.579899 2.775998 0.256416
@) -0.074369 3.741829 0.740874
@) -1.808197 2.628739 -0.191886
C 3.354023 -0.277848 -0.257127
@) 2.364531 -0.836716 -0.973417
©) 4.527234 -0.355312 -0.490948
29 Ti 1.339208  -0.209513 -0.348335
Ti -1.472095  -0.357518 -0.014001
Ti -0.311707 2.126530 -0.007138
@) 2.919605  -1.056004 -0.962786
@) -0.155744  -1.134588 -0.966222
@) 1.271892 1.497878 -0.855820
@) -0.193717 0.445905 1.024970
@) -1.869721 1.202981 -0.717292
@) -0.422075 3.581167 0.701572
C -3.362184  -1.813103 0.027142
@) -2.831965  -1.354418 1.087423
@) -4.265983  -2.519498 -0.271562
C 3.342964  -1.286243 0.296898
@) 4360904  -1.841252 0.602867
O 2423852  -0.786284 1.129871
2h Ti 0.419048 1.655328 0.282597
Ti 0.700604  -1.299576 0.028871
Ti -2.065528 0.023962 -0.697882
@) 0.804353 3.038305 1.019517
@) 1.791206 0.407301 -0.451770
@) -1.146155 1.661572 -0.634005
@) -0.042130 0.054156 1.488345
@) -0.683002  -1.244574 -1.101053
@) -3.406209  -0.009739 -1.599413
C 2938731  -0.346488 -0.629742
@) 3.989187 0.136787 -0.935630
@) 2.633487  -1.598550 -0.405625
C -1.014859  -0.873320 1.564298
@) -0.576059  -2.045681 1.678905
©) -2.206424  -0.528932 1.302450
2i Ti 1.909295 0.083380 0.631582
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Ti 0.684422  -1.999391 -0.697046
Ti -1.143036 0.010279 -0.167634
@) 2.760056 0.001214 1.994244
@) 2.304594  -1.298037 -0.682337
@) 0.165869 1.373590 0.113267
@) 0.218038  -1.109665 0.834082
@) -0.739008  -1.078040 -1.528209
@) -2.818461 0.829240 -0.531892
C -3.419280 0.179052 0.480304
@) -2.485525  -0.576225 1.072084
@) -4.575111 0.257719 0.786925
C 1.061301 2.245365 -0.507915
@) 2.261916 1.821972 -0.274265
O 0.686742 3.200683 -1.122172
2 Ti -1.725432  -0.761587 -0.787115
Ti 0.455350 0.988063 -0.674422
Ti 0.463694  -1.592881 0.738784
@) -3.357641  -0.708536 -0.722307
@) -0.750942 0.507880 -1.893094
@) -0.777599  -2.333859 -0.405101
@) -0.647550 0.028545 0.704377
@) 1.830734  -0.514426 -0.276762
@) 0.736984  -2.322565 2.165310
C 2.886744 0.379603 -0.351895
@) 4.024134 0.046794 -0.169016
@) 2.406599 1.557552 -0.642050
C -1.244536 2.583433 1.271892
@) -0.469641 2.785805 0.417544
©) -2.009167 2.488149 2.118671
2k Ti -2.199166  -0.891126 0.144154
Ti 0.546372  -1.364903 -0.114911
Ti -0.938882 1.641496 -0.073828
@) -3.539569  -1.432815 -0.602320
@) -0.837801  -2.202594 0.612962
@) -2.237580 0.808817 0.926093
@) -0.695876  -0.097909 -0.954474
@) 2.869012 0.922219 0.113810
@) -1.510181 2.837146 -0.999919
C 3.383951  -0.358349 -0.328671
@) 4573164  -0.454903 -0.333250
@) 2483283  -1.172795 -0.723145
C 1.664523 0.980725 0.678595
@) 1.220778  -0.030030 1.290914
O] 1.015524 2.046046 0.529497
2l Ti 0.776065  -1.804895 -0.667733
Ti -0.980681 0.347278 -0.173527
Ti 1.927430 0.348128 0.726696
@) 0.721669  -3.421758 -0.600114
@) -0.685319  -0.729634 -1.477167
O] 2414747  -0.935869 -0.503344
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@) 0.225051  -0.663325 0.894478
@) 0.683161 1.692303 -0.035581
@) 2.887600 0.581246 2.007745
C -0.054129 2.662327 -0.651147
@) 0.363829 3.746982 -0.924387
@) -1.246051 2.156962 -0.863226
C -3.648943  -0.783694 0.587941
@) -4.655074  -0.846151 1.215444
O -2.670048 0.061361 0.648608
2m Ti 2.352138  -0.006008 -0.403880
Ti 0.311703  -1.741441 0.297889
Ti 0.056875 1.598629 0.235898
@) 3.881156 0.224078 0.092745
@) 1.777539  -1.854033 -0.684234
@) 1.403432 1.466421 -1.025516
@) 0.831376  -0.075972 0.981880
@) 0.243463 2.858088 1.227401
@) -1.285067  -1.345518 -0.908513
C -2.970864 0.709201 -0.402261
@) -1.856136 1.261782 -0.154822
@) -3.937798 1.113460 -0.971031
C -2.029590  -1.390816 0.122742
@) -3.087046  -0.601788 0.204792
@) -1.702547  -2.126052 1.089692
2n Ti 2.142691  -0.591390 -0.613044
Ti -0.431145  -1.188493 0.401449
Ti 0.761356 1.668743 0.322861
@) 3.628681  -1.228473 -0.489639
@) 0.575883  -1.726900 -0.911907
@) 1.944880 1.231167 -1.008229
@) 1.060469  -0.144404 1.021252
@) -1.071737 0.828039 0.007147
@) 1.069092 2.974247 1.227933
C -2.332079 1.007741 -0.379838
@) -2.805924 2.055617 -0.695551
@) -2.306115  -1.345037 -0.064298
C -3.096663  -0.352045 -0.370182
@) -4.266078  -0.413094 -0.624531
O -0.558078  -2.417302 1.794355
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

