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Abstract

Abstract
A manganese oxide cube represents the center of the oxygen evolving complex of the
Photosystem II. It is the key component of the water splitting process to produce oxygen and
H+-ions. The hydrogen ions get transferred to the lumen of the plant, whereby a proton gradient
is generated, meaning a difference in concentration of H+ ions in the lumen and the stroma. The
proton gradient drives the ATP synthesis, a reductive conversion of ADP to ATP. For the
industrial use, the reductive conversion should take place to form H2 from the H+-ions.
Molecular hydrogen is a clean and efficient energy carrier and became of great interest in the
scientific community in the last three decades.
Ever since, the artificial water splitting has been studied in detail. The biological complex
consists of a CaMn4O5 metal core that is surrounded by an intricate amino acid structure. In
order to simplify the experimental approach, the modelsystem MnxOy+ has been implemented.
In this work various compositions of stoichiometric (MnxOy; x=y) and mainly higher
oxidized (MnxOy; x<y) cationic manganese oxide clusters have been investigated via gas phase
reaction kinetic measurements in an ion trap and infrared multiphoton dissociation
spectroscopy.
First of all, the structures of bare cationic manganese oxide clusters have been determined in an
infrared multiphoton dissociation set up. Binding trends for additional oxygen atoms could be
identified due to the specific vibrational modes of bridged and terminal oxygen atoms and
molecularly bound oxygen.
Subsequently, the reaction behavior of the manganese oxide clusters towards D2O was studied
in a gas phase reaction kinetics set up by recording mass spectra in an octopole ion trap. It has
been distinguished between complexes with two (dimeric), three (trimeric) and four (tetrameric)
manganese atoms and multiple oxygen atoms. The experimental data showed that each dimeric
cluster composition splits water by releasing hydrogen peroxide and binding D2 at the cluster
core. In contrast, the trimeric series adsorbed water, but did not proceed any further reaction,
independent of the number of oxygen atoms in the complex. Special findings have been made
with the tetrameric cluster ions. The complexes with an odd number of oxygen atoms showed
a water splitting process, like seen for the dimeric series, by releasing hydrogen peroxide and
binding deuterium to the cluster ion.
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In order to support the suggested water splitting mechanism with D2 remaining at the cluster
core, deuterium and hydrogen adsorption experiments have been performed. Experimental data
were collected in the gas phase reaction kinetics set up to detect reaction product mass spectra
and in the infrared multiphoton dissociation set up to get structural information. Each studied
cluster composition adsorbed hydrogen/deuterium molecularly.
Apart from studies of the water splitting reaction, the CO2 activation at cationic manganese
oxide clusters has been investigated in order to address the environmental problems caused by
CO2 emission. The measurements with the infrared multiphoton dissociation set up proved an
adsorption of carbon dioxide at the cluster ions due to the appearance and detection of the
characteristic CO2 Fermi dyad. An activation of the carbon dioxide molecule could not be
shown.
The final part of this work aimed at the conversion of acetic acid which represents the main
byproduct in the pyrolysis of biomass to generate bio-oil. It has been shown that [Mn4O4]+ is a
capable catalyst to convert acetic acid into methane, CO2, ketene, acetone and water.
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Zusammenfassung
Ein Manganoxid-Kubus bildet das Zentrum des Sauerstoff-produzierenden Komplexes im
Photosystem II. Er ist die Schlüsselkomponente der Wasserspaltung zur Produktion von
Sauerstoff und H+ Ionen. Die Wasserstoff Ionen werden in das Lumen der Pflanze abgegeben,
wodurch ein Protonengradient entsteht, also ein H+-Ionen Konzentrationsunterschied zwischen
Lumen und Stroma. Dieser Protonengradient treibt die ATP-Synthese, eine reduktive
Umwandlung des ADP zu ATP, an. In der Industrie sollte die reduktive Umwandlung von H+
Anwendung finden, um H2 zu generieren. Molekularer Wasserstoff ist ein sauberer und
effizienter Energieträger und wurde für die wissenschaftliche Gemeinde in den letzten drei
Jahrzenten äußerst interessant.
Seitdem wurde die künstliche Wasserspaltung detailliert untersucht. Der biologische Komplex
besteht aus einem CaMn4O5 Metallzentrum, das von einer komplexen Aminosäure Struktur
umgeben ist. Um den experimentellen Ansatz zu vereinfachen wurde das Modelsystem MnxOy+
implementiert.
In dieser Arbeit wurden verschiedene Zusammensetzungen von stöchiometrischen (MnxOy;
x=y) und hauptsächlich höher oxidierten (MnxOy; x<y) positiv geladenen Manganoxid-Clustern
mittels Gasphasen-Reaktionskinetik in einer Ionenfalle und Infrarot-MultiphotonenDissoziations-Spektroskopie untersucht.
Zunächst wurden die Strukturen der reinen positiv geladenen Manganoxid-Clustern mit einem
Infrarot-Multiphotonen-Dissoziations-Aufbau bestimmt. Bindungstrends für zusätzliche
Sauerstoffatome konnten identifiziert werden aufgrund der spezifischen Vibrationsmoden von
verbrückten und terminalen Sauerstoffatomen und von molekularem Sauerstoff.
Anschließend wurde das Reaktionsverhalten der Manganoxid-Cluster gegenüber D2O in einem
Gasphasen-Reaktionskinetik-Aufbau durch die Aufnahme von Massenspektren in einer
Oktopol-Ionenfalle untersucht. Es wurde zwischen Komplexen mit zwei (dimer), drei (trimer)
und vier (tetramer) Manganatomen mit multiplen Sauerstoffatomen unterschieden. Die
experimentellen Daten zeigten, dass jedes Dimer Wasser spaltete, indem Wasserstoffperoxide
freigesetzt wurde und D2 am Cluster band. Im Gegensatz dazu adsorbierten Trimere Wasser,
jedoch fand keine weitere Reaktion, unabhängig von der Anzahl der Sauerstoffatome, statt.
Spezielle Funde wurden bei den tetrameren Cluster Ionen gemacht. Die Komplexe, die eine
ungerade Anzahl an Sauerstoffatomen beinhalten, zeigten einen Wasserspaltungsprozess,
IV
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indem, wie bei den Dimeren beobachtet, Wasserstoffperoxid freigesetzt wurde und Deuterium
an das Cluster Ion band.
Um den vorgeschlagenen Mechanismus der Wasserspaltung mit einem anschließend
gebundenen D2 zu unterstützen, wurden Adsorptionsexperimente mit Deuterium und
Wasserstoff

durchgeführt.

Experimentelle

Daten

wurden

mit

dem

Gasphasen-

Reaktionskinetik-Aufbau zur Detektion von Massenspektren der Reaktionsprodukte und mit
dem Infrarot-Multiphotonen-Dissoziations-Aufbau für strukturelle Informationen, gesammelt.
Jede untersuchte Clusterzusammensetzung adsorbierte Wasserstoff/Deuterium molekular.
Neben den Untersuchungen zur Wasserspaltungsreaktion wurde die CO2 Aktivierung an positiv
geladenen Manganoxid-Clustern erforscht, um die Umweltprobleme durch CO2 Emission zu
adressieren. Die Messungen mit dem Infrarot-Multiphotonen-Dissoziations-Aufbau bewiesen
eine erfolgreiche Kohlenstoffdioxid Adsorption, durch das Auftreten und Detektieren der
charakteristische Fermi Dyade. Eine Aktivierung des Kohlenstoffdioxids konnte jedoch nicht
gezeigt werden.
Der finale Teil der Arbeit zielte auf die Umwandlung von Essigsäure ab, die das primäre
Nebenprodukt aus der Pyrolyse von Biomasse zur Herstellung von Bio-Öl darstellt. Es wurde
gezeigt, dass [Mn4O4]+ als brauchbarer Katalysator für die Umwandlung von Essigsäure zu
Methan, CO2, Keten, Aceton und Wasser genutzt werden kann.
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Chapter 1
Introduction
The industrial development depended so far on the usage of fossil fuels and the cheap energy it
delivered. It is undeniable that our excessive burning of fossil fuels caused environmental
pollution and global warming due to the production of carbon dioxide[1]. The environmental
problems reach from local to global, from serious air pollution in the cities to CO2 production
out of balance with the natural carbon cycle. Apart from the environmental damage that results
from the combustion of fossil fuels, the decreasing availability of them is alarming. Therefore,
the gap between the increasing demand of energy and the shrinking supply of fossil fuels has
to be met by alternative primary energy sources[2]. A clean and efficient energy carrier is
hydrogen[3]. But producing it in large quantities is challenging for our society[4]. The natural
photosynthesis can be a role model for the artificial production of hydrogen.
The photosynthesis of our plants and algae is the production of energy by the use of light and
water which are earth abundant resources. The total reaction equation shows the conversion of
carbon dioxide and water to sugar and dioxygen by the sunlight (h = Planck constant, ν =
frequency) :
6CO2 + 6H2O + hν → C6H12O6 + 6O2

(1. -1)

The photosynthesis delivers the oxygen we breath and the food we eat, either as the plant itself
or to feed our animals. During the oxygen production, H+-ions are generated as well. The ions
are utilized to drive the reductive conversion of ADP to ATP. Hydrogen ions can be transferred,
also by reductive conversion, to molecular hydrogen. Therefore, photosynthesis serves as a
modelsystem for environmentally friendly energy generation For decades, scientists try to
mimic the natural process with artificial photosynthesis, also because hydrogen is a promising
material for energy storage [5].
The leaves of the plants contain the building blocks of photosynthesis, namely Photosystem I
and Photosystem II (PSI and PSII). The interaction of these two Photosystems will be explained
later in detail. For this work, Photosystem II is of great interest due to the water splitting
1
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reaction. It is an enzyme, thus a protein complex, that is embedded in the thylakoid membrane.
That protein complex comprises the oxygen evolving complex (OEC).The OEC is composed
of a metal core with four manganese atoms, five oxygen atoms, and one calcium atom
(CaMn4O5)[6].
In order to understand the water splitting process, the components and structure of the OEC
have been studied in detail. Different approaches in this respect included the extraction of the
OEC for example from spinach or bacteria[7,8]. The scientists could show a limited oxygen
evolution that does not depend on the thylakoid membrane, where the PS II is located, but is
very sensitive on the applied purification method and pH value of the solvent. The extraction
experiments pointed out that the bare metal complex is still working as a water splitting catalyst
but did not indicate whether each metal atom is necessary to keep up the functionality.
Until today, the role of the calcium atom is under discussion. In 1984, Ca2+ was determined to
be an essential cofactor in the oxygen evolution process[9]. It has been speculated that the
calcium atom both binds and provides a substrate water molecule and adjusts the redox potential
to generate optimal water splitting conditions[10–13]. Latest studies concluded that calcium
regulates the photosynthesis, but claimed further systematic research to be necessary[14]. Since
the role and the importance of calcium is still unclear, bare manganese oxide complexes have
been investigated as well.
Instead of studying the sophisticated metal core with its amino acid surrounding, the OEC has
been simplified to MnxOy as a ligand stabilized modelsystem for the water splitting reaction. A
variation of ligands, solvents, and methods lead to multiple modelsystem compositions that
produce oxygen. Naruta et al.[15] reported the first example of oxygen evolution by a four
electron water oxidation on a dimeric manganese oxide cluster (dimeric = Mn2Ox) with bonded
porphyrin units. Further investigations of dimeric manganese oxide clusters with bi/ter pyridine ligands resulted in an oxygen evolution as well[16–18]. Boucher and Coe[19] studied
dimeric manganese Schiff base complexes and obtained hydrogen peroxide production.
Concerning the catalytic activity of a complex, Pecoraro et. al.[20] mentioned that the production
of hydrogen peroxide indicates a further oxygen evolution from solution.
The dimeric series, however, without any ligand environment, has been investigated in this
work as well and the results are presented in chapter 5.1. The studies have shown a water
splitting process at the cluster core with a hydrogen peroxide release reaction.
Apart from studies of dimeric manganese clusters, experimental data of the reaction behavior
of monomeric complexes (monomeric = Mn1Ox) have been collected. Ligand modifications at
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a monomeric complex converted the catalytic activity from hydrogen peroxide
disproportionation to water oxidation[21]. Even though the sputtering of the metal targets (Mn
and MnO) employed in the present work lead to various compositions of complexes, the
generation of monomeric manganese oxide cluster was challenging and is therefore only briefly
mentioned in this thesis.
Tetrameric manganese oxide clusters (tetrameric = Mn4Ox) are the core of the oxygen evolving
complex. Therefore, their structure and ability to split water has been studied in detail by many
groups. The group of Christou and Hendrickson[22] prepared tetrameric manganese complexes
containing the [Mn4O3] oxide-bridged Mn4 core, consistent with the natural system. That
complex has the ability to spontaneously deprotonate water and incorporate it into the cluster
core. The scientists evaluated that process as a controlled H2O activation and therefore the first
step towards O2 release. Cubic complexes [Mn4O4]n+ with six diarylphosphinate ligands were
examined by Dismukes et al.[23]. The group could show, that an O2 evolution is
thermodynamically possible but does not take place due to the rigidity of the complex [23]. The
insolubility of the complex made the investigations nearly impossible. Therefore, the scientists
introduced a Nafion membrane into the experimental setup. The tetrameric cluster was
deposited into the membrane on a conducting electrode. The experimental data indicated the
tetrameric cluster / Nafion system to be a robust catalyst for photooxidation of water to produce
O2[24].
The results of the experiments with the tetrameric clusters investigated in this thesis are
presented in chapter 5.3. The experimental data provided interesting insights on the
dependence of the ability to undergo a water splitting reaction on the number of oxygen atoms
in the cluster core.
The focus of this work was not only placed on the research about manganese oxide clusters as
catalysts for water splitting reactions but also their ability to adsorb, activate, and convert CO2
molecules. Carbon dioxide has an acidic nature and therefore, metal oxides with their multiple
basic sites play an important role as adsorbants for CO2. Various metal oxides showed efficient
CO2 adsorption like for example calcium oxides and magnesium oxides[25,26]. Apart from the
basic sites of a metal oxide, the surface area is decisive for the adsorption rate of carbon dioxide
molecules. Porous metal oxide materials provide, due to their enlarged surface area, a promising
material for CO2 adsorption and have been versatilely studied. Mesoporous metal organic
frameworks containing for example cobalt imidazole or chromium carbolates served as
potential materials for CO2 adsorption and conversion[27,28]. Carbon dioxide electrolysis has
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been studied in detail as well. Measurements with nickel based cathodes resulted in an efficient
carbon dioxide fixation[29–31]. Baohang et. al.[32] used a manganese-graphene porous material
and reached a carbon dioxide capacity of 11 wt%. Also the group of Wu Y.[33] introduced
manganese as a promising material and doped titanate with it for a direct carbon dioxide
electrolysis. Studies of manganese bi/ ter-pyridine as electrocatalyst resulted in an efficient
reduction of CO2 to CO[34,35]. Gas phase clustering experiments that are comparable with our
approach were performed by Weber et. al.[36]. The group investigated the binding behavior of
manganese atoms with CO2 in the presence of an excess electron. They concluded a structure
dependence on the number of adsorbed carbon dioxide molecules and an observable trend for
additional adsorbed CO2 molecules. Multiple cationic metal CO2 clusters with iron,
magnesium, aluminum, or nickel as metal core have been investigated to determine the
adsorption behavior[37–42]. The studies proved a successful CO2 activation due to the blue shift
of the asymmetric stretch motion in an infrared spectrum of the attached carbon dioxide
molecules.
The results of the reaction of cationic manganese oxide clusters with carbon dioxide are
summarized in chapter 7.1 and provide information about the binding behavior of several CO2
molecules to the cluster core. As mentioned before, the society has to face the shrinking supply
of fossil fuels and the need of efficient and clean energy. The production of bio-oil from biomass
is environmentally friendly and not limited. The generated bio-oil demands as a first upgrading
step the conversion or decomposition of acetic acid. Various efficient conversion methods have
been studied. The group of Hu M.[43] investigated a metal-doped molybdenum carbide
supported catalyst. The catalytic hot gas filtration that is used to precondition biomass derived
fast pyrolysis vapors produced acetone highly efficient. Surface studies on alumina, titania and
ceria were performed as well. The acetic acid converted into acetone on titania and ceria at a
temperature of 400 °C and adsorbed irreversibly on alumina[44]. The oxidation of acetic acid by
manganese has already been proposed in 1986 by Finkbeiner and Bush[45]. The reaction lead to
multiple products like chlorophenylacetic , benzyl acetate, or methylphenylacetate.
The experimental data of the reaction of manganese oxide with acetic acid are presented in
chapter 8.1. Beside acetone formation, we could also obtain ketene and CO2 production. Acetic
acid could be successfully converted on cationic manganese oxide clusters to form useful
products.
In this work we successfully demonstrate the wide field of application for manganese oxide
clusters. The earth abundant and cheap material will be applicable for water splitting reactions,
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fixation of CO2 molecules, and conversion of acetic acids. These three areas face environmental
problems that need to be solved.
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Chapter 2
Photosynthesis
Plants, bacteria and algae photosynthesize to form energy rich organic compounds like glucose
and oxygen as a by – product by the utilization of sunlight (h = Planck constant, ν = frequency),
water, inorganic salts, and carbon dioxide:
6CO2 + 6H2O + hν → C6H12O6 + 6O2

(2. -1)

During photosynthesis two successive reactions occur: The light-dependent and the lightindependent reaction. The focus of this work is set on the light-dependent reaction that delivers
the energy for the light-independent reaction to produce CO2.
The conversion of light to chemical energy takes place in a multi-protein complex called a
Photosystem. Each organism that performs photosynthesis has two Photosystems, PSI and PSII,
that are embedded in the thylakoid membrane. They play a key role in capturing the energy
from sunlight by exciting electrons. The Photosystems consist of a light-harvesting complex
and a reaction center. The light-harvesting complex transfers light energy to two chlorophyll a
molecules that are located in the reaction center. An electron from the chlorophyll a molecules
is excited and passes to the electron acceptor. The removed electron has to be replaced. PS I
takes the electron from a chloroplast electron chain, in PSII the missing electron comes from a
water splitting reaction. The water oxidation will be described in detail in this chapter.

Chapter 2-1: Lisence free picture from https://pixabay.com/de/
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Photosystem II

Pierre Joliot discovered the Photosystem II as the terminal enzyme in the light dependent
reaction of photosynthesis for the first time in 1969 [46,47]. The PS II is a multi-subunit protein
complex that is embedded in the thylakoid membrane. The light induced electron transfer
reactions lead to the formation of a hole at the PS II and result in the water oxidation process.
The PS II consists of a light harvesting complex and a core complex and appears as a
dimer. Each monomer is composed of 19 protein subunits, 35 chlorophylls, two pheophytins,
11 β-carotenes, over 20 lipids, two plastoquinones, two haem irons, one non-haem iron, four
manganese atoms, three or four calcium atoms, three chloride anions, one bicarbonate, and over
15 detergents. Each of the monomers has a total molecular weight of 350 kDa. Around 2795
water molecules were found in the dimer of the Photosystem II.
The complex structure of the PS II dimer is displayed in Figure 2.1-1. The view on the dimer
is perpendicular to the membrane. Apart from the reaction center, the two intrinsic polypeptides
CP47 and CP43 are part of the core complex. They are presented in red and green in the figure.
The names are related to their size of 47 kDa and 43 kDa. CP47 and CP43 bind between 30 and
40 chlorophyll molecules and other components of the light harvesting complex. Besides the
intrinsic polypeptides, also extrinsic polypeptides are part of the core complex. They are
presented in medium blue, grey, magenta and cyan. These polypeptides stabilize the manganese
complex[48]. The reaction center core proteins D1 (yellow) and D2 (orange) are presented as
cylinders in the figure. The cytochrome b559 (cytb559) (wine red) is closely associated with
the core and may be involved in the electron transfer pathway. In order to understand the
processes that occur at the PSII, the complex structure of the PSII will be left out to focus on
the main part of the dimer, the reaction center[49].
The reaction center (RC) of the PSII is responsible for the charge separation which is the key
process of the photosynthesis. The RC is displayed in Figure 2.1-2 and is composed of the
intrinsic polypeptides D1 and D2 that contain eight cofactors. The cofactors are two primary
chlorophyll molecules PD1 and PD2 (green), two additional chlorophyll molecules ChlD1 (red)
and ChlD2 (green), two peripheral chlorophyll molecules ChlzD1 and ChlzD2 that are located on
the opposite sites of the periphery of the complex (not marked in the figure), and two pheophytin
molecules PheoD1 (blue) and PheoD2 (green). The cofactors are situated along the D1 – D2 axis
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and are divided into the D1 and D2 branch. Only the D1 branch is active in the charge separation
process.
The slow motions of proteins cause disorders that lead to energetic differentiations. Therefore,
two different charge separation pathways occur, depending on which one is energetically
favorable due to the geometric structure of the protein. Recent studies proposed the excitation
of the RC, followed by a charge separation and formation of a radical pair 1 (RP1) that is
transferred into the final radical pair 2 (RP2).
The light is adsorbed by a π- electron system of the antenna pigments and excites the peripheric
chlorophyll molecule ChlzD1. The molecule transfers the energy either on ChlD1PheD1 or
PD1PD2ChlD1. The excited states undergo a charge separation reaction and result in a radical pair
1. Both RP1 structures are transferred into the final RP2 PD1+PheD1-

[50–52]

. The following

equation simplifies the explained pathways to the main parts of the charge separation:
Chl + Pheo

Chl* + Pheo

The PD1∙+ has a redox potential of about 1.3 eV

[53]

Chl++Pheo-

(2.1-1)

and oxidizes the redox-active tyrosine Yz

that is located next to the OEC. Subsequently, the tyrosine oxidizes the OEC where the water
oxidation and oxygen evolution take place [54].

8

Photosynthesis

2.1 Photosystem II

Figure 2.1-1: Side view of the Photosystem II embedded in the thylakoid membrane. Reprinted with
permission from K. N. Ferreira, T. M. Iverson, K. Maghlaoui, J. Barber, S. Iwata; Science, 303,
Copyright (2004) The American Association for the Advancement of Science [49].

Figure 2.1-2: Details of the reaction center of the Photosystem II. Core proteins D1 and D2
are presented in green, Chlorophyll molecules D1 (red) and D2(green)and the Pheophytin
units D1(blue) und D2(green). Reprinted with permission from Y. Fujihashi, M. Higashi, A.
Ishizaki; The journal of Chemistry letters; 9; copyright (2008);American chemical society[55].
.
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The oxygen evolving complex

Figure 2.2-1: Oxygen evolving complex. Manganese atoms (purple), calcium atom (green), oxygen
(red), surrounded by amino acids. Reprinted with permission from W. C. Cady, R. H. Crabtree,
Coordination Chemistry Reviews, 252, copyright (2008), Elsevier[6].
The oxygen evolving complex catalyzes the water splitting process, producing oxygen,
hydrogen ions and electrons. The complex is displayed in Figure 2.2-1. The metal core is
surrounded by a complex amino acid structure and consists of four manganese atoms and one
calcium atom linked via oxo-bridges. Three manganese, four oxygen and one calcium atom
form a cubic like structure. The fourth manganese atom (Mn4) is linked via an oxygen atom to
the cube. The cluster core binds four water molecules, two of them are bound to the calcium
atom of the heterocubic structure and the other two molecules bind to the Mn4 atom. The bond
lengths in the cluster core range from 1,8 Å and 2.7 Å. Since the oxygen evolving complex has
been discovered, the mechanism of the water splitting reaction was studied in detail.
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Figure 2.2-2: The Kok-cycle with the states S0, S1, S2, S3 and S4. Reprinted with permission from J. Kern,
R. Chatterjee, I. Young et. al., Nature, 563, copyright (2018), Springer[56].
In 1969, Kok proposed for the first time a five state kinetic water splitting and oxygen evolution
process that is called S-state-clock or -cycle[47]. The model predicts four (meta)stable
intermediates S0, S1, S2, S3 and one transient state S4. Recent studies investigated the structures
and reaction pathways of the intermediates of the Kok cycle which is displayed in Figure 2.2-2.
The water oxidation is driven by sunlight. Therefore, the energy of the light has to be
collected. A light harvesting complex, that consists of 250 chlorophyll molecules, surrounds
the reaction center of the Photosystem II. The excitation energy is transferred from the light
harvesting complex to the reaction center. Like mentioned in chapter 2.1, the RC consists of six
chlorophyll molecules and two pheophytin molecules, that are located in the protein D1. The
chlorophyll molecule of the RC, PD1 or P680, has its absorption maximum at 680 nm, and gets
excited by the transferred energy from the light harvesting complex. Due to the excitation, a
charge separation takes place. The PD1 transfers the excited electron to the pheophytin, resulting
in a whole at the PD1 and a negative charge at the pheophytin. A cation radical PD1+∙ and an
anion radical Pheo- are formed.
To prevent a recombination of the separated charges, the additional electron of the pheophytin
is first transferred to the Plastoquinone QA , that is tightly bound to the stromal side of the
11
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subunit D2 and further to the free and exchangeable Plastoquinone QB

[56]

. QB is reduced a

second time and is protonated to QBH2. The protonated species is released from the PSII into
the plastoquinone pool in the thylakoid membrane and a gets replaced by a new QB molecule.
On the donor side, the Tyrosine Z, which is, like P680 and pheophytin, located in the protein D1,
reduces the positively charged P680+∙ and in turn oxidizes a manganese atom of the oxygen
evolving complex(hole generation). The cluster core receives the missing electron from the
surrounding water molecules and H+ is released[54,57,58] . In sum, four holes are stored within
the OEC, which leads to the extraction of four electrons from water. Molecular oxygen, four
protons and plastohydrochinone are formed by these reactions[59]. The water oxidation reaction
can be expressed as follows:
2 𝐻2 𝑂 → 4𝑒 − + 4𝐻+ + 𝑂2

(2.2-1)

Figure 2.2-2 displays how the oxidation states of the manganese atoms vary due to the water
splitting process. Starting with the stable S1 state of the cluster core. In this state of the Kokcycle two manganese atoms have the oxidation state +III and two of them +IV. Induced by
the “first” excitation by the sunlight, Tyrosine Z oxidizes the OEC resulting in the S 2 state
with three manganese atoms in the oxidation state +IV and only one with +III. The expression
“first excitation” is used to break drown the Kok Cycle to four separated steps, in reality the
multi-electron and multi-photon chemistry occurs on the 100µs to 1ms scales. On the acceptor
side pheophytin transfers, due to the charge separation, an electron on Q A that passes it to QB.
In order to allow Z to oxidize the OEC again, the positively charged S2+ state has to release a
proton[60]. With the “second” excitation, another electron is transferred to the QB, it forms
plastohydroquinone QBH2 that is released and replaced. The oxidation of the neutral S2 state
to the S3+ state is likely coupled with the binding of a water molecule to the cluster core[61,62].
All four manganese atoms have now the oxidation state +IV. Similarly, the neutral S3 state
has to be formed by the release of a proton before the OEC can be oxidized to form O2 from
the two substrate water molecules[63–65]. The “third” excitation from S3 to S4 leads to an
electron transfer on QA that passes the electron to QB within the transformation of S4 to S0 and
the release of O2. The “fourth” and last excitation leads to the generation of QBH2, the
oxidation of S0 to S1 after the release of a proton and the circle can start over again.

It is challenging to investigate the intricate structure of the oxygen evolving complex.
Therefore, modelsystems have been introduced. Modelsystems simplify complex systems in
12
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order to gain further insights in the main parts that play an important role in the water oxidation
process. Besides other complexes, MnxOy serves as a modelsystem.
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Chapter 3
Experimental
In this work we used for one a gas phase reaction kinetic set up to detect mass spectra in an
octopole ion trap and for two an infrared multiphoton dissociation (IR-MPD) set up for the
structural elucidation.
A short overview of the gas phase reaction kinetic set up is given in section 3.1. Afterwards the
clustering source with the cold reflex discharge ion source (CORDIS) is described in detail in
chapter 3.1.1. The operating principles of quadrupole ion guides and mass filters are explained
in section 3.1.2. Finally, the ion trapping and reactions in the gas phase in general are mentioned
in chapter 3.1.3.
The infrared multiphoton dissociation set up in general is explained in chapter 3.2.
The generation of the IR beam is described in chapter 3.2.1 and the Smalley type clustering
source in section 3.2.2.

Chapter 3-1: left: picture taken in the laboratory, right: picture taken in the FELIX institute with
permission of J. Bakker
:
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Gas phase reaction kinetic

Figure 3.1-1: Schematic display of the experimental setup consisting of the ion source, quadrupole ion
guides, mass filters and an ion trap. Reprinted from Publication International Journal of Mass
Spectrometry, 243, Bernhardt T., “Gas-phase kinetics and catalytic reactions of small silver and gold
clusters”, 1-29, Copyright (2005) [66] with permission from Elsevier.