With the results presented in this doctoral thesis, action spectroscopy of size selected
cluster ions in combination with high level quantum chemical calculations proved to
be an ideal tool to gain molecular level insight into the structure — reactivity
relationship of this unique form of matter.

Chapter 4 describes the effect of atomic Fe- impurity into small Al- oxide clusters in
terms of structural change and preferred doping site. It is found that the smallest
cluster (n = 1) of the Al/Fe- mixed metal oxides [(Al,O3),(FeO)]" adopts a different
structural motif than that of the pure Al- oxide' and the degree of structural
agreement increases with increasing size. The structural trend evolves from bi-cyclic
planner (n = 1) to quasi 2D (n = 2) to 3D cage type (n = 3) geometry with increasing
cluster size.

The Fe- atom is found to preferentially occupy the outer ring of the cluster with a
more relaxing 3-fold coordinated geometry than 4-fold coordination. The reason
behind this selectivity is attributed to the larger size and d-type valence orbitals of the
Fe- atom. This finding is in line with the distinctive doping site of Fe-doped
nanoparticles or nanocrystals, where the dopant Fe-atoms replace Al-atoms of the
Al;O3; network, mostly in the surface, inducing only minor distortions of the network.?
Moreover, high propensity of populating the surface by the dopant molecules support
the observation of increased photocatalytic efficiency of zeolites® when doped with
transition metals, in particular with iron atoms.* °

Proper care must be taken during mass analysis of these mixed metal oxide clusters.
At the ion source, both mixed- and pure- metal oxides are formed as the target rod is
composed of both the elements. The clusters are mass-selected by their m/z ratio; as
a result, separating isobaric compounds remain difficult without very high resolution
mass spectrometer, resulting, contribution from all the overlapping masses in the
measured IRPD spectra. By choosing the system in an intelligent way, one can avoid
the problem with mass overlapping. Furthermore, if any of the metal elements have
an abundant isotope which favours mass separation of the isobaric compounds,
then, using an isotopically enriched target is beneficial. In case, this option is
unattainable, isobaric compounds can also be separated by their tagging efficiency.
In a favourable experimental condition one of the isobaric compound forms multiple
tagging signal whereas the other one forms one or no tag. Then the IRPD spectra
can be generated by looking at the depletion channel of each tag. IR’MS? technique
(detailed description can be found in ref.® ) is another smart tool to measure
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individual IRPD spectra of the isobaric species. In a worst case scenario, where none
of the above method is applicable, IRPD spectrum of the pure metal oxide is
measured separately using a single-metal target rod and then subtracted from the
overlapping spectra of isobaric compounds. Here, both the spectra must have to be
measured with identical trapping conditions (e.g. identical trap temperature and
messenger gas). In the particular study reported in chapter 4, for small [(Al,O3),FeO]"
(n = 1-2) clusters no isobaric species was found. In case of bigger clusters (n = 3-5),
the isobaric species contains at least 3 Fe- atoms (FeO1o same mass with Fe3O03, m/z
= 216 amu) i.e. A|6FeO1o and A|6F6303, AIgFeO14 and A|8Fe307, A|10FeO16 and
AlioFesOg are isobars. However, multiple Fe-atom containing clusters were non-
abundant in the mass spectra obtained from the Al/Fe mixed metal rod, so the
isobaric contribution from the high Fe- containing clusters were neglected. Possibly
because of the above mentioned limitations, gas phase experiments on mixed metal
oxide clusters are scarce. Thus, the insights obtained from this study are of
fundamental relevance for the molecular level understanding of Fe- doped metal
oxide nanoparticles or nanocrystals.

Chapter 5 provides a molecular level understanding of the active site(s) in
heteronuclear-metal oxide clusters, towards oxygen atom transfer reaction (OAT). In
particular, Al-O; unit of [AIVO4]™* cluster was experimentally identified as the active
site for the conversion of CO to CO,. On the other hand, the P=0; unit of [VPO4]"*
cluster was found to provide the oxygen atom for the conversion of ethylene to
acetaldehyde. Generally, because of having high activation barrier, these oxidation
reactions do not occur directly in room or elevated temperatures. Here, catalysts play
a role to bypass the activation barrier by opening up new energetically favourable
pathways. [AIVO4]"® or [VPO4]** cluster serves as gas phase model systems to study
OAT reactions as part of more complex catalytic cycles. Mass spectrometry or CID
studies can provide quantitative results concerning yield of these conversion
processes, but messenger tagged IRPD spectroscopy proved to be a phenomenal
tool for the unambiguous assignment of the active site(s) in the catalyst models.
Moreover, identification of neutral CH3;CHO as a reaction product for the
[VPQO4]"*/C,H, reaction couple, deserves a special mentioning because in most of the
ion/molecule reactions the neutral product is usually identified in an indirect way.