The experimental setup which is displayed in Figure 3.1-1 consists of a clustering source, an
arrangement of four quadrupole ion guides and mass spectrometers, and an octopole ion trap.
The components are embedded in a high vacuum system. The pumping system consists of
multiple turbo-molecular-pump units and leads to a basic pressure of 10-9 mbar inside the
chamber that is increased during the cluster production and analysis to 10-5 mbar in the
quadrupole Q0.
The metal cluster ions are produced by a CORDIS with ionized xenon gas. A variety of cluster
compositions get extracted with a lens system and are introduced into the helium filled (6∙10-2
mbar) quadrupole Q0, where they are collimated and thermalized to room temperature by
collusion with the helium buffer gas. Afterwards, the cluster distribution is guided into the
quadrupole mass filter Q1 where a specific mass is selected. Quadrupole Q2 works as an ion
guide and transfers the selected mass into the octopole ion trap. A closed cycle helium cryostat
is attached to the octopole and thus the trap can be cooled from 300K to 70K. The cluster ions
enter the trap and get stored by putting a potential that is higher than the kinetic energy of the
cluster ions on the entrance and exit lenses. The trap is prefilled with 1 Pa helium buffer gas to
collimate and thermalize the cluster ions. A reaction gas can be added to the trap as well to
perform reactivity experiments. The pressure inside the trap is monitored a baratron gauge
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(MKS, Type 627B) that is connected via a teflon tube to the trap. After the determined reaction
time the products exit the ion trap and get mass analyzed by the quadrupole Q3. The resulting
signal gets amplified by a conversion dynode channel electron multiplier. The ion induced
voltage drops are integrated by an oscilloscope (LeCroy 9400A, 175 MHz) and finally recorded
with a Lab-View program.

3.1.1 Clustering source

Figure 3.1.1-1: Schematic representation of the ion source. a) reflector, b) tantalum filaments, c) cobaltsamarium magnets, d) lens system, e) repeller rods, f) repeller plate, g) metal targets on copper blocks,
h) Einzel lens system, i) quadrupole Q0. Xenon beam is displayed in red and the cluster beam in blue
To produce a cluster ion distribution, we used a technique called “sputtering”. The sputter
process enables us to eject cluster ions from every solid material by bombardment with
energetic ions. The generated clusters are neutral as well as charged. The CORDIS is
schematically displayed in Figure 3.1.1-1. The cathode (Cat. in Fig. 3.1.1-1) consists of six
tantalum wires, suspended on a tantalum disk (b). The wires are resistively heated with 130A –
170A and 8V to emit electrons. In order to collimate the electron beam, the filaments are
surrounded by 18 radially placed permanent cobalt-samarium magnets (c). The magnets are
located around the anode (An. in Fig. 3.1.1-1). An additional voltage between the reflector (a)
and the magnets (c) accelerates the electron beam and the introduced xenon gas (6 ∙10-2 mbar)
gets ionized. The positively charged xenon gas enters a lens system (d) that consists of three
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copper cylinders with mounted perforated molybdenum plates. The whole ion production,
including the first lens of the lens system (d) is at a potential of +10 kV and determines the
kinetic energy of the xenon beam. A voltage of -3 kV is applied to the second lens to extract
and collimate the xenon ions and the last lens is grounded.
Due to the geometry of the lens system, four separated xenon beams exit the system. The xenon
beams pass four repeller rods (e) focusing on the metal targets (f). The targets are attached to
cooled copper blocks in an angle of 60°C towards the incoming xenon beam.
The chosen angle is based on studies that analyzed the dependence of the sputtering yields on
the angle of incidence and the projectile energy of the sputter gas. The scientists concluded
60°C as the optimal angle for an highly efficient sputter process[67].
Neutral, negatively and positively charged clusters are ejected from the metal targets. In this
work we investigate positively charged cluster ions and therefore a positive voltage (+70V –
+130V) is applied to the copper blocks that hold the metal targets to simplify the release of the
cluster ions. The repeller plate (f) is positively charged as well and reverses the direction of the
cluster motion (+60 V – +90 V) towards the einzel lens system. The cluster beam enters the
einzel lens system (h) and gets focused into the quadrupole Q0 (i).
.
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3.1.2 Quadrupole system
The quadrupole system in our vacuum chamber consists of four quadrupoles Q0, Q1, Q2 and Q3.
A cluster distribution exits the cluster production of the chamber and enters Q0. Quadrupole Q0
operates as an ion guide and is filled with 6 ∙10-2 mbar helium buffer gas. Due to the collisions
with the helium buffer gas, the cluster ions get thermalized and the brought velocity distribution
is sharped.
To transfer the ions through the quadrupole on the X-Z plane a time independent potential or
direct current (DC) is put on both rod pairs of the quadrupole. That DC potential determines the
centerline potential of the quadrupole and is called the offset potential of the system. In addition
to the DC offset, a time dependent or alternating potential/current (AC) is applied on the
electrodes. The magnitude of the potential is equal for the electrodes lying along the x-axis and
the y-axis but differs in sign. Therefore, the AC waveform is 180-degree phase shifted for the
rods along the x- and y-axis. A positive AC focuses the positive ions that travel through the
quadrupole towards the center axis, whereas a negative potential accelerates the positive ions
towards the electrodes, away from the system center. As soon as ions collide with the rods they
get discharged and pumped away.
After the cluster ions passed quadrupole Q0 they get introduced into quadrupole Q1 that works
as a mass filter.
To select a specific mass an additional DC potential is applied to the electrodes. The rod pair
along the x-axis is put on a positive potential and the rod pair along the y-axis on a negative
potential. The additional DC in the X-Z plane in combination with the AC lead to a high pass
mass filter. Heavy ions tend to be influenced by the average potential of the electrode structure.
In the X-Z plane is the average potential determined by the positive DC voltage. Therefore,
heavy ions are focused onto the center axis of the quadrupole. In contrast, relatively light ions
get easily affected by the varying of the AC potential. The negative potential periods of the
alternating current will lead to an acceleration of the light ions towards the rods where they get
discharged and pumped away.
The vis versa effect of the DC potential is achieved in the Y-Z plane of the electrode structure.
Like mentioned before, heavy ions are affected by the average potential, which is in case of the
Y-Z plane negative. Therefore, heavy ions leave the center axis of the quadrupole and collide
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with the rods and the light ions get focused into the center. The combination of the additional
DC along the y-axis and the AC potential functions as a low pass mass filter[68].
The overlap of the high pass mass filter and the low pass mass filter leads to a well - defined
mass to ratio cluster distribution and is schematically displayed in Figure 3.1.2-1 .
The cluster ions with the selected mass to charge ratio exit quadrupole Q1 and get transferred
to Q2, where the cluster ion signal gets detected and mass spectra can be recorded. An example
for a resulting mass spectrum of manganese oxide targets is displayed in Figure 3.1.2-2.
Quadrupole Q2 operates as well as Q0 as an ion guide and transfers the cluster ions to the
octopole ion trap.

Figure 3.1.2-1: The overlap of the high pass mass filter (left) and the low pass mass filter (middle)
results in the bandpass mass filter(right).

Figure 3.1.2-2: Detected Q2 mass spectrum for manganese oxide targets.
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3.1.3 Octopole ion trap
The octopole ion trap consists of eight 74mm long rods with a diameter of 3mm and an enter
and exit lens embedded in a copper block. The trap is attached to a closed cycle helium cryostat
to cool the trap from 300K to 70K when it is needed.
The applied alternating polarity radiofrequency field (RF, 1 – 1,7 MHz; Offset: 5 – 10V; RF
amplitude V0: 100 – 200V) confines the ions in the x-z plane, while the electrodes at the front
and behind (L1 and L2 in Figure 3.1-1) the trap confine the ions along the z-axis. Consequently,
the cluster ions are restricted to the center axis of the electrode structure and travel back and
forth between the electrostatic lenses for several milliseconds depending on the defined reaction
time.
The inner volume of the octopole ion trap is 4 cm3. Therefore, it is possible to trap around 107
ions according to the space charge limit of 104 per mm3 [69]. To allow the storage of the cluster
ions, the trap is filled with 1Pa helium buffer gas. Due to the collisions of the stored ions with
the helium gas, the kinetic energy of the cluster ions is reduced and the ions get thermalized
and collimated[70].
To control the filling, storing and extracting of the cluster ions, the applied voltage on the
entrance and exit lens switches. The different potentials that are applied to the lenses to control
the operation mode of the ion trap are displayed in Figure 3.1.3-1.
For filling the trap, the potential of the entrance lens is set slightly lower than the kinetic energy
of the cluster ions (6V – 13V). Therefore, the kinetic energy of the cationic cluster ions gets
reduced, but the cluster distribution can still overcome the potential barrier and enter the trap.
The cluster ions collide with the helium buffer gas and loose kinetic energy. The applied
potential on the exit lens during the filling process is relatively high (40V – 60V) to prevent the
ions to exit the trap again. After a certain filling time (100ms – 1000ms) the ions get stored in
the trap. To ensure that the ions stay in the octopole ion trap, the potential of the entrance lens
is increased to the same potential that is already applied to the exit lens (40V – 60V).The
clusters remain in the trap for a determined reaction time that can vary from 0ms to 2000ms
(usually 0ms, 100ms and 500ms). To extract the ions after the reaction with an added reactant
gas, a negative potential is applied to the exit lens (-12V – -25V). The potential of the entrance
lens stays the same to make sure that the whole product distribution is transferred to the
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quadrupole Q3. The extraction time is set to 40ms. The parameters that determine the filling,
storing and extraction of the cluster ions are set by a LabView program.
The data transfer is schematically displayed in Figure 3.1.3-2. The computer is connected to a
Stanford Research Systems interface (SRS). The interface transfers Transistor Transistor Logic
signals (TTL) to the entrance and exit lens (a) of the octopole ion trap (b) and controls the DC
that is set on the rods of quadrupole Q3 (c). The ion signal that is measured on Q3 is amplified
by a conversion diode (d) before it reaches the channeltron detector (e). The detected signal is
transferred to an LeCroy oscilloscope. The cycle is repeated 10 times and the oscilloscope
transmits the average signal to the computer. A home-programmed LabView program records
the average signals and displays a mass spectrum of the products.

Figure 3.1.3-1: Schematic representation of the potentials applied to the entrance and exit lens of the
octopole ion trap for the filling, storage and extraction of ions.
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Figure 3.1.3-2: Schematic display of the components for the data acquisition and parameter control. a)
entrance and exit lens, b) octopole ion trap, c) quadrupole Q3, d) conversion diode, e) channeltron
detector
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3.1.3.1 Thermalization of the clusters
The helium buffer gas is necessary to store the cluster ions effectively. Therefore, a teflon tube
with the diameter of 1mm is connected to the trap to fill in the buffer gas. A second tube at the
cupper housing links the octopole ion trap to a baratron (MKS, type 627B) to monitor the
pressure inside the trap.
The head of the capacitance manometer is thermally stabilized at 318K. This leads to a
temperature difference between the head of the gauge and the octopole ion trap, that increases
with decreasing trap temperature. Is the mean free path of the molecules bigger compared to
the tube diameter that connects the baratron with the trap, a pressure difference will be caused
due to the temperature difference[71].
That relation is called “thermal transpiration” and has been studied theoretically and
experimentally[72,73],[74,75]. The pressure must be corrected by a correction factor:
𝑝𝑡𝑟𝑎𝑝
𝑇𝑡𝑟𝑎𝑝
= √
𝑝𝑔𝑎𝑢𝑔𝑒
𝑇𝑔𝑎𝑢𝑔𝑒

(3.1.3.1-1)

Ttrap and ptrap term the temperature and the pressure in the ion trap. The temperature in the trap
is measured by a thermocouple which is attached to the ion trap housing. Tgauge is the
temperature at the head of the capacitance manometer that is thermally stabilized at 318K and
pgauge is the read pressure of the manometer.
Due to helium buffer gas pressure of 1 Pa the thermalization is reached within a few
milliseconds. Recent studies resulted in an expression for the cluster temperature as a function
of cluster size (n) and the number of buffer gas collisions. The equation for helium gas can be
set up as follows:
𝑇𝑐 (𝑚) = (𝑇𝑐 (𝑚 = 0) − 𝑇𝑔 )(1 −

𝑘 𝑚
) + 𝑇𝑔
3𝑛𝑘𝐵

(3.1.3.1-2)

Tc(m) denotes the cluster temperature after collisions m with the buffer gas. Tc(m=0) indicates
that no collisions took place, thus it is the initial temperature of the cluster. Tg terms the buffer
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gas temperature, kB the Boltzmann constant, n the number of atoms and k the energy exchange
constant, which contains the cluster mass, the atomic mass and the interaction strength.
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3.1.4 Reactions in the gas phase
Generally, the educts of a reaction have to overcome an energy barrier on the potential energy
surface to form one or more products. The given activation energy of a reaction describes the
height of the energy barrier. During the reaction, a transition state is formed at the maximum of
the barrier. That formed excited or meta stable state overcomes the barrier and results in an
energetically favorable product. This concept of a reaction is based on the Arrhenius Theory
[76]

. The Arrhenius approach is macroscopic and thus includes only pressure, temperature and

volume to describe a system. The experiments in this work were performed in a low-pressure
region and therefore a microscopic description is needed.
The Lindemann Theory provides a microscopic approach. A positive ion collides with a neutral
particle and results in an excited, positively charged transition state. The formed excited
transition state can either decay unimolecular into the product (k2) or gets deactivated by
collisions with an inert species (k-1)[77].The equations 3.1.4-1 and 3.1.4-2 display the proposed
Lindemann mechanism:
M+ + B ⇌ M+* + B, k1,k-1

(3.1.4-1)

M+* → C+, k2

(3.1.4-2)

The inverse Lindemann mechanism describes the inverse reaction path. Two educts collide and
result in an excited transition state. This transition state can either decompose (k-1) or stabilize
during collision with another neutral molecule (k2). The mechanism is postulated as follows:
M+ + L ⇌ [M-L]+*, k1,k-1

(3.1.4-3)

[M-L]+* + He → [M-L]+ + He, k2*

(3.1.4-4)

A metal cation M+ collides with a ligand L and forms an excited metal stable cluster [M-L]+*.
The excited transition state is unstable and can either decompose to the educts M+ and L or
transfer its energy on a neutral impact partner like a helium atom.
The reactions in the octopole ion trap follow the inverse Lindemann mechanism.
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Infrared multiphoton dissociation spectroscopy

The infrared (IR) spectroscopy is a useful tool to gain information about the geometric and
electronic structure of a cluster or a molecule.
The direct absorption spectroscopy measures the attenuated transmission of the light after the
interaction with the probe. However, the concentration of the molecules in a gas phase
experiment is too low to reduce the transmission of the laser light in a measurable way.
The action IR spectroscopy overcomes that problem by measuring the respond of the system
after the excitation by an incoming laser beam. The observed excited molecule has three
different possible pathways to release the energy to get back to the ground state. The relaxation
is achieved by the emission of light, ionization or fragmentation[78]. Ionization and
fragmentation can be detected with mass spectrometry, which is part of the infrared multiphoton
dissociation setup used in this work.
The preferred decay mechanism depends on the charge of the observed cluster ion. Anionic
cluster compositions rather release an electron than fragment, due to the low electron affinity
of neutral clusters compared to the binding energy of the negatively charged cluster.
In contrast, cationic cluster ions generally undergo fragmentation instead of an electron loss
mechanism. That relaxation pathway is preferred because the second ionization potential is
higher than the first one.
The neutral cluster species can either release the excess energy by the ionization or by
dissociation [79].
In this work we studied cationic manganese oxide clusters. To excite the molecule and observe
an energy release, a molecule specific energy threshold has to be overcome. Thus,
fragmentation is likely to happen, the dissociation energy is a value of interest. The bond
dissociation energy of Mn+-O was determined to be around 12eV[80]. The fundamental
vibrational modes of manganese oxide clusters are located at around 300 – 800cm-1.
Consequently, to overcome the energy threshold of a cold MnO+ cluster for the vibrational
modes at 300 cm-1 an adsorption of around 320 IR photons is necessary.
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Figure 3.2.1-1: The FELICE set up below the two user stations. The ceiling shields the user experiments
from the produced radiation. To perform the molecular beam experiments the FELICE beam is reflected
by a four-mirror cavity. Figure incurred with permission of V. Lapoutre[79].
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Figure 3.2.1-2: Scheme of the four-mirror cavity