The study of CO, activation with [Ti3Og]™ cluster in chapter 6 sheds new light to the
chemical understanding of oxygen vacancy defect site on titania surface. An
asymmetric bridged bidentate and a symmetric tridentate bridged carbonate binding
motif of chemisorbed CO, on Ti3O¢ is identified. The tridentate binding motif is
reported here for the first time, whose characteristic IR signature questions the till
date assignment of bicarbonate species formed on wet TiO, surface in presence of
COs.

The molecular level insights obtained on the structure-reactivity relationship by
studying the pure- and mixed- metal oxide model systems with atmospherically
relevant ligands are of fundamental importance in contemporary science. The
theoretically tractable model system studies make it possible to test and confirm
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quantum chemical predictions of structure and reactivity of metal oxide clusters.
Potential interdisciplinary application of these studies also cannot be ignored. The
characteristic infrared signatures of the studied species can be grouped and used in
surface science for structural assignment, as performing high level theoretical
calculations for complex surfaces are expensive and difficult with the state-of-art
resources. Understanding of the active sites in an atomistic level may help in design
new material or functional building blocks for industrially important heterogeneous
catalysts or fuel cells for example.

Although most of the open questions discussed in the first chapter (see section 1.4,
1.5 and 1.6) could be answered with the presented results. Some of the remaining
challenges and new questions that arise while solving the stated ones are
summarized in the following final section of this thesis. In particular, improvements to
the present experimental setup are also discussed in the following section.

7.2 Outlook

The stability of the ion signal at the source region remains the main parameter that
determines the signal-to-noise ratio in measured IRPD spectra. The ion spray source
is comparatively more stable than the laser vaporization source. By replacing the
solenoid general valve (Parker, series 99) with a copper Even-Lavie valve (EL valve)
which produces shorter (~25 us) and denser gas pulses, clustering efficiency of the
vaporization source can be improved. The later valve is made to be operated in a
wide range of temperature (10 K - 400 K) and repetition rate (0 - 600 Hz) without
adjustment. The shorter pulse and low repetition rate (10-50 Hz) helps in achieving
low background pressure in the pumping chamber thus facilitates cluster growth and
cooling of large molecules to lower temperature.® A cryogenic motor can then be
coupled with the source block, allowing cryogenic cooling of the whole assembly;
leading to enhanced clustering efficiency compared to the present setup where the
temperature range is limited up to ~200 K. Incorporation of the EL valve was tasted
and the outcome is stated in the following. With the state-of-art experimental set-up
(described in section 3.1) ~ 4-6 bar backing pressure at the general valve is used for
normal operation. Using the EL valve, no cluster formation was observed with this
low backing pressure. When comparatively higher pressure (~ 15 bars) was used,
cluster generation was observed but with very low yield. This insight and literature
survey® "% suggested that the EL valve requires higher backing pressure (~ 50 bars)
for best results, which was not possible to achieve with the present design of the gas
inlet. Modification of the gas inlet system to attain high backing pressure will enable
to use the EL valve and possibly will lead to better signal stability.

With the rod target in the laser vaporization source, only the surface of the rod gets
ablated. So, a large portion of the target remains unused. This becomes a concern,
when working with expensive materials, say gold, boron or mixed metals like Ni/Al,
Fe/Si. Design and implementation of a “disk target”" source is advantageous in this
particular regard.
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Mounting another ion detector directly after the quadrupole mass filter in the present
experimental setup, will open the possibility of signal monitoring and optimizing
before going to the RET region. This will also be helpful to locate the problem by
ensiling the front and back of the machine in case of any signal issue. This
modification is already implemented in a similar setup which was built and been used
by our group and proved to be beneficial .® Design and adaptation of a linear nano-
spray ion source, similar to the later setup6 would also widen the choice and control
of system to be investigated.

Another desirable improvement of the experimental setup is the addition of a second
cryogenic ion trap, similar to ref.’?, separated from the existing one by another mass-
selection stage. The improved set-up will facilitate to perform multiple reactions (see
below) with the formed clusters at the source. Furthermore, one trap can be used for
performing reaction while the other one will allow messenger complex formation of
the reaction product. This configuration can be used, for example:

i. To study reactivity of the activated CO, described in chapter 6 with H,O in a
second step.

ii. To measure He- tagged spectra of [(AIVO3)CO¢]*" (see chapter 5.1).

iii. To measure spectra of [VPO4(C,H,4)]*" with He- tag (see chapter 5.2).