The free electron laser (FEL) of the infrared multiphoton dissociation spectroscopy set up has
three different work modes:

Free electron laser for infrared experiments = FELIX
Free electron laser for intra-cavity experiments = FELICE
Free electron laser for advanced spectroscopy and high-resolution experiments = FLARE
In this work we used the FELICE beamline, due to the higher intensity of the laser light inside
the cavity.
It is important, that the observed probe does not influence the laser beam by attenuating its
intensity. Due to the very low concentrations of clusters in the gas phase, an influence by the
sample is excluded.
In the laser production process, ionizing radiation escapes. To guarantee a safe working
environment it is necessary to separate the undulator and electron optics from the molecular
beam instrument where the users work.
The undulator is located in the accelerator room and thus is separated from the user stations of
the Fourier Transform Ion Cyclotron Resonance set up (FT-ICR) and the molecular beam
experiment. To allow the interaction of the produced laser beam with the molecular beam
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experiment (marked in red) the four-mirror cavity (Figure 3.2.1-1) has been installed. It
consists of an end and angle mirror at the undulator and an end and angle mirror at the molecular
beam experiment. To ensure a high fluence it is important to perform the measurements with,
apart from the high energy of the intracavity experiment, a tight focus of the laser beam. The
focus is determined by the diameter of the mirrors and their distance. The Gaussian laser beam
in this set up has a Rayleigh range of 55mm. The Rayleigh range is the distance along the
propagation direction of a beam that is needed to double the cross section of the laser beam.
It is possible to move the whole experimental setup up to 300mm from the laser focus.
Therefore, the user controls the fluence to prevent saturation and study laser power
dependencies.

Figure 3.2.1-3: Top view of the molecular beam set up with the FELICE interaction and detection
chambers. Picture incurred with Permission of V. Lapoutre[79].
A top view of the molecular beam experiment is shown in Figure 3.2.1-3. It consists of two
interaction and two source chambers. The two source chambers are attached to the first
interaction chamber. The identical second interaction chamber is located 300mm apart from the
first one. The molecular beam source we used for our experiments is embedded in chamber
S35. The produced clusters are transferred to the differentially pumped chamber D35 by passing
a slit aperture. Afterwards, the shaped molecular beam enters the interaction chamber 1 through
a gate valve. Due to the gate valve, it is possible to open the source and for example change the
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sample if it is necessary. The interaction chamber 1 provides a reflectron time-of-flight
(RETOF) mass spectrometer with a MicroChannel Plate detector. The molecular beam that
extends in the horizontal plan crosses the free electron laser, in our case the free electron laser
intra-cavity experiment, with an angle of 35°. This angle is the smallest possible for this
experimental set up and results in the maximum overlap between the molecular beam and the
IR laser light. The mass peak intensities are detected with (I) and without (I0) laser light.
To produce a free electron laser, electrons travel in a spatially periodic alternating magnetic
field. The electrons are emitted by an electron gun and get accelerated towards an undulator.
The undulator magnets are shown in Figure 3.2.1-4. They are built periodic and induce, due to
the Lorentz force, a wiggling motion of the electrons in the plane perpendicular to the magnetic
field. The wiggling motion results in a dipole radiation with the wavelength λ that can be
determined as follows:
𝜆=

𝜆𝑢
(1 + 𝐾 2 )
2𝛾 2

(3.2.1-1)

1

(3.2.1-2)

𝛾=

2

√1 − 𝑣𝑒𝑙𝑒𝑐
𝑐2

λ u is the period of the undulator, 𝛾 is the Lorentz factor, K is a parameter that is related to the
magnetic field amplitude and velec and c are the velocities of the electrons and the light[81].
Heated filaments in the electron gun (a) allocate the electrons and they get accelerated
by a linear radio-frequency accelerator (b). Because of the RF accelerator the electron beam
consists of optical micropulses. A train of micropulses form one macropulse with a duration of
around 5 µs[82]. The duration of the micropulses can be adjusted by changing the cavity length.
The relativistic electrons that are distributed over bunches of a few ps enter the undulator
magnets (d). The magnetic field of the undulator is perpendicular to the direction of the electron
beam and changes its polarity a couple of times along the length of the undulator. The field
causes a periodic deflection of the electrons that results in a wiggling motion. That motion leads
to spontaneous emission of radiation. Due to the Doppler shift, the frequency of the radiation
that was emitted in the forward movement is up shifted in the range of 300 to 15000 cm-1.
However, the emitted radiation is very weak. As the radiation gets reflected by mirrors (c) on
both ends of the undulator it interferes constructively with freshly injected electrons. That
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radiation gets amplified until saturation sets in. The IR beam (f) and the electron beam (e) exit
the undulator.

Figure 3.2.1-4: Schematic display of the free electron laser. Electrons enter an alternating magnetic
field. The induced wiggling motion of the electrons leads to emission of radiation. The interference with
new electrons leads to a stimulated emission of radiation.
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Figure 3.2.2-1: Scheme of a Smalley type laser vaporization source. The molecular beam axis is marked
in violet, the sample rod axis in blue and the laser beam axis in green. Figure incurred with Permission
of V. Lapoutre[79].
The clusters are produced with a laser vaporization source. The Smalley Type source is
presented in Figure 3.2.2-1 and is embedded in the chamber S35.
In the middle of the chamber is the sample rod driver located. It is 55mm high, 60 mm long and
30mm wide. It contains several channels for the carrier and reaction gas, the ablation laser and
the sample rod.
The sample rod is guided by three ball-bearings. One of the ball bearings is fixed and keeps the
distance between the rod and the channel for the carrier gas. The two other ball bearings are
spring loaded and press the rod against the first bearing. The rod is attached to a holder disk
that is connected to a set of cylinders in a cylindric housing. The cylinders are interlinked with
a two-phase stepper motor (Phytron VSS 42.200.1.2) that enables the rod to rotate in a welldefined speed. The speed control is an important aspect of a successful laser ablation. If the
sample rotates too slow, craters will occur, and the cluster production is unstable. But if the rod
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rotates too fast, impurities like oxygen or carbon bound to the surface of the rod are more likely
to arise.
The carrier gas, a mixture of helium with 0,25% oxygen, is introduced via a pulse valve into
the chamber and is marked in dotted violet lines in Figure 3.2.2-1. The pre pressure is set to
8mbar.
A Nd:YAG laser ablates material from the metal rod. Its working parameters are 80mJ at 532nm
with a pule length of 5ns. The common repetition rate is 20 Hz, due to technical problems the
laser worked with a repetition rate of 10 Hz. The carrier or clustering gas is introduced into a
3mm diameter channel several 100µs before the ablation. The metal atoms collide with the
mixture of helium and oxygen gas and cool down. This process provides the formation of
charged metal clusters. The cluster ions are transferred to the reaction channel where a reaction
gas can enter via a pulse valve.
.
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The oxygen evolving complex of photosynthetic active species consists of five metal atoms,
four of them are manganese atoms and one is a calcium atom that are linked via oxygen atoms.
The complex is surrounded by an intricate amid acid branching. Studies of the extracted natural
system brought detailed insights how the complex works, though could not resolve the function
of each component of the OEC. Modelsystems, that represent simplified versions of the OEC
have been introduced.
We simplified the oxygen evolving complex to bare manganese oxide clusters to address, for
example, the undetermined function of the calcium atom. Manganese is a cheap and earth
abundant material and therefore serves as an ideal catalyst for the generation of hydrogen. To
gain a better insight into the reaction behavior of manganese oxide clusters, multiple
spectroscopic tools have been used, starting with infrared multiphoton dissociation
spectroscopy to resolve the structure of the clusters in the gas phase. The adsorption of multiple
infrared photons by cationic cluster compositions most likely leads to their dissociation. The
mass peak intensity is measured before and after the interaction with the laser beam. Due to the
fragmentation, a change in the intensity of the mass peaks is noticeable. We investigated
multiple cluster compositions and interpreted the resulting spectra.
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Parts of this chapter have been published in Phys. Chem. Chem. Phys., edited by the Royal
Society of Chemistry, Nina Zimmermann, Thorsten M. Bernhardt, Joost M. Bakker, Uzi
Landman, Sandra M. Lang, “Infrared photodissociation spectroscopy of di-manganese oxide
cluster cations” 21, 23922 (2019)[83]
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Bare di-manganese oxide clusters

We investigated a series of dimeric manganese oxide clusters. Starting with the stoichiometric
[Mn2O2]+ cationic cluster in Figure 4.1-1a. Besides the calculated structure of Mn2O2, schemes
of the other cluster ions are presented next to the spectra as well, to underline the drawn
conclusions about the structures.

Figure 4.1-1: IR MPD spectrum of bare [Mn2Ox]+ cationic clusters with a) [Mn2O2]+, b) [Mn2O3]+, c)
[Mn2O4]+, d) [Mn2O5]+, e) [Mn2O6]+and f) [Mn2O7]+, the blue arrows point to the calculated structure
(Mn2O2) and the predicted and schematically drawn structure (Mn2O4, Mn2O5, Mn2O6 and Mn2O7)
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The mass peak intensity is measured with (I) and without laser light (I0). The resulting peak in
a spectrum displays the ratio I/I0. Consequently, a depletion is interpreted as a fragmentation of
the observed mass. In contrast, a band that occurs as a gain means that the mass peak intensity
increased after the laser beam excitation because the observed mass is a fragmentation channel
of another cluster composition.
The spectrum in Figure 4.1-1a represents the cluster [Mn2O2]+. The detected spectrum contains
no depletions, but multiple gains. Next to the spectrum is the predicted structure for the
stoichiometric cationic cluster displayed. It has been calculated via density functional theory
(DFT) by Uzi Landman and his group. A spectrum that displays gains only, does not give any
information about the structure of cluster but implicates the cluster composition as
fragmentation channel for another cluster ion. A broad gain appears around 800 cm-1 to 500 cm1

, the second gain with less intensity in the range from 1000 cm-1 to 800 cm-1 (I) and a narrower

gain at 1200 cm-1 (II). The vibrational mode of an molecular oxygen stretch motion O-O is
excited with a wavenumber around 1200 cm-1 [84,85]. Therefore, we assume an O2 elimination of
Mn2O4 resulting in the Mn2O2 cluster. An oxygen atom that is bond terminally to a manganese
atom is excited within a wavenumber range of 1000 cm-1 to 800 cm-1 [86]. The observed gain at
this range in the spectrum of the Mn2O2 cluster implies the dissociation of a terminal bond
oxygen either of the Mn2O3 cluster ion or Mn2O5 in combination with the loose of a molecular
oxygen to result in the Mn2O2 cluster ion. The cluster core itself namely Mn-O-Mn is excited
symmetrically and asymmetrically in the wavenumber region from 800 cm -1 to 500 cm-1 [86,87].
Therefore, we identify vibrational modes below 800 cm-1 to result from the excitation of the
cluster core (Mn2O2 as displayed next to the spectra) and will not be mentioned in the further
discussion. Above the spectra the range of the Mn-O-Mn vibrational modes is highlighted.
A more detailed peak structure can be observed in Figure 4.1-1b. It shows the resulting
spectrum from the [Mn2O3]+ excitation. The spectrum consists of the same gaining peaks (OO, terminal O and Mn-O-Mn), which indicates that the [Mn2O3]+ cluster serves as a
fragmentation channel as well. A new gain appears at around 270 cm-1 (I1). That wavenumber
is assigned to the excitation of the bending mode of a terminal oxygen atom [88,89]. The gain of
II identifies Mn2O3 as a fragmentation of Mn2O5 by the dissociation of a molecular oxygen.
The elimination of a terminal oxygen at the cluster ion Mn2O4 leads to the gain of I and I1.
The spectra of Mn2O2 and Mn2O3 do not give any information about the structure of these two
cluster ions but indicate them as fragmentation channels for Mn2O4 and Mn2O5.
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Figure 4.1-1c displays the resulting IR spectrum for [Mn2O4]+. The spectrum displays the MnO-Mn vibrational modes. The most prominent peak is located at around 1200 cm-1. The O-O
stretch motion of a free oxygen molecule is excited at 1580 cm-1. The shift to a lower
wavenumber means an increase of energy that is needed to excite the vibrational mode.
Therefore, it costs more energy to excite the bound oxygen then a free molecule. It stands out
that the bands around 970 cm-1 (I) and 270 cm-1 (I1) are missing, which are assigned to a
terminal oxygen atom. We can conclude that the two additional oxygen atoms bind as molecular
oxygen and not in terminal position as assumed in recent studies

[90]

. The mentioned studies

include theoretical considerations and therefore factor in minimal energy structures only. That
Mn2O4 with two terminal oxygen atoms was determined as a minimal energy structure does not
mean that we produce only this energetically favorable structure in our experimental set up.
The IR spectrum of the [Mn2O5]+ cluster is displayed in Figure 4.1-1d. Each already
mentioned band appears in this spectrum. The structure of a [Mn2O5]+ compound contains of a
terminal oxygen atom (I and I1) and molecularly bound oxygen molecule (II). The referring
bands that have been explained in detail before, are marked in the spectrum in grey. The region
for the Mn-O-Mn antisymmetric and symmetric stretch motion and the bending movement is
marked above the spectra assemble and includes the three bands that appear next to the stretch
mode of the terminal oxygen atom.
The cluster ion [Mn2O6]+ is displayed in Figure 4.1-1e. The vibrational mode of the O-O stretch
motion appears as a double peak. That indicates that the cluster composition contains two
molecular oxygen that are different in their bonding length or symmetry. A small band appears
in the region for a terminal oxygen atom. If the spectrum is compared with the vibrational modes
for [Mn2O5]+ in Figure 4.1-1d it stands out, that the peak I is smaller and not as well resolved.
At the low frequency edge of the spectrum is the band I1 visible (starting at 270 cm-1). Due to
the low intensity of the two vibrational modes of a terminal oxygen atom (I and I1) we assume
two isomers of the [Mn2O6]+ cluster composition. One isomer binds the four additional oxygen
atoms in a molecular way, the other isomer has terminal atoms attached to the cluster core. The
frequency region from 800 cm-1 to 500 cm-1 has been mentioned before and represents the same
vibrational modes as for the other cluster compositions namely the symmetric, asymmetric and
bending mode of a Mn-O-Mn bridge.
The last spectrum of the dimer series is presented in Figure 4.1-1f. The spectrum of [Mn2O7]+
contains the already described lower frequency region and band I and II. The structure of the
cluster ion is similar to the [Mn2O6]+ with an, due to the prominent bands I and I1, additional
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oxygen atom that is terminally bond. Therefore, the vibrational modes for molecular oxygen
(II) and a terminal oxygen atom appear in the spectrum (I and I1).
The IR multiphoton dissociation spectra are a tool to gain information about the structure and
fragmentation channels of the studied cluster compositions. We know from the IR data, that the
[Mn2O4]+ and [Mn2O5]+ clusters fragment into [Mn2O2]+ and [Mn2O3]+[83].
An odd number of oxygen atoms always implicates a terminal oxygen atom and an even number
(x>2) implies molecularly bound oxygen. The [Mn2O4]+ appears different from recent studies
not in the energetically favorable structure, but with the additional oxygen atoms molecularly
bound[90]. The spectrum does not indicate any isomers, meaning that we only see molecular
oxygen. In contrast, the spectrum of the [Mn2O6]+ contains apart from two bands for the
molecular oxygen molecules the bands for a terminal oxygen as well. That cluster composition
clearly occurs in two isomeric forms.
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Bare tri-manganese oxide clusters

The series of trimeric manganese oxide clusters was investigated via IR-MPD spectroscopy as
well. The resulting spectra are shown in Figure 4.2-1. Spectrum a) to g) displays [Mn3O3]+ to
[Mn3O9]+.

Figure 4.2-1: IR MPD spectrum of [Mn3Ox]+ with a) [Mn3O3]+, b) [Mn3O4]+, c) [Mn3O5]+, d)
[Mn3O6]+, e) [Mn3O7]+, f) [Mn3O8]+ and g) [Mn3O9]+. Structure reprinted with permission from J.
Phys. Chem A, 2018, 122, 3383-3390. Copyright (2018) American Chemical Society [91].
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The peak assignment is equivalent to the dimeric series. The marked and numbered peaks are
the O-O stretch motion (II), the terminal oxygen atom stretch movement (I) and the terminal
oxygen bending motion (I1). The peaks in the lower frequency region, as indicated above the
spectra, are the asymmetric, symmetric stretch motion and the bending movement of the MnO-Mn bridge. The calculated lowest energy structure for the [Mn3O3]+ ion is displayed next to
the IR spectrum [91].
The gains in Figure 4.2-1a und b indicate, as for the dimeric series, that [Mn3O5]+ and [Mn3O6]+
fragment into the stoichiometric [Mn3O3]+ and higher oxidized [Mn3O4]+ cluster ions. Other
fragmentation channels cannot be proven with the resulting spectra.
The spectrum in Figure 4.2-1b represents the vibrational spectrum of [Mn3O4]+. Besides the
two gaining bands I and II, two depletions occur. The peaks are located in the wavenumber
region 500 cm-1 to 800 cm-1 and thus are assigned to the symmetric, asymmetric, and bending
motion of the Mn-O-Mn bridge like marked above the spectra.
The spectrum in Figure 4.2-1c displays the [Mn3O5]+ cluster ion. The spectrum displays
depletions only. Band II, as explained in detail in chapter 4.1, is assigned to a molecularly bound
oxygen at the cluster core. Left to the oxygen molecule band is the peak for a terminal oxygen
atom located. That vibrational mode is slightly visible and indicates a weak stretch motion of a
terminal bond oxygen atom. The peak I1 around 270 cm-1 was assigned to the bending mode of
a Mn-O bond and occurs strongly. That means, two isomers of the Mn3O5 cluster ion are
produced. One isomer binds the additional oxygen atoms (starting with Mn 3O3) terminal, the
other isomer has molecular oxygen bond. The already mentioned bands for the motions of the
Mn-O-Mn are located between 500 cm-1 and 800 cm-1. We assume for the cluster ion [Mn3O5]+
a molecularly bound oxygen as well as a terminally bound oxygen atom. The bending motion
of the terminal oxygen atom occurs more prominent in the spectrum.
The spectrum of [Mn3O6]+ in Figure 4.2-1d indicates a different binding behavior for the
oxygen atoms of the cluster ion. The resulting spectrum displays the band II for the intact
oxygen molecule at the cluster core. Next to band II appears band I clearly and represents the
stretch motion of a terminal bound oxygen atom. Supposedly, the small peak at 360 cm-1
displays the bending mode of the terminal oxygen atom but cannot surely be assigned to that.
The vibrational modes of the Mn-O-Mn bridges are detected as broad peaks and labeled above
the spectra. We draw following conclusions for these two cluster ions:
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1. Isomers are detected for the Mn3O5 cluster, for the isomer with terminal oxygen atoms
the bending mode appears more intense compared to the stretch mode
2. Mn3O6 binds one molecular and one terminal oxygen, in this configuration the stretch
motion of the terminal oxygen atom is the mode with higher intensity.
The cluster composition [Mn3O7]+ is displayed in Figure 4.2-1e. The spectrum is very similar
to the [Mn3O5]+ spectrum. The band I of the terminal oxygen stretch motion appears only
slightly while the bending mode (I1) occurs concisely. The excitation of a molecular oxygen
leads to band II. The vibrational mode of the Mn-O-Mn is displayed as well.
The resulting vibrational spectrum for the [Mn3O8]+ cluster ion is displayed in Figure 4.2-1f
and is similar to the IR MPD spectrum of [Mn3O6]+. The only clearly visible vibrational mode
for the terminal oxygen atom is the stretch motion (I). The cluster core vibrations of the bridges
occur broad and the bending mode of the terminal oxygen is slightly shifted. It is difficult to
distinguish that mode from the vibrational modes of the Mn-O-Mn bridges. The characteristic
molecular oxygen peak appears in the spectrum as well (II).
The last spectrum of the trimeric series is displayed in Figure 4.2-1g and represents the
[Mn3O9]+ cluster ion. Again, that IR MPD spectrum is similar to the resulting spectrum of the
[Mn3O5]+ and [Mn3O7]+ excitation. The vibrational mode for the intact oxygen molecule (II) is
clearly visible as well as the bending mode (I1) of the terminal oxygen atom.
As marked above, the resulting bands of the Mn-O-Mn bridge vibration are located between
450 cm-1 and 800 cm-1[83].
The IR MPD spectra of the trimeric series indicate a difference in the access to the vibrational
modes of a terminal oxygen atom. A cluster composition with an odd number of oxygen atoms
suggest that the bending vibration of the terminal oxygen atom is the favorable mode because
it exhibits higher depletion intensity in the spectra. In contrast, cluster ions with an even number
of oxygen atoms seem to result in a more easily available stretching vibrational mode. The
cluster ions [Mn3O3]+ and [Mn3O4]+ are the fragmentation channels of [Mn3O5]+ and [Mn3O6]+.
However, depletions can be detected for the [Mn3O4]+ IR spectrum and lead to the conclusion
that the mass peak intensity of the cluster with six oxygen atoms is smaller than the intensity
for [Mn3O4]+.
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Bare tetra-manganese oxide clusters

The tetrameric series of manganese oxide clusters is presented in this chapter. The
stoichiometric cluster composition [Mn4O4]+ is shown in Figure 4.3-1a above the IR spectra of
the higher oxidized species up to [Mn4O11]+ in Figure 4.3-1h. The calculated lowest energy
structure of the [Mn4O4]+ cluster is displayed next to the IR-MPD spectra and was calculated
by Uzi Landman and his group[92].

Figure 4.3-1: IR action spectrum of [Mn4Ox]+ with a) [Mn4O4]+, b) [Mn4O5]+, c) [Mn4O6]+, d)
[Mn4O7]+, e) [Mn4O8]+, f) [Mn4O9]+, g) [Mn4O10]+ and h) . [Mn4O11]+.
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The spectra in Figure 4.3-1 look similar to the IR-MPD spectra of the dimeric and trimeric
series. The low frequency region is labeled above with the contributing vibrational modes of
the Mn-O-Mn bridges of the cluster ion. Due to the high intensity of the IR laser beam, the
excited bands are saturated and occur broad in the spectra in Figure 4.3-1e – h and therefore
will not be discussed in detail. Band I, I1 and II are assigned to a terminal oxygen atom and a
molecular oxygen at the cluster.
The spectrum in Figure 4.3-1a presents the stoichiometric [Mn4O4]+ cluster ion after the
excitation by the IR laser beam. The spectrum consists only of gaining bands caused by the
fragmentation of higher oxidized tetrameric cluster compositions. It is important to note, that
we cannot identify a gain of band II that is assigned to an intact oxygen molecule. That means
that, in contrary to the dimeric and trimeric series, the [Mn4O6]+ does not fragment into the
[Mn4O4]+ cluster ion by the loss of an intact oxygen molecule.
The IR action spectrum of [Mn4O5]+ is shown in Figure 4.3-1b. The vibrations of the Mn-OMn bridges appear partially as a depletion. An ingrowth of the peak that is assigned to the O-O
stretch motion indicates the [Mn4O5]+ as a fragmentation channel for the [Mn4O7]+ cluster ion
by the elimination of molecular oxygen. Due to the gain in the spectrum it is not possible to
draw a conclusion about the structure of the cluster ion.
The next spectrum represents the [Mn4O6]+ cluster in Figure 4.3-1c. A small depleted band is
visible at the frequency for a terminal oxygen atom as well as a gaining band for molecular
oxygen. The bands for the vibrational modes of the cluster core appear clearly in the spectrum.
Due to the very small gain for band II we assume the excitation of the O-O stretch motion that
got eliminated by the dissociation of the [Mn4O8]+ cluster ion. This means, the two additional
oxygen atoms of the [Mn4O6]+ cluster ion bind either molecularly or each terminal at the cluster
core. Therefore, the [Mn4O6]+ has two isomers and each is produced in the laser vaporization
source.
Figure 4.3-1d represents the spectrum of the excited [Mn4O7]+ cluster composition. Band II
appears clearly in the spectrum and indicates a molecular bond oxygen. Band I and the peak
around 270 cm-1(I1) indicate a terminal oxygen atom with the excited stretch and bending
vibration. The broad peaks between 450 cm-1 and 800 cm-1 are assigned to the cluster core
motions.
In the vibrational spectrum of [Mn4O8]+ in Figure 4.3-1e band I and II are well resolved. Thus,
the cluster ion binds an intact oxygen molecule and terminal oxygen atoms as well. Due to the
low intensity of the band that is assigned to the terminal oxygen stretch motion it is conceivable
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that two isomeric structures appear. One isomer contains two molecular bond oxygen, the other
isomer two terminal oxygen atoms and one intact O2. Like mentioned in the beginning of this
section, the low frequency region of that spectrum is shifted due to the high intensity of the
laser beam and is therefore not discussed.
The next spectrum in Figure 4.3-1f represents [Mn4O9]+. It stands out that band II appears as a
double peak. That phenomenon has been observed for the dimeric series, too. The double peak
can be explained by slightly different bonded O2 molecules. Already a slightly different
symmetry causes a change in the excitation frequency and thus appears as a double peak in the
IR spectrum. Band I, like already mentioned, indicates a terminal bond oxygen atom at the
cluster core.
The spectra in Figure 4.3-1g und h present [Mn4O10]+ (f) and [Mn4O11]+ (g) and show the same
vibrations. Band II appears in both spectra broad and indicates different bond O2 molecules at
the cluster core. The vibrational mode of a terminal oxygen atom (I) can be detected in both
spectra as well.
The vibrational modes for bare manganese oxide clusters are summarized and schematically
displayed in Figure 4.3-2. The indices describe the binding behavior (1) and the vibrational
mode(2). T (1) stands for a terminal binding, B (1) for a bridged form, B (2) means bending
mode and S (2) stretch mode[83].
The vibrational spectra of the tetrameric series of the bare manganese oxide clusters indicate
the formation of isomeric structures. [Mn4O6]+ as well as [Mn4O8]+ can either bind the
additional oxygen atoms in molecular fashion or terminal at the cluster ion. The fragmentation
of several cluster ions is proven by the obtained gaining bands. It is conspicuous that an
ingrowth at the frequency of the O-O stretch vibration cannot be detected for the [Mn4O4]+
complex, but for [Mn4O5]+ and [Mn4O6]+. That means, [Mn4O6]+ does not fragment into
[Mn4O4]+ , but [Mn4O7]+ and [Mn4O8]+ do. The assumptions are substantiated by the controlled
heating experiments of Mafuné et al.[93] that reveal the stability of [Mn4O6]+ and the instability
of the [Mn4O7]+ and [Mn4O8]+ cluster at higher temperatures. The results of the stability
experiments are presented in Figure 4.3-3. The green curve in this plot represents the [Mn4O6]+
cluster ion and shows that the cluster stays stable even for temperatures up to 900K. The
stability curve of the [Mn4O7]+ complex is presented in blue and decreases already at 400K and
reaches its minimum at 600K. The low stability of the [Mn4O8]+ is marked in light blue. It
rapidly decreases to zero at around 550K.
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Figure 4.3-2: Schematically display of the vibrational modes of bare manganese oxide cluster. The first
indice is the binding position the second the vibrational mode : T= terminal, B=bridged, B=bending
mode, S=stretch mode

Figure 4.3-3: TPD profiles of cationic manganese oxide clusters MnxOy+ exhibiting intensity ratios of
each cluster ion as a function of the temperature. Reprinted with permission from J. Phys. Chem. A,
2015, 119, 8433-8442. Copyright (2015) American Chemical Society[93] .
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Water adsorption and oxidation
The water oxidation process in nature produces hydrogen ions and oxygen. Photosystem II is
one of two reaction centers and contains the OEC, where water splitting reactions are
performed. X-ray studies revealed, that the oxygen evolving complex consists of a CaMn4O5
cluster core with a complex ligand environment [94].
The water adsorption and subsequent splitting processes at simplified metal oxide complexes
have been investigated to gain a better insight into the water oxidation process. Until today the
role of the calcium atom is not fully understood and therefore bare manganese oxide clusters
have been investigated as a modelsystem. To understand the factors that affect the success and
efficiency of manganese oxides clusters as a catalyst for water splitting reactions, different
compositions have been studied. We investigated, apart from cationic stoichiometric
manganese oxide cluster, also higher oxidized species because the oxidation states of the
manganese atoms play an important role for the water splitting process. All experiments have
been performed with D2O in the octopole ion trap of the vacuum chamber.