The photocatalytic active site in zeolite molecular sieves is found to be the [Fe?*-O7
charge transfer excited state. The nature of this active site is also studied and
summarized by a parallel study reported in ref.!. Possible next steps are to
investigate the catalytic activities of this cluster model. Theoretical calculation by the
group of Prof. Sauer, predicts Al,FeO,", which contains the [Fe?*-O7 unit can
actually activate methane. It would therefore be interesting to experimentally verify
this prediction. A similar study is already been done an reported in ref.”®, where it
was shown experimentally that AlgOq," activates methane by abstraction of a
hydrogen atom but the reactivity is inhibited by replacing one Al- with an Fe- atom.
Since, Fe- doped metal oxide (e.g. Zn-, Ti- oxide) nanoparticles'* ' got much
attention for their elevated catalytic efficiency, other compelling experiments can be
(i) studying structural evolution and active site characterization of Zn- and Ti- oxide
clusters with Fe- atom impurity and (ii) testing their catalytic activity.

Similar to the studies shown in chapter 5 and 6, cryogenic ion trap vibrational
spectroscopy in combination with electronic structure calculations can be applied to
investigate potentially interesting heterogeneous catalysis reactions with suitable
pure- and mixed- metal oxide clusters.'®? Experiments, involving coupling of
methane or water with carbon dioxide®®> can be performed with a modified
experimental set-up having two ion traps (discussed above). The area of reactivity
studies can also be extended towards using metal- carbides? or nitrides.

Preliminary results on understanding water interaction with Fe- oxides having mixed
valence Fe-atoms is presented in Appendix B. These clusters show high multi-
reference character, so, theoretical calculations predicting unambiguous structure
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and reactivity becomes expensive. However, these studies are demanding for a
molecular level understanding of water adsorption process as a function of oxidation
state. Here, interaction of the first two water molecules with the Fe-oxide clusters is
shown and dissociative water adsorption is predicted in both the cases. In future
experiments it will be interesting to explore further evolution of hydration shell and to
know at which step molecular water adsorption is happening.

The potential of cryogenic ion trap vibrational spectroscopy is enhanced and widened
by coupling this technique with widely tunable and intense IR light source, the FHI-
FEL. Proposed upgrade of the FHI-FEL will allow exploring spectral features at the
far-infrared and terahertz (THz) region.?®> Moreover, two colour IR experiments can
also be performed on implementation of this upgrade.
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Appendix A
A.l. Supporting Information:

Infrared Photodissociation Spectroscopy of [(Al,O3),FeO]" with n =
2-5: Influence of Fe-Impurities on Structure and Other Properties

The following section contains the supporting information for the ready to submit
manuscript presented in section 4.1:
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Figure S1. Experimental IRPD spectra of He-tagged (Al,FeO,)" (top trace) compared with
simulated IR spectra (lower traces) of the two lowest-energy isomers (®1are - °1bg).! The
calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by
1.0166) and intensities are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line
shape convolution. Each sum spectrum is colour coded using Red and Green for individual

and black for common contributions.
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Figure S2. Experimental IRPD spectra of He-tagged (Al;Fe0;)" (top trace) compared with
simulated IR spectra (lower traces) of all calculated isomers (°2are-i - 2h) with sextet spin
state. The calculated IR spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled
by 1.0) and intensities are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line shape
convolution. See Fig.S8 for the structures and relative energies of the contributing isomers.
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Figure S3. The experimental IRPD spectrum (black) is compared with calculated harmonic,
anharmonic and MD simulation spectra of the lowest energy isomers. In the lowest panel
harmonic IR spectra of ®2ar.-i (red) and ®2bg. (green) on the PBEO level are seen. Above, the
harmonic spectra for the same isomers on the TPSSh level are shown. The blue trace results
from a Fourier transformation of the total dipole moment of ®2ar.-i captured during a 40 ps
molecular dynamics simulation on the PBEO-PES. It can be seen, that the doublet peak is
emerging at about 994 cm™. In the topmost panel the anharmonic PBEO frequencies for both
relevant isomers are given as stick spectrum. They suggest that the doublet is resulting from
the highest energy vibration of both isomers.
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Figure S4. Experimental IRPD spectra of He-tagged (AlgFeO10)" (top trace) compared with
simulated IR spectra (lower traces) of all calculated isomers (°3a-ire — ®3fr). The calculated IR
spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by 1.0166) and
intensities are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line shape
convolution. See Fig.S8 for the structures and relative energies of the contributing isomers.
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Figure S5. Experimental IRPD spectra of He-tagged (AlsFeO13)* (top trace) compared with
simulated IR spectra (lower traces) of all calculated isomers (*4a-if. - 6"4p,=e). The calculated IR
spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by 1.0166) and
intensities are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line shape
convolution. See Fig.S8 for the structures and relative energies of the contributing isomers.
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Figure S6. Experimental IRPD spectra of He-tagged (Al,oFeO1¢)* (top panel) compared with
simulated IR spectra (lower traces) of all calculated isomers (®5ar. - ®50r). The calculated IR
spectra, derived from TPSSh/def2-TZVP harmonic frequencies (scaled by 1.0166) and

intensities are plotted with sticks (gray) and a 10 cm™ FWHM Gaussian line shape
convolution. See Fig.S8 for the structures and relative energies of the contributing isomers.
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Table S1: TPSSh/def2-TZVP Relative Electronic energies AEpsr and ZPE-Corrected relative
energies AEg prr of all calculated isomers of [(Al,03),(Fe0)]" (n=2-5)