Chapter 5-1: Lisence free picture from https://pixabay.com/de/. The picture has been modified
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Reactions with dimeric clusters

Figure 5.1-1: Q2 mass spectrum of the dimeric manganese oxide clusters
The ability to mediate the water splitting reaction varies with the composition of both
stoichiometric and higher oxidized cluster species . In this chapter, the dimeric series is
presented.
Recent studies from our group investigated the stoichiometric Mn2O2+ cluster ion, while the
experiments in this work focused on the higher oxidized dimeric clusters Mn2O3+ and Mn2O4+.
The manganese oxide clusters were produced with the CORDIS and transferred to quadrupole
Q2 to mass analyze the cluster distribution. The mass spectrum of the dimeric series is displayed
in Figure 5.1-1. The cluster production is adjusted to optimize the formation of dimeric
manganese oxides and results in the stoichiometric [Mn2O2]+ and the higher oxidized [Mn2O3]+
and [Mn2O4]+ cluster ions.
Afterwards the mass selection mode of the quadrupole Q1 is activated and therefore, a specific
mass can be selected. The selected mass of the cluster ions is guided to the octopole ion trap
that is prefilled with around 1 Pa helium buffer gas. The reaction was performed with a D2O
gas pressure below 0,001 Pa.
The resulting product mass spectra of the dimeric cluster series are displayed in Figure 5.1-2.
The dotted lines in the mass spectra mark the mass of multiple bare water adsorptions.
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Figure 5.1-2: Mass spectra of the dimeric series after the reaction with D2O for 100ms. All resulting
mass peaks represent a [Mn2Ox(D2O)y(D2)2]+ composition. Spectrum a displays the reaction products of
[Mn2O2]+ with water, b [Mn2O3]+ and c [Mn2O4]+
The reaction products of the stoichiometric dimer [Mn2O2]+ with D2O are presented in Figure
5.1-2a. Two product mass peaks appear after a reaction time of 100ms. The first peak is located
84 amu from the cluster peak and represents [Mn2O2(D2O)4D2]+. An additional water is
adsorbed at the cluster and results in the smaller mass peak that represents [Mn 2O2(D2O)5D2+].
Both adsorption peaks are 4 amu mass shifted from the bare water adsorption and indicate the
ability of the stoichiometric [Mn2O2]+ cluster ion to perform a water oxidation. The proposed
water splitting mechanism is explained in detail later in this chapter.
The mass spectrum in Figure 5.1-2b represents the products of the higher oxidized [Mn2O3+]
cluster ion after a reaction time of 100ms with D2O. The first adsorption peak appears 44 amu
from the bare cluster signal and represents [Mn2O3(D2O)2D2]+. The more prominent peak is
observed at 64 amu from the bare cluster peak and is assigned to the cluster ion
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[Mn2O3(D2O)3D2]+. The resulting mass peaks for the reaction of [Mn2O3]+ with D2O indicate,
similar to the stoichiometric cluster, a water splitting process.
The mass spectrum of [Mn2O4]+ in Figure 5.1-2c is similar in the mass peak intensities to the
presented spectrum of [Mn2O3]+. The difference is the number of adsorbed water molecules.
The first peak is located 24 amu from the bare [Mn2O4]+ complex and represents
[Mn2O4(D2O)D2]+. The more prominent peak in this spectrum is assigned to the
[Mn2O4(D2O)2D2]+ reaction product.
If we compare all spectra of the dimeric series, we can note that the number of adsorbed water
molecules follows a trend dependent on the number of oxygen atoms in the cluster composition.
While the adsorption of four water molecules results in the most intense peak in the mass
spectrum of [Mn2O2]+, the most prominent peak for [Mn2O3]+ is assigned to an adsorption of
three water molecules and for [Mn2O4]+ of two adsorbed water molecules.
This observed trend can be explained by the steric hindrance of the oxygen atoms at the cluster
core. The [Mn2O2]+ can adsorb two water molecules at each manganese atom. Due to the
additional oxygen in [Mn2O3]+ one adsorption place is blocked and the cluster binds only three
D2O. The fourth oxygen atom in [Mn2O4]+ either forms molecular oxygen and binds it in
chelating bidentate fashion or results in the other isomeric structure that binds both oxygen
terminal. Therefore, the additional oxygen atom inhibits the adsorption of a third water
molecule. The proposed structures for the energetically favorable water adsorption products are
summarized in Figure 5.1-3with [Mn2O2(D2O)4D2]+ in a, [Mn2O3(D2O)3D2]+ in b and
[Mn2O4(D2O)2D2]+ in c.
The measured spectra show that the dimeric series has the ability to split water to form
deuterium atoms that stay at the cluster core, independent from the number of oxygen atoms
and the oxidation state of the manganese atoms.
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Figure 5.1-3: Water adsorption at the dimeric series. a) [Mn2O2(D2O)4D2]+, b) [Mn2O3(D2O)3D2]+ and
c) [Mn2O4(D2O)2D2]+ with its two possible isomeric structures with an intact oxygen molecule bond or
with two terminal oxygen atoms

The water splitting reaction in nature requires a four-electron transfer mechanism to evolve
oxygen and hydrogen ions during photosynthesis. A second possibility to oxidize water is a
one-electron transfer that results in a hydroxyl radical formation. The third pathway implies a
two-electron transfer to split the adsorbed water molecules and release hydrogen peroxide [95].
The hydrogen peroxide formation is postulated as follows [96]:
2 𝐻2 𝑂 → 𝐻𝑂𝑂𝐻 + 𝟐 𝒆− + 2 𝐻+

(5.1-1)

The formation and release of a hydrogen peroxide molecule results in a cluster ion that has
multiple water molecules adsorbed and hydrogen atoms that remain at the cluster core as well.
Recent studies declared the hydrogen formation compared to the four electron transfer as the
more energy efficient pathway for the water electrolysis [97,98].
The proposed mechanism for the water splitting process is displayed in Figure 5.1-4 and is
exemplarily shown at the [Mn2O2]+ cluster ion.
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Figure 5.1-4: Proposed mechanism for the water splitting process and the resulting H2O2 release. The
mechanism is exemplarily presented at the [Mn2O2]+ cluster ion

The first step of the assumed mechanism is the known adsorption of a water molecule at a
manganese atom. The adsorption leads to a deprotonation of the water molecule via
hydroxylation of the cluster oxo bridges. When both oxo brides are hydroxylated (blue and
orange), a proton of the terminal hydroxy-group (orange) is transferred to a bridged oxygen
atom to form a terminal double bond oxygen atom.
Bridged water molecules are known to be unstable and therefore lead to the insertion of the
terminal hydroxy-group as the bridging hydroxy unit (blue) and the water molecules binds
terminal to the manganese atom.
The next water molecule plays an important role because it forms the Mn-OOD structure that
has been mentioned in literature before[99]. The reaction is assumed to be a nucleophilic attack
of the water molecule with a subsequent proton transfer to an oxo bridge. An additional water
molecule leads to the hydrogen peroxide release. It binds to the manganese atom with the
structure Mn-OOD and forms a deuterium bond to the oxygen (orange). Hydrogen peroxide is
released from the cluster and, like mentioned before, a rearrangement of a terminal hydroxy –
group (purple) and a bridged water molecule (blue and green) takes place.
The exchange reaction of bridged oxygen molecules has been proven by recent labeling
experiments of our group. Experiments with H218O revealed that the closed cluster ion structure
is able to open up to exchange bridged oxygen atoms [100].
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The formation of a double bond oxygen atom is proposed to be the key process to form a MOOD structure and result in a hydrogen peroxide formation and release. These two steps are
thermodynamically favorable on fully hydroxylated surfaces

[101,102]

. The competing pathway,

namely the formation of an oxygen radical at the active metal center, is still at issue. Recent
infrared labeling experiments proved the appearance of the double bond oxygen atom at an
active metal center instead of the also assumed radical (M-O∙) formation[99,103]. The terminal
oxygen atom reacts with a nucleophilic water molecule, forms the M-OOD structure and
transfers a proton to an oxo bridge of the cluster core. That process reminds of the proton
coupled electron transfer in the water splitting process of photosynthesis in nature.
Nevertheless, the O-O bond formation has not been understood completely, yet. Recent studies
revealed that the oxidation state of the manganese atom has an influence on the O-O formation,
due to the electron transfer from the oxygen atom on a manganese atom. But this is not the only
requirement to result in the M-OOD structure [104]. Apart from the oxidation state, steric effects
that influence the adsorption behavior play an important role. The complete hydrogen peroxide
formation reaction is an endothermic reaction. The required energy of around 400 kJ/mol is
provided by the binding energy of the adsorbed water molecules.
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Figure 5.2-1: Mass spectra of the trimeric series. a) represents the different cluster compositions of the
trimeric and tetrameric series, analyzed in Q2, b) mass spectrum of the products after the reaction of
[Mn3O3]+ with D2O and c) mass spectrum of the products after the reaction of [Mn3O4]+ with D2O.
We investigated the reaction behavior of the trimeric series of manganese oxide clusters
towards D2O as well. The trimeric manganese oxide clusters have been produced and
transferred to quadrupole Q2 and a mass spectrum was detected. The mass spectrum of the
trimeric and tetrameric cluster ions is displayed in Figure 5.2-1a. Both, tri-manganese and tetramanganese cluster compositions are recorded, due to the same optimal parameters for these
clusters to be generated. Subsequently, a specific mass of the trimeric cluster ion has been
selected and stored in the octopole ion trap to perform D2O adsorption reactions.
In contrast to the dimeric series, manganese oxide clusters with three manganese atoms do not
mediate a water splitting reaction. The bare water adsorption on the trimeric series is displayed
in Figure 5.2-1b and Figure 5.2-1c. The spectra are normalized to the mass of the bare cluster
ion and thus the dotted lines mark the mass of an adsorbed water molecule.
The reaction products of the stoichiometric [Mn3O3]+ with D2O are presented in spectrum a.
The mass peaks of the products are located on the dotted lines and indicate a bare water
adsorption. The resulting products are [Mn3O3(D2O)5]+ and [Mn3O3(D2O)6]+. A water splitting
reaction accompanied by the release of water oxidation products could not be observed.
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Due to the higher oxidation states of the manganese atoms in the [Mn3O4]+ cluster composition,
we expected a water splitting reaction at that cluster ion. The resulting spectrum in Figure
5.2-1b shows bare water adsorption and does not indicate a water oxidation at all. The
experiments with the trimeric series underline the assumption, that the oxidation state of the
active metal centers is not the only criterion for a successful water splitting reaction. Bare water
adsorption is well known from recent studies. The water adsorption at the active metal center
leads to a proton transfer and the hydroxylation of the cluster oxo bridges[100].
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Figure 5.3-1: Mass spectra of the tetrameric series after the reaction with D2O for 100ms. a) [Mn4O4]+,
b) [Mn4O6]+, c) [Mn4O5]+ and d) [Mn4O7]+
The mass spectrum of the tetrameric cluster series was already displayed in chapter 5.2. For
this series as well, octopole ion trap reaction experiments have been performed with D2O as the
reactant gas.
The tetrameric series shows a special reaction behavior towards the water adsorption and
oxidation. The experimental results after 100ms reaction time with D2O are displayed in Figure
5.3-1. The spectra are normalized to the mass of the respective bare cluster ion.
The spectra on the left side named a and b present the water adsorption at the [Mn4O4]+ and the
[Mn4O6]+ cluster ions. The dotted lines mark the mass of bare water molecules bound to the
cluster core.
The three product peaks of [Mn4O4]+ (a) can be assigned to a bare water adsorption of four, five
and six D2O molecules. The stoichiometric tetrameric cluster does not perform the water
oxidation process[92]. The spectrum in Figure 5.3-1b represents the [Mn4O6]+ cluster ion and
shows two peaks that are located on the dotted lines. The peaks can be assigned to the
[Mn4O6(D2O)4]+ and [Mn4O6(D2O)5]+ cluster ions. A third peak appears next to a dotted line.
The peak is 47 amu from the bare cluster and thus is not explainable by water adsorption or
hydrogen peroxide release. We assume that the cluster composition [Mn4O6]+ decomposes into
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[Mn4O4]+. The stoichiometric cluster ion adsorbs then four water molecules. Therefore, the
reaction product [Mn4O4(D2O)4]+ is assigned to that peak. It is important to note that the cluster
production source in our vacuum chamber is different from the laser vaporization source we
used in Radboud University to produce manganese oxide clusters and perform infrared
multiphoton dissociation spectroscopy. Beside the production technique, also the used targets
are different. While we vaporized a manganese rod in the FELICE set up, we sputtered
manganese oxide targets in our chamber. The resulting clusters can be different in structure and
stability. Even though we saw a stable [Mn4O6]+ cluster ion in the FELICE experiments does
not mean we produce the cluster composition with the same stability in our chamber. It is
conspicuous that a peak appears at mass zero. That peak is the bare cluster mass peak and
presents another exception compared to the other investigated cluster compositions. The water
adsorption reaction happens so slow that the cluster ion does not react completely with the
reactant. That indicates that the [Mn4O6]+ is rather inert towards reactions with water.
The right side of the spectra compilation of the tetrameric series displays the resulting mass
peaks of [Mn4O5]+ (c) and [Mn4O7]+ (d) after the reaction with D2O. The spectrum in Figure
5.3-1c of [Mn4O5]+ shows two product peaks with a 4 amu shift from the mass of a bare water
adsorption. The masses indicate a hydrogen peroxide release, like observed for the dimeric
series. The reaction products are [Mn4O5(D2O)3D2]+ and [Mn4O5(D2O)4D2]+.
The same shift is observed for the simple reaction product of [Mn4O7]+ after the reaction with
D2O. The location of the product peak indicates a cluster composition of [Mn4O7(D2O)4D2]+.
The ability of tetrameric manganese oxide clusters to perform a water splitting reaction
seems to be dependent on the number of oxygen atoms at the cluster core. The cluster
compositions with an odd number of oxygen atoms undergo a water oxidation with a hydrogen
peroxide release while the cluster ions with an even number of oxygen atoms adsorb D2O
without a following oxidation reaction. Until today it is not clear which electronic and structural
properties of a cluster composition affect their ability to perform water oxidation reactions.
According to our experiments we know that the dimeric series, independent from the
oxidation state and the number of oxygen atoms of the cluster ion, performs a water oxidation
reaction.
In contrast, the trimeric series does not undergo a water oxidation reaction at all. The special
case of the tetrameric series points out that the structure and oxidation state of a cluster
composition affects the ability to oxidize water drastically. Our experiments revealed that the
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[Mn4O5]+ and the [Mn4O7]+ cluster ion have the ability to oxidize water and form hydrogen
peroxide.
It is conspicuous that the [Mn4O5]+ complex, which is similar to the OEC in nature, has the
ability to split water though the calcium atom is missing. The role of the calcium atom in the
water splitting process is still at issue. Recent studies investigated the effect of the removal of
Ca2+ in the OEC[105,106]. The oxygen evolving complex has been extracted from spinach and the
Ca2+ ion was removed. The research group concluded due to the experimental results that the
calcium atom is neither required to ensure the critical electronic properties of the cluster core
nor to stabilize the structural arrangement of the complex. Nevertheless, the water oxidation
was inhibited by the calcium removal. The scientists assumed that the calcium atom has the
following functions:

1. Organization of the critical water environment
2. O-O bond formation as the key process between a manganese and calcium bound water
molecule (Calcium as a substrate binding site)
3. O-O bond formation by the coupling of water molecules at two manganese sites with
calcium sustaining the H-bond network between the tyrosine and the OEC (Calcium
supports proton coupled electron transfer) [105,106]
It is questionable why the [Mn4O5]+ cluster ion has the ability to split water in our experimental
set up.
The organization of the critical water environment is not a limiting factor in the octopole ion
trap and therefore the missing calcium atom does not lead to an inhibition of the water oxidation
process.
Argument two does not come into effect due to the O-O bond formation at Mn-O with the
substrate water.
The third mentioned function of Ca2+ is only important in the natural system to connect the
oxygen evolving complex with the surrounding tyrosine molecule. The proposed mechanism
for the gas phase experiment does not involve a proton-coupled electron transfer with an
additional molecule.
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As a consequence of the water oxidation reaction with a hydrogen peroxide release, two
hydrogen atoms stay at the cluster core. To further substantiate that reaction mechanism, we
also investigated the reaction behavior of different cluster compositions towards hydrogen as a
reactant gas.
The experiments display the bond formation of manganese oxide clusters and hydrogen
molecules. The results show that different cluster compositions adsorb hydrogen molecules and
therefore buttress the proposed mechanism of hydrogen peroxide release with hydrogen atoms
remaining at the cluster core.
The hydrogen experiments were performed for one in the gas phase reaction kinetic set up to
investigate the adsorption behavior and for two in the infrared multiphoton dissociation set up
to study the geometric structure of the formed hydrogen complexes.

Chapter 6-1: Lisence free picture from https://pixabay.com/de/
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Figure 6.1-1: Mass spectra of [Mn2O2]+ (a) and [Mn3O3]+ after the reaction with D2 for 100ms. The
resulting product peaks can be assigned to [Mn2O2(D2)2]+, [Mn2O2(D2)3]+, [Mn2O2(D2)4]+ and
[Mn2O2(D2)5]+for the dimeric cluster. The trimeric cluster forms [Mn3O3(D2)3]+, [Mn3O3(D2)4]+,
[Mn3O3(D2)5]+ and [Mn3O3(D2)6]+.

The D2O reaction experiments with the di-manganese and tetra-manganese oxide clusters
resulted in water oxidation reactions. In contrast, the studies of the trimeric series showed only
bare water adsorption. Due to the elimination of a hydrogen peroxide molecule, two deuterium
atoms stay at the cluster core. In order to observe hydrogen adsorption trends depending on the
cluster composition we performed hydrogen adsorption experiments in our cooled ion trap. The
experiments target for one the ability of the cluster to bind hydrogen and for two the
identification of the adsorption sites at the cluster ions.
The cooling of the trap excludes the possibility of a reaction with residual gas of water that is
remaining in the trap. The trap was cooled to around 273 K to ensure, that the water in the trap
freezes out. The resulting mass spectra of [Mn2O2]+ and [Mn3O3]+ after the reaction with D2 are
displayed in Figure 6.1-1. The spectra a and b are normalized to the mass of the bare cluster
ions, therefore the mass peaks represent the adsorbants at the cluster core. The dashed lines
mark the mass of adsorbed D2 molecules with a mass of 4amu each.
The mass peaks in Figure 6.1-1a appear at 8 amu, 12 amu, 16 amu and 20 amu which indicates
an adsorption of 10 deuterium atoms in sum. Therefore, the products are [Mn2O2(D2)2]+,
[Mn2O2(D2)3]+, [Mn2O2(D2)4]+ and [Mn2O2(D2)5]+. We don’t know if D2 dissociates or is
molecularly bound. The (D2)x notation is used to simplify the writing.
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The experimental data proves that the cluster ion has the ability to bind hydrogen molecules
and therefore underlines the proposed hydrogen peroxide release mechanism with a D2 or two
deuterium atoms remaining at the cluster core. The spectrum indicates five adsorption sites at
the cluster core which is in agreement with the results of the D2O adsorption experiments[86].
The spectrum b shows the products of the [Mn3O3]+ cluster ion after the reaction with D2. The
mass peaks appear at 12 amu, 16 amu, 20 amu und 24 amu. The [Mn3O3]+ complex binds six
D2 molecules or 12 deuterium atoms at most. The formed cluster ions are [Mn3O3(D2)3]+,
[Mn3O3(D2)4]+, [Mn3O3(D2)5]+ and [Mn3O3(D2)6]+. Due to the low mass peak intensity of the
[Mn3O3(D2)3]+ cluster ion, the mass peak is slightly shifted about 1 amu. The generated clusters
are, as well as for the dimeric cluster, in accordance with the studied adsorption behavior with
D2O. The results indicate that the D2 molecules bind intact at the cluster core and do not
dissociate due to the comparison with the D2O adsorption experiments with the same number
of adsorption sides. A dissociation would require the doubled number of adsorption sides. But
as mentioned before, that is just an assumption and we have no experimental evidence for this
theory. The deuterium molecules bind simply at the cluster core and not in a bidentate fashion.
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Infrared spectroscopy has been performed to investigate the structure of the bond between the
hydrogen molecules and the cluster core.
Bare manganese oxide clusters have been produced in the laser vaporization source and a
reactant gas was added. We investigated deuterium and hydrogen adsorption and compared the
resulting spectra. We studied the bare dimeric manganese oxide cluster series (chapter 4) and
discuss now only the vibrational bands that arise after the adsorption of H2 or D2.
The dimeric series has been investigated, ranging from the stoichiometric [Mn2O2]+ cluster ion
up to the higher oxidized complex [Mn2O6]+. In order to underline how the adsorption of
hydrogen affects the resulting vibrational spectra of the dimeric manganese clusters, the
presented IR spectra are restricted to the [Mn2O4]+ and [Mn2O5]+ cluster compositions. In fact,
the observed vibrational modes that will be explained in detail in this chapter have not been
found for each cluster composition. We assume the IR bands to be shifted either out of the
scanning range or below existing bands and consequently cannot be distinguished from the
vibrational modes of the cluster core.
The resulting vibrational spectra for [Mn2O4(D2)/(H2) ]+ (a) and [Mn2O5(D2)/(H2)]+ (b) are
presented in Figure 6.2-1. The black spectra represent the vibrational modes of the hydrogen
adsorption products and the blue spectra the resulting bands after deuterium adsorption. Three
different types of vibrational bands are marked in the spectra. The grey areas mark vibrational
modes that occur with D2 and H2 at the same frequency. Peaks that only arise with added
deuterium are marked in green and orange represents the bands that originate from the hydrogen
adsorption. The other bands have been discussed in chapter four and will not be discussed.
The grey areas are bands that could not be obtained in the vibrational spectra of the bare
manganese oxide clusters but arise for deuterium and hydrogen at the same frequency.
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Figure 6.2-1: IR-action spectra of [Mn2O4]+ (a) and [Mn2O5]+ (b) after the reaction with hydrogen
(black) and deuterium (blue). The vibrational bands that only occur with D2 are marked in green, the
ones for H2 in orange. The grey areas mark the bands that appear for hydrogen at deuterium at the
same frequency
The first band that can be obtained for the [Mn2O4(D2)/(H2)]+ as well as for the
[Mn2O5(D2)/(H2)]+ cluster ion is at around 1600 cm-1. Recent studies assigned that peak to the
vibrational stretch motion of O-H

[107,108]

. Due to their different mass and different binding

distances and strength, H2 and D2 vibrational modes will not occur at the same wavenumber
[107]

. Therefore, the band at around 1600 cm-1 cannot be assigned to hydrogen or deuterium. The

next peaks between 920 cm-1 and 1020 cm-1 that are marked in grey occur as well after
hydrogen/deuterium adsorption and not for the bare manganese oxide clusters. Although the
vibrational mode of the terminal oxygen atom of the bare [Mn2O5]+ cluster ion appears at the
same wavenumber region, the resulting peak is not as broad as in Figure 6.2-1b. Like
mentioned before, hydrogen and deuterium vibrational modes do not occur at the same
wavenumber, consequently these bands are not assigned to H2 or D2. We assume that, due to
the intense laser power of the FELICE set up, overtones can be excited. Hydrogen and
deuterium are excellent elimination groups and therefore the excited overtones or combination
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vibrations of the cluster ion can be observed at a different wavenumber than seen in the spectra
of the bare cluster ions.
Apart from the bands that occur for the hydrogen and deuterium reaction products at the same
wavenumber we identified peaks in the lower frequency region that are different for hydrogen
and deuterium adsorption. The orange field marks the bands in the resulting spectra for
[Mn2O4]+ and [Mn2O5]+ that occur with an adsorbed H2 merely. The peak is located at around
505 cm-1. We assume that the same vibrational mode for deuterium occurs red shifted at around
370 cm-1 (green) due to the increased reduced mass of D2.
The spectra show, which bands can clearly be assigned to the adsorbed H2 and D2. In order to
identify how the hydrogen and deuterium bind to the cluster core, we compared the frequencies
with literature.
Table 1 summarizes the wavenumber values for specific vibrational modes of adsorbed
deuterium and hydrogen at oxygen or transition metals
The low frequency bands (orange and green) neither match with the vibrational mode for an OH stretch (terminal or bridged) motion nor a metal-H stretch movement that imply a dissociation
of the reactants.
Recent studies reported that H2 and D2 do not dissociate necessarily, which is in agreement with
our mass spectrometry experiments. Instead, a hydrogen molecule is 2-fold or 3-fold
coordinated to a cationic metal atom of the cluster core, but never binds linearly. The predicted
frequency for the vibrational mode of a molecular bond hydrogen is noted in Table 1 as well.
The vibrational mode is strongly influenced by the metal cation the hydrogen is attached
to. The value that is found in literature belongs to the Nickel-H2 vibrational mode and therefore
can differ from the resulting frequency of a Mn-H2 bond [109].
The two values that are marked red at the bottom of Table 1 come closest to the obtained bands
for hydrogen and deuterium. Although, the frequency for the deformation mode of a hydrogen
atom at a terminal oxygen atom is closer to the frequencies of the discussed bands but our
studies of the bare [Mn2O4]+ cluster composition showed that the cluster ion does not have a
terminal bond oxygen atom. Therefore, we indicate the orange and green labeled peaks as the
vibration of the 2-fold coordinated dihydrogen molecule to a manganese atom. The assumed
binding geometry of the [Mn2O4(D2)]+ complex is exemplarily shown in Figure 6.2-2b and the
vibrational modes are schematically summarized in Figure 6.2-2a.
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Table 1: Wavenumber assignment to vibrational modes of a hydrogen/deuterium bond to
oxygen or transition metals
Vibrational mode

Wavenumber region
[cm-1]

Metal-H stretch

1600 – 2200 [110],
1500 – 2300 [111],
1600 – 1900 [108]

Metal-D stretch

1130 – 1630 (calc.)

Terminal O-H stretch

3326 [112], 3440 –
3550 [113], 3680 [114]

Terminal O-D stretch

2400 – 2500 [112]

Terminal O-H deformation

400 – 500 [114]

Terminal O-D deformation

291 – 363 (calc.)

Bridged O-H stretch

2800 – 3600 [115]

Bridged O-D stretch

2030 – 2610 (calc.)

Bridged O-H deformation

1500 – 1600 [116]

Bridged O-D deformation

1090 – 1170 (calc.)

D-D stretch

2900 – 3000 [117]

H-H stretch

4100 – 4200 [117]

Metal-H2

650-750 [109]

Metal-D2

460 – 530 (calc.)
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Figure 6.2-2: a) schematic representation of the energy ranges [cm-1] of the vibrational modes of
different hydrogen/deuterium bonds. b) symmetric and antisymmetric vibrational motion of H2 bond to a
manganese atom (represents grey modes of a))
The related H and D vibrations are presented in the same color in Figure 6.2-2. The two
subscripts name the bonding behavior (T=terminal, B=bridged) and the vibrational mode
(S=stretch, D=deformation).
Because of a lack of information in literature, some values have been calculated. The equation
of the harmonic oscillator was used to determine the missing frequencies:
ℎ
𝑘
ℎ𝜈 =
∙ √
2𝜋
µ

(6.2-1)

With µ for the reduced mass, k is the bond strength, h the Planck constant and ν the frequency.
As a simplification we assumed the same bond strength for D and H. The approach is
exemplarily shown for the O-D deformation motion at a bridged oxygen atom. We know from
literature that the O-H deformation vibrational mode ranges from 1500 cm-1 to 1600 cm-1. The
bond strength was determined with :
𝑘 = 𝜈 2 ∙ µ ∙ 4𝜋 2

(6.2-2)

With a reduced mass of 1,563 ∙10-27 kg (calculations have been performed with the exact value
with nine decimal places) and the frequency 1500 cm-1. The bond strength k was calculated to
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. With the determined value for k of the O-H bonding, the vibrational

frequency for the O-D bond could be calculated. With a reduced mass of 2,952 ∙10-27 kg the
vibrational frequency of an O-D deformation mode is 1090 cm-1. The same calculations have
been performed for the other frequency edge and lead to the determination of a frequency range
of 1090 cm-1 to 1164 cm-1 for the deformation motion of the bridged oxygen deuterium bond.

The same studies have been performed with the trimeric and tetrameric series. The IR spectra
are presented in Figure 6.2-3. Every band that appeared after the adsorption of hydrogen and
deuterium was located at the same frequency for both adsorbants. Like mentioned before, we
assume these peaks to arise due to excitation of the overtones and H2 and D2 as excellent
elimination groups. The bands are not related to the bond formation of a metal or oxygen atom
with deuterium or hydrogen. The resulting spectra are exemplarily shown for [Mn3O6]+ (a) and
[Mn4O7]+ (b). These two cluster ions were chosen because of the good resolution of the IR
spectra.

Figure 6.2-3: IR action spectra of a) [Mn3O6]+ and b) [Mn4O7]+ after the reaction with H2 (black) and
D2 (blue).