n Isomer AEDFT AEO,DFT
2 ®2are-i 0 0
®2are-ii 53 52
52ape-iii 96 95
52bre 6 5
2¢Cre 32 31
52dre 32 32
2¢er. 44 44
52fre 49 48
20 50 49
%2hre 54 53
3 ®3apc-i 0 0
3apc-i* 0 0
®3are-ii 23 23
3ape-iii 23 23
®3ape-iv 27 26
®3arc-v 61 59
®3are-vi 62 61
3ape-vii 76 74
3bre 16 16
®3cre 24 24
%3dre 25 24
®3er. 35 35
53fre 79 77
4 ®4age-i 0 0
4ape-ii 14 13
4 ape-iii 20 20
%4bee 47 49
4cre 53 51
%4dee 64 63
%4ere 65 64
54fce 71 68
®49re 75 74
54hee 81 79
4, 84 82
®4jre 85 83
%4Kee 88 84
541, 90 87
%4me, 91 89
64n|:e 91 90
%40Fe 97 95
®4pre 106 104
5 ®5are 0 0
®5bee 10 10
®5¢ke 18 17
50k, 26 26
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*5ere 31 29
®5fre 45 42
®5gre 80 76
55he. 81 77
55ire 91 88
®5ire 89 88
55kee 101 08
551e 113 113
55 M, 129 124
55Nk, 130 125
550F¢ 150 150

Table S2: Experimental Band Positions (in cm™) from the IRPD Spectra of He-tagged
[(Al,03),(FeO)]" (n = 1-5), Shown in Figure 1, and TPSSh/def2-TZVP Harmonic frequencies (in
cm™?) scaled with 1.0166, of the contributing Isomers as well as Band Assignments

n experiment theory assignment
454 438 Framework
494 490 Al-O,3 stretch
549 556 Fe-O,3 stretch
593 599 Al-O,3 stretch
619 632 Fe-u»-0 stretch
659 663
724 718

727
739 745 Fe/Al-O,2/3-Al stretch
755 756
775 779

829
825 854 Al4-0O stretch
914 923
938 952 Al-Oo-Al stretch
983 973
993 998

3 452 ast Framework
465 467
511 510
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Influence of Fe-Impurities on Structure and Other Properties

564 566 FeAl,-O,3 out of plabe bend
582 580 Al3-O,3 out of plabe bend
608 613 Al-O4 stretch
696 694 Fe/Al-O

701 Hafp2
714 714 Fe-O,; stretch
757 755 Fe/Al-Op3 stretch
784 781
796 791 Aly3/u4-O stretch
835 832
856 851 Al ;4-O3 stretch
886 891 Als-O,2-Al/Fe stretch
924 931 Al-O,; stretch
938 939 Al s-O,2 sym stretch
953 955 Al 4-O,2 anti sym stretch
992 996 Al3-O,2 stretch

4 475 443 Framework

515 480 W

549
555 560

573
585 583 Fe/Al-O,3 stretch
600 598

615
629 624

647

Al-O, 3 stretch

691
693 694

760
754 765 Fe/Al-O/3 stretch
784 788
799 809 Al-O, 3 stretch
823 831 Fe/Al-Oz3 stretch
842 823
857 860 Al-O,3 stretch

870
867

874 Al 4-O,2-Al 3 stretch

894 Al/Fe-O, stretch
891 900

937 Al-O,p3 stretch
931

950 Al,4-O, 3 stretch
1026 1030 Al 3-O, stretch
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5 465 447 Framework
502 jgg Fe/Al-Oy3in plane bend
532 535 Fe/Al-O stretch
579 573 Al-O,3 out of plane bend
639 627 Al-O,3 out of plane bend
687 717 Fe-O,, stretch
741 748 Fe-O,o- Al stretch
796
796 802 Fe/Al-O stretch
856 858 Al 4-Oy3 stretch
886 890
921 927 Al 3-Op2- Alys stretch
941 937
954
959 962 Al-O,; stretch
983 990 Al 3-O, stretch
997 Als-O stretch
1034 1037 Al 3-O, stretch
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A.1. Supporting Information: Infrared Photodissociation Spectroscopy of [(Al203).FeQ]" with n = 2-5:
Influence of Fe-Impurities on Structure and Other Properties

Figure S7. TPSSh/def2-TZVP minimum-energy structures of all the calculated isomers of
[(Al,03),(FeO)]" (n=2-5). The ZPE-corrected DFT energies are given at the bottom. The
isomers are labeled with nx, where n is the number of (Al,03) unit and x = a, b, c,..., which
indicates the energetic ordering. Atoms in white= Al, yellow= Fe, red= 0.
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Figure S8. TPSSh/def2-TZVP minimum-energy structures (ball and stick) of low-energy
isomers that are found to contribute to the IRPD spectra of [(Al,03),(FeO)]* (n=1-5)." The
isomers are labeled with nx, where n is the number of (Al,03) unit and x = a, b, ¢, ..., which
indicates the energetic ordering. Different bond lengths in A unit are indicated. Atoms in
white/blue= Al, yellow= Fe, red= O, and green= He.
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Influence of Fe-Impurities on Structure and Other Properties

Table S3: Cosine score?” of low energy isomers of [(Al,03),(FeO)]" (n=2-5), calculated using
equation 1 and 2 from the main manuscript.