The studies of hydrogen and deuterium adsorption at manganese oxide clusters substantiate
presumptions from previous investigations. The D2O adsorption experiments revealed that the
[Mn2O2]+ cluster ion is a five-coordinated metal complex. The number of adsorbed D2
molecules verifies that finding, which indicates the bonding of intact D2 molecules.
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The same correlation between the D2O and D2 experiments was determined for the [Mn3O3]+
complex. The D2O adsorption revealed six adsorption sites at the cluster core. The cluster ion
showed the same adsorption behavior with D2 as a reaction partner.
The IR spectra give information about the binding behavior of the H2 and D2 molecules at the
manganese oxide clusters. Due to the assigned vibrational modes, we assume an intact D2
molecule at the cluster core, which is in agreement with the determined adsorption sites of the
cluster ions. Only the IR spectra of [Mn2O4(D2)/(H2)]+ and [Mn2O5(D2)/(H2)]+ showed specific
vibrational modes for the hydrogen and deuterium bonding. The D2 and H2 experiments showed
that cluster ions that undergo a water oxidation reaction are able to adsorb hydrogen and
deuterium as well as the cluster composition that perform bare water adsorption. Therefore, the
ability to bind H2/D2 does not necessarily indicate a water oxidation reaction.
Further experiments should study the adsorption behavior of [Mn2O4]+, [Mn2O5]+, [Mn3O6]+
and [Mn4O7]+ cluster ions via mass spectrometry in the gas phase reaction kinetic set up since
the IR spectra looked different. The comparison of the product mass peaks could either show
that the adsorption behavior is the same or the cluster ions behave different towards
hydrogen/deuterium. Different adsorption products could give a further explanation for the
missing vibrational modes. Same adsorption products indicate a comparable adsorption
behavior and therefore suggest the assumption of shifted H2 and D2 modes out of the spectra
range or that they are covered by existing peaks.
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CO2 capture and activation became of great interest in the past three decades[118,119]. One reason
that stimulated the interest is the issue of global warming. The global CO2 emission was
predicted to increase from about 30 Gt in 2000 to about 80 Gt in 2100. That rise would lead to
a global temperature increase of total 4°C in 2100[120].
Besides the environmental reason, CO2 transformation is interesting for industrial use. The
reduction of CO2 makes it an attractive C1 feedstock to form, for example, methanol or formic
acid[121].
Since many technologies depend on carbon based chemical fuels, the development of carbon
neutral fuel cycles became important. Incompletely coordinated metal-based catalysts represent
attractive systems for CO2 adsorption and activation[122]. Gas phase experiments can provide
important aspects of metal ligand bonding and molecular activation. The studies are free from
solvent perturbing effects, aggregates or surface inhomogeneities that arise in situ[123]. Due to
the different oxidation states a manganese atom can obtain, manganese clusters are a promising
system for CO2 activation. The CO2 adsorption and activation were investigated for a various
number of manganese oxide compositions. The manganese oxide clusters were produced in a
laser vaporization source and investigated via infrared action spectroscopy.

Chapter 7-1: Lisence free picture from https://pixabay.com/de/. The picture has been modified

69

Chapter 7

Carbon dioxide adsorption

Parts of this chapter have been published in J. Phys. Chem. A, edited by ACS Publications,
Nina Zimmermann, Thorsten M. Bernhardt, Joost M. Bakker, Robert N. Barnett, Uzi Landman,
Sandra M. Lang, “Infrared Spectroscopy of Gas-Phase MnxOy(CO2)z+ Complexes” 124, 1561
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Figure 7.1-1: Normal modes of a linear carbon dioxide molecule. a)symmetric stretch, b) asymmetric
stretch, c) bending (in plane) and d) bending (out plane), the eigenfrequencies of the normal modes are
displayed next to the schemes

A free and therefore linear carbon dioxide molecule has four normal modes. The vibrations are
schematically displayed in Figure 7.1-1. Scheme a represents the symmetric stretch motion of
the CO2 molecule. The symmetric stretch motion (ν1) is infrared inactive but Raman active and
has an eigenfrequency of 1333 cm-1 [125]. The asymmetric stretch motion (ν2) is displayed in b
and gets excited at 2349 cm-1 [125]. The vibrational mode is infrared active due to the change of
the dipole moment of the molecule. Scheme c shows the in-plane bending movement of the
CO2 molecule and d represents the out of plane bending mode (ν3). The vibrational mode c and
d are degenerated, IR active, and appear at around 667 cm-1 [125]. The bond formation between
a carbon dioxide and a cluster leads to an IR activation of all vibrational modes.
Apart from the normal modes of the CO2 molecule, it is possible to observe the so-called Fermi
resonance bands. A Fermi resonance stems from the overlap of the overtone of the bending
mode with the symmetric stretch mode[126]. In the resulting IR spectrum only two peaks appear
at 1388 cm-1 and 1285 cm-1, the Fermi dyad[127,128].
The identification of a Fermi dyad is challenging, because multi peak structures can have
different origins and therefore are not necessarily the Fermi bands. For example, the IR
spectrum of a hydrogen bonded interfacial water molecule exhibits a double peak structure.
Scientists assumed that peak structure to originate from structural effects. Labeling experiments
revealed that the peak splitting can be assigned to the overlap of an excited overtone with a
normal mode of the water molecule and therefore is defined as a Fermi resonance[129].
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It is not possible to assign each peak to a specific vibrational mode. Instead, the two peaks are
interpreted as a mixture of both vibrations. DFT calculations showed that the first peak at 1285
cm-1 is composed of 36% of the symmetric stretch and of 32% of each bend overtone (in plane
and out plane). The second peak consists of 66% of the symmetric stretch and of 16% of each
bending mode. The peak intensity has the ratio 2:1 and thus the intensity of the peak, that is
located at 1388 cm-1, is two times higher than of the peak at 1285 cm-1[130].
The carbon dioxide activation became, as mentioned before, an issue of interest during the past
three decades. The activation of a CO2 molecule is difficult due to its high thermodynamical
stability and the large kinetic barrier that has to be overcome for bond breaking[122]. An effective
CO2 activation is achieved by the partial electron transfer into the antibonding 2π orbital of the
molecule. That electron transfer reduces the overall bond strength of the CO2. The one-electron
reduction of a free CO2 molecule requires 0,6eV to result in a metastable CO2- anion[131].
Since that reduction is energetically expensive, alternatively a catalyst can form a covalent bond
with the CO2 molecule and transfers the negative charge. The interaction of carbon dioxide with
a metal-based catalyst can lead to the reduction of the CO2 via oxygen atom transfer to the metal
center, hydrides transformation from a metal hydride to CO2 to form a format ligand or coupling
reactions to generate C-carbon/hetero atoms bonds[132].
For an effective CO2 activation with a catalyst, a negatively charged cluster forms a covalent
bond with the carbon dioxide and the excess charge is partially transferred on the CO2 site of
the formed complex. The additional negative charge is accommodated in the antibonding 2πu
orbitals of the CO2 molecule. This causes a weakening of the CO bond and leads to a
geometrically change of the carbon dioxide. The original linear configuration gets distorted to
a bent geometry[133].
The binding behavior and resulting CO2 geometry is different for the interaction with cationic
metal oxide clusters. The complex formation of CO2 with a cationic metal center results in a
weak binding and activation. The CO2 binds either end on to the metal center (OCO-M+) called
physisorption (van-der-Waals bond) or with the carbon atom to one of the oxygen atoms of the
metal oxide complex (O2C-OM+) called chemisorption (chemical bond)[134].
Recent studies investigated the binding behavior of group four transition metal (M+) oxide
clusters (M+ = Ti, Zr, Hf) with carbon dioxide. Due to the electronic configuration of group
four transition metals, mainly the number of valence electrons, the binding behavior of
manganese is comparable. The studies revealed that the CO2 molecule binds with the carbon
atom to the metal oxide complex in two different ways. One pathway is the reaction with a
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terminal oxygen atom to form a bidentate carbonate bound to the metal centers, displayed in
Figure 7.1-2a. The second pathway is the reaction with a bridged oxygen atom to result in a
bidentate carbonate that bridges two metal centers with one oxygen atom and binds with another
oxygen to the metal center (b). DFT calculations indicated that both chemisorption and
physisorption are thermodynamically possible but chemisorption of CO2 at a metal oxide cluster
was predicted to be the energetically favorable reaction for group four transition metal oxide
complexes[134]. The two possible chemisorbed binding geometries are displayed in Figure
7.1-2.

Figure 7.1-2: Binding behavior of CO2 with a dimeric meta (blue)l oxide (red) complex with the carbon
(grey) atom binding to an oxygen atom of the cluster core. a) reaction with a terminal oxygen atom , b)
reaction with a bridged oxygen atom. Reprinted with permission from L. A. Flores, J. G. Murphy, W. B.
Copeland and D. A. Dixon, J. Phys. Chem. A, 2017, 121, 8719–8727. Copyright 2017 American
Chemical Society[134].
The studies of the group for transition metal oxide complexes lead to the assumption, that
manganese oxide clusters might form chemisorbed carbonate clusters with carbon dioxide. A
successful bond formation is the starting point for an electron transfer from the metal oxide to
the carbon dioxide molecule. Due to the variety of oxidation states a manganese atom can have,
we assumed an electron transfer reaction to the antibonding orbitals of the CO2 and therefore,
an activation of CO2, to be possible.
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The resulting IR spectra of a series of di- manganese oxides complexed with a CO2 molecule
are displayed in Figure 7.1-3. [Mn2O2(CO2)]+ is presented in a, [Mn2O3(CO2)]+ in b,
[Mn2O4(CO2)]+ in c, [Mn2O5(CO2)]+ in d and [Mn2O6(CO2)]+ in e. The manganese oxide
vibrational bands have been discussed in chapter 4 and will not be mentioned but marked above
the spectra.

Figure 7.1-3: IR MPD spectra of the dimeric manganese oxide series with one attached CO2 molecule.
a) [Mn2O2(CO2)]+, b) [Mn2O3(CO2)]+, c) [Mn2O4(CO2)]+, d) [Mn2O5(CO2)]+ and e) [Mn2O6(CO2)]+.
The Fermi dyad is marked in grey[124].
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In each spectrum, two new bands appeared. The peaks are marked in grey and are centered
between 1249 cm-1 and 1254 cm-1(I) and between 1379 cm-1 and 1394 cm-1 (II) for each dimeric
manganese oxide cluster. That wavenumbers are very similar to the frequencies of the Fermi
Dyad mentioned in literature, namely 1285 cm-1 for band I and 1388 cm-1 for band two[125].
The center frequencies of I and II are summarized and compared with the literature values in
Table 2.
Table 2: Comparison of the experimental data with literature values for the Fermi dyad
Band I [cm-1] Band II [cm-1]
Spectra

Difference [cm-1]

Difference [cm-1]

literature – experimental literature – experimental
(I)

(II)

1259

1384

26

4

1249

1379

36

9

1254

1394

31

-6

1249

1379

36

9

1254

1379

31

9

a
b
c
d
e

If we factor in an error bar of 5 cm-1, band I is red shifted compared to the value from literature
and band II is centered very similar to the predicted wavenumber for the Fermi Resonance peak.
Therefore, we identify the described dyad as the Fermi Dyad. Thus, the Fermi dyad is located
nearly at the same wavenumber for each dimeric cluster composition we can conclude that the
number of oxygen atoms does not affect the Fermi Resonance bands.
The spectra of [Mn2O2(CO2)]+, [Mn2O5(CO2)]+ and [Mn2O6(CO2)]+ display a good resolution
of the peak structure. In contrast, the intensity of the peaks in b is small. We assume
[Mn2O3(CO2)]+ to be a fragmentation channel of another cluster ion and therefore, the depletion
is nearly canceled out. The spectrum of [Mn2O4(CO2)]+ displays the dyad very noisy, due to the
low mass peak intensity of the complex.
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The intention of the experiments with CO2 was to detect an activation of the molecule. CO2
activation affects mainly the asymmetric stretch motion that gets excited around 2349 cm-1 [125].
The activation by an anionic cluster leads to a geometrically change from a linear to a bend
configuration and the asymmetric stretch motion appears strongly red shifted compared to the
vibrational mode of a free CO2. The occurrence of the Fermi dyad excludes the activation of
the molecule. The Fermi dyad originates from the overlap of the one normal mode and one
overtone. As the frequencies shift because of the activation, an overlap would not be possible,
and the Fermi Dyad would not appear[124].
The IR spectra of the dimeric series with one carbon dioxide molecule attached show the ability
of the manganese oxide clusters to adsorb CO2 and the appearance of the Fermi resonance
bands. The adsorption of two and three CO2 does not affect the resulting IR spectra. An
activation could not be detected. We cannot get any information about the binding behavior
from the resulting spectra and therefore assume the energetically favored chemisorption of the
molecule.
Ling Jiang et. al.[135] investigated monomeric yttrium oxide clusters (YO) with adsorbed CO2
molecules and calculated the binding behavior. Their calculations revealed the two possible
adsorption types that were mentioned before, chemisorption and physisorption.
The predicted IR spectra showed that if one CO2 molecule is attached, it is not possible to
conclude if the molecule either chemisorbed or physisorbed. However, after the adsorption of
four or more carbon dioxide molecules, a new band occurred. The intensity of the band
increases with an increasing number of CO2. This band can be assigned to the product of the
chemisorption reaction, namely the C-O stretch motion. The vibrational mode of the CO stretch
motion is located around 1850 cm-1[125].
To gain further information about the adsorption type, we investigated complexes with four
CO2 molecules as well. The dimeric series has the ability to adsorb four CO2 molecules. The
resulting spectra in the wavenumber range of importance is displayed in Figure 7.1-4. Spectrum
a presents [Mn2O2(CO2)4]+, b [Mn2O3(CO2)4]+, c [Mn2O4(CO2)4]+, d [Mn2O5(CO2)4]+, e
[Mn2O6(CO2)4]+ and f [Mn2O7(CO2)4]+.
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Figure 7.1-4: IR MPD spectra of the dimeric series with four CO2 molecules attached. a) displays
[Mn2O2(Co2)4]+, b ) [Mn2O3(Co2)4]+, c) [Mn2O4(Co2)4]+, d) [Mn2O5(Co2)4]+, e) [Mn2O6(Co2)4]+ and f)
[Mn2O7(Co2)4]+
The spectra are noisy, due to the low mass peak intensity of the cluster ions with four adsorbed
CO2 molecules. The region of interest is marked in grey and represents the end of the spectra
range as well. The characteristic band of the stretch motion of a C-O binding does not exist for
the dimeric series. That indicates either, that the CO2 molecules adsorb end on to the metal
centers or, that the intensity was too low to make a qualitative statement.
To check if our data is comparable with the findings of the group of Ling Jiang, we investigated
the monomeric series (one manganese atom) and cluster compositions with only one oxygen
atom as well. The resulting spectra are displayed in Figure 7.1-5. Spectrum a represents
[MnO(CO2)4]+, b [Mn2O(CO2)4]+, c [MnO2(CO2)4]+ and d [Mn3O(CO2)4]+. The resulting
spectra has a poor signal to noise ratio due to the low mass peak intensity of the investigated
complexes.
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Figure 7.1-5: IR action spectra of a) [MnO(CO2)4]+, b) [Mn2O(CO2)4]+, c) [MnO2(CO2)4]+ and d)
[Mn3O(CO2)4]+

Our studies started with the monomeric series MnOx (x=1-6). Only the spectrum of the
stoichiometric [MnO]+ cluster, that is presented in Figure 7.1-5a, displays a depletion in the
marked area. Therefore, we assume a chemisorption of the CO2 molecules at the [MnO]+ cluster
ion.
The monomeric complex with two oxygen atoms is presented in c. We cannot identify an
excitation in that wavenumber region. Therefore, the assumption, that monomeric cluster
compositions definitely chemisorb CO2, is wrong.
We assumed, that finding indicates that cluster compositions that have only one oxygen atom
in the cluster core result in the carbonate formation. Spectrum b represents a dimeric cluster
with one oxygen atom [Mn2O]+ and d a tetrameric cluster