n= Isomer Score
2 ®2are-i 0.63
®2bre 0.21
®2arc-i + ®2bre (80/20) 0.63
®2are-i + °2bg. (90/10) 0.64
®2ar.-i + °2bre (70/30) 0.61
3 ®3are-i 0.87
®3ape-ii 0.61
®3bee 0.55
4 ®4ape-i 0.69
®4ape-ii 0.67
4 apc-iii 0.68
®4ape-i + P4age-iii (50/50) 0.77
®4are-i + P4apc-iii (40/60) 0.77
®4arc-i + 4arc-iii (60/40) 0.76
®4are-i + ®4are-ii (60/40) 0.70
®4are-i + ®4are-ii (70/30) 0.70
®4are-i + ®4are-ii (50/50) 0.70
®4are-ii + *4ar-iii (50/50) 0.74
®4are-ii + P4arc-iii (60/40) 0.73
®4arc-ii + *4ap-iii (40/60) 0.74
5 ®5are 0.52
®5bre 0.79
®5¢Cre 0.80
®5are + °5Cre (30/70) 0.84
®5are + ®5cre (20/80) 0.84
®5are + °5ce¢ (40/60) 0.83
®5are + ®5be (30/70) 0.83
®5are + °5bre (20/80) 0.83
®5are + °5bre (40/60) 0.81
®5bre + ®5Cee (50/50) 0.85
®5bre + ®5Crc (60/40) 0.85
®5bre + °5Cec (40/60) 0.85
References:
1. Fabian Miller, J. B. S., Florian A. Bischoff, Laura Gagliardi, Joachim Sauer, Sreekanta Debnath,
Marcel Jorewitz, Knut R. Asmis,. The [FeAl204]+ radical cation and its ability to activate C-H bonds.
2. Kempkes, L. J. M.; Martens, J.; Berden, G.; Houthuijs, K. J.; Oomens, J. Investigation of the

position of the radical in z3-ions resulting from electron transfer dissociation using infrared ion
spectroscopy. Faraday Discussions 2019, 217 (0), 434-452.

3. van Outersterp, R. E.; Houthuijs, K. J.; Berden, G.; Engelke, U. F.; Kluijtmans, L. A. J.; Wevers,
R. A,; Coene, K. L. M.; Oomens, J.; Martens, J. Reference-standard free metabolite identification using
infrared ion spectroscopy. International Journal of Mass Spectrometry 2019, 443, 77-85.
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Appendix B
Fe-Oxides

Experimental Details:

IRPD experiments are conducted using the cryogenic ion trap tandem mass
spectrometer described in chapter 3.3. A pulsed beam of cationic iron-oxide clusters
is formed by laser vaporization with the source described in Section 3.1. Vaporization
is induced by focusing (30 cm focal length) the second harmonic output (532 nm) of a
pulsed 50 Hz Nd:YAG laser (Soliton, Nano LG 100-50) onto the surface of a moving
Fe-rod target. The ablated plasma is then entrained in a carrier gas pulse of 0.65%
O, seeded in helium, Fe-oxide clusters Fe,O," are subsequently formed through
expansion in a clustering channel ending with a cone shape nozzle held at a
temperature of 270 K. In order to obtain a stable cluster signal, the turning speed of
the rod is set to ~3 turns per minute and laser pulse energies of up to 7 mJ are
applied. Using a backing pressure of ~4.5 bar, Fe,O," clusters are efficiently
produced in the mass range from 40 to 600 amu (see Fig.B.2.1). The time delay
between laser Q -switch and opening of the pulsed valve is optimized to enhance the
formation of the clusters of interest. In order to form Fe-oxide/water complexes, a
flow of helium at 1.5 bar passes through a bubbler containing H,O at room
temperature (294 K). Water vapour mixes with He and the gas mixture is injected
with the second pulsed valve in the source block expanding through the separated
gas channel. Fe,O,"(H20), complexes with n < 5 are efficiently formed. The beam of
ions passes a 4 mm diameter skimmer, is then collimated in a RF buffer-gas-filled
decapole ion-guide and ions of interest are selected according to their mass/charge
ratio using a quadrupole mass-filter. The mass-selected beam is focused into a
cryogenically-cooled RF ring electrode ion-trap. The trap is continuously filled with
He- buffer gas at a trap temperature of 14 K, which allows for the accumulation and
thermalization of the trapped ions. Inside the ion trap, ions undergo three-body
collisions with the buffer gas, which promote the formation of weakly bound ion-He
complexes. After an ion trap fill time of 199 ms all ions are extracted from the ion trap
and focused in the center of the extraction region of TOF mass spectrometer, where
they are irradiated by an intense and wavelength-tunable IR laser pulse. When
resonant with a vibrational transition, the parent ions can absorb a photon, eventually
leading to loss of one or more messenger molecules via intramolecular vibrational
predissociation. For the larger water complexes (n = 2) ion-messenger complex
formation is not efficient and the vibrational spectra are measured via IRMPD. For the
lower-energy spectral range (1800-300 cm'1), the FHI FEL was used and the
OPO/OPA laser, operating at 10 Hz, provided access to frequencies ranging from
4000-3000 cm 1. The infrared photodissociation cross sections orpp is obtained as
described in Section 3.4. The IRMPD vibrational spectrum is obtained monitoring the
fragment originated by the loss of first H,O molecule. Each spectrum is averaged
over at least 60 measurements.
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B.1. Structure and Reactivity of Mixed Valence
Fe-Oxides, Fe;O;" and Fe,O:": Towards Water
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Figure B.1.01. Experimental IRPD spectra of He-tagged (black)/ untagged (red)
[(Fez03)(D20)n]" (n=0-2) compared with simulated IR spectra (green) of the lowest-
energy isomers. The calculated IR spectra, derived from TPSSh/def2-TZVP
harmonic frequencies (not scaled) and intensities are plotted with 10 cm™ fwhm
Gaussian line shape convolution. Isomers are labelled with xy-nm, where x is the
number of Fe atoms, y number of oxygen atoms, n number of water molecules and m
= a, b,..., indicates energetic ordering of the isomers. DFT calculated relative
energies are given in the parenthesis bottom to the isomer labelling. (Fe: Brown, O:
Red, H: White)
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B.1. Structure and Reactivity of Mixed Valence Fe-Oxides, Fe;O;" and Fe,Os":
Towards Water
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Figure B.1.02. Experimental IRPD spectra of He-tagged (black)/ untagged (red)
[(Fe4O5)(D20)n]" (n=0-2) compared with simulated IR spectra (green) of the lowest-
energy isomers. The calculated IR spectra, derived from TPSSh/def2-TZVP
harmonic frequencies (not scaled) and intensities are plotted with 10 cm™ fwhm
Gaussian line shape convolution. Isomers are labelled with xy-nm, where x is the
number of Fe atoms, y number of oxygen atoms, n number of water molecules and m
= a, b,..., indicates energetic ordering of the isomers. DFT calculated relative
energies are given in the parenthesis bottom to the isomer labelling. (Fe: Brown, O:
Red, H: White).
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B.2. F6304'(H20)+n:0_4
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Figure B.2.01. Quadrupole mass spectrum of the ions produced by pulsed laser
vaporization of a pure Fe metal rod and quenching in a gas pulse of 0.65 % O
seeded in He. Pure H,O was added from the second gas channel of the source block
to get H,O adsorbed product.
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Figure B.2.02. Experimental IRPD spectra of He-tagged (black)/untagged (red)
[(Fez04)(H20)n]" (n=0-4) clusters. He- tagging of n=3 and 4 clusters were not
achieved, so their IR spectra is generated looking at the first H,O depletion channel.
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Appendix C
Microhydration of Salts

Experimental Details:

IRPD experiments are performed using a cryogenic ion trap tandem mass
spectrometer described in the chapter 3.3. In brief, microhydrated magnesium nitrate
cations [MgNO3=(H20),]" / iron-hydroxy-chloride cations [Fe(OH)(Cl)*(H,0),]" are
continuously generated in a modified Z-spray ionization source (see chapter 3.2)
using a 10 mM aqueous solution of magnesium nitrate / FeClz*6H,0 salt in pure
distiled water. Formed ions pass through a 4-mm diameter skimmer and are
collimated in a radio frequency (RF) decapole ion-guide. The ions are then mass-
selected with a quadrupole mass-filter, deflected 90° by an electrostatic quadrupole
deflector, and focused into a cryogenic RF ring-electrode ion trap. The trap is
continuously filled with a buffer gas mixture, either He- or 10% D, and held at 10K
(when pure He- is used) or 18 K (when 10% D is used) depending on the used
buffer gas, which allows for the accumulation and thermalization of the trapped ions.
At sufficiently low ion-trap temperatures, ion-messenger complexes are formed via
three-body collisions. The ions are accumulated in the trap either for 100 ms or 200
ms, depending on the IR laser used, then extracted and focused both temporally and
spatially into the extraction region of an orthogonal time-of-flight (TOF) mass
spectrometer. Here, the ions are irradiated with a counter-propagating IR laser pulse
generated either by the FHI FEL (described in section 3.5) or a table-top OPO/OPA
laser system. For the lower-energy spectral range (1800-300 cm™), the FHI FEL was
used and the OPO/OPA laser, operating at 10 Hz, provided access to frequencies
ranging from 4000-3000 cm™. In both energy regions, the laser beam was attenuated
in order to minimize multi-photon excitation. Following the interaction with the IR
laser pulse, all parent and photofragment ions are accelerated towards a
microchannel plate detector and monitored as a function of irradiated wavelength.
IRPD scans are recorded by averaging over 100 time-of-flight mass spectra per
wavelength step (3 cm™ for both the FHI FEL and the OPO/OPA system). Typically,
at least three scans are summed to obtain the final IRPD spectrum. The IRPD cross
section, Oirpp, is Obtained as described in section 3.4.
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C.1. Infrared Spectroscopic Snapshots of
MgNO; Solvation in Water: [MgNO3=(H,0),]"
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Figure C.1.01. Experimental IRPD spectra of [(MgNO3)=(H20),]" clusters. For n= 0, 1
He- tagging was possible, D, tagging could be achieved for n= 2-6 clusters, rest of
the others showed very tiny tagging efficiency. Accordingly, IRPD spectra (black) was
measured for n= 0-6 clusters looking at the depletion of the tag and for n= 7-20
IRMPD spectra (red) was measured looking at the first H,O depletion channel.
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C.2. [Fe(OH)(Cl)=(H-0).]*

C.2. [Fe(OH)(Cl)=(H,0),]"
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Figure C.2.01. Experimental IRPD spectra of He- (n=0) /D2- (n=1-4) tagged
[(Fe)(OH)(CI)(H20).]" (n=0-4) (black) compared with the simulated IR spectra (green)
of the lowest-energy isomer. The calculated IR spectra, derived from TPSSh/aug-cc-
pVTZ harmonic frequencies and intensities are plotted with 10 cm™ fwhm Gaussian
line shape convolution. Isomers are labelled with n-x, where n is the number of H20
molecules and x indicates energetic ordering of the isomers. Presented calculated
spectra are not scaled in the 200-1100 cm-1 region, but 3400-3800 cm-1 region is
scaled with a factor of 0.971. See Figure E.02 for the structure of the isomers.
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3-a

Figure C.2.02. TPSSh/aug-cc-pVTZ minimum-energy structures of all the calculated
isomers of [(Fe)(OH)(CI)(H20).]" (n=0-4). (Fe: Brown, O: Red, H: White, CI: Green)
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Submitted Papers

1.

J. Warneke, M. Mayer, M. Rohdenburg, X. Ma, J. K. Y. Liu, M. Grellmann, S.
Debnath, V. A. Azov, E. Apra, R. P. Young, C. Jenne, G. E. Johnson, H. I.
Kenttamaa, K. R. Asmis, J. Laskin, Direct functionalization of C-H bonds by
electrophilic anions, (under revision in PNAS).

Manuscripts under Preparation

1.

S. Debnath, M. Jorewitz, F. Muller, F. Bischoff, J. B. Stuckrath, J. Sauer, K. R.
Asmis, Infrared Photodissociation Spectroscopy of [(Al,03),FeO]" with n = 2-5
Influence of Fe-Impurities on Structure and Other Properties.

. F. Mdller, J. B. Stuckrath, F. A. Bischoff, L. Gagliardi, J. Sauer, S. Debnath, M.

Jorewitz, K. R. Asmis, Valence and Structure Isomerism of Al,FeO,": Synergy of
Spectroscopy and Quantum Chemistry.

F. Mdller, F. A. Bischoff, J. Sauer, S. Gewinner, W. Schollkopf, M. R. Fagiani, X.

Song, S. Debnath, Knut R. Asmis, Water Adsorption on FeszO;" Gas Phase
Clusters.
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Talks and Conference Contributions

e Frontiers in Size-Selected Cluster Research: Bridging the Gap, Sept 29 - Oct
04, 2019, Bad Honef, Germany.

Poster presentation: “Infrared Photodissociation Spectroscopy of [(AlO3),FeO]"
with n = 2-5: Influence of Fe-Impurities on Structure and Other Properties”.

e Bunsentagung, May 29-31%, 2019, Jena, Germany.

Poster presentation: “Structural Properties of [(Al,O3),(FeO)]" Clusters Studied by
Infared Photodissociation Spectroscopy”.

e CRC-1109 final meeting, October 2018, Berlin, Germany.
Speaker: Structure and reactivity of bi-metallic metal oxide clusters.

e Gordon Research Seminar and Conference on Molecular and lonic Clusters,
Feb 24-25" 2018, Tuscany IL Ciocco in Lucca (Barga), Italy.

Speaker (GRS): “CO; Activation by TisOs anion Studied by Infrared
Photodissociation Spectroscopy”.

Poster presentation (GRC): “CO, Activation by TizOg anion Studied by Infrared
Photodissociation Spectroscopy”.

e Bunsentagung, May 10-12th, 2018, Hannover, Germany.
Speaker: “CO, Adsorption by Ti;Og™ : A Novel Carbonate Binding Motif”.

e Workshop “Introduction to Gaussian: Theory and Practice”, January 8-12",
2018, New Delhi, India.

e Workshop “Horizons in Cold Cluster Spectroscopy”, September 12-15™,
2017, GroRRbothen, Germany.

Speaker: “Reactivity of Titanium Oxide Anions: A vibrational Spectroscopic
Study”.

e Bunsentagung, May 25-27", 2017, Kaiserlautern, Germany.

Speaker: “Vibrational Spectroscopy of Microhydrated Magnesium Nitrate Cations
[MgNO3]*(H20)0.12 Evolution of Characteristic Binding Motifs”.

e CRC 1109 Symposium, February 19-22" 2017, Berlin, Germany.
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Poster presentation: “Vibrational Spectroscopy of Water Adsorption on Metal
Oxide Clusters”

Future of Chemical Physics Conference 2016, Aug 31%-September 2", 20186,
Oxford, UK.

Poster presentation: “Vibrational Spectroscopy of D»-Tagged Microhydrated
Magnesium Nitrate Cations [MgNO3]*(H20)n=0.12"

Bunsentagung, May 5-7", 2016, Rostock, Germany.

Speaker: “Gas Phase Vibrational Spectroscopy of Titanium Oxide Anions:
Structure-Reactivity Relationship”

CRC-1109 Summer School, August 22-25", 2016, Berlin, Germany.

Poster presentation: “Mass Spectrometry and Vibrational Spectroscopy of Silicate
and Fe-Hydroxychloride Oligomers”
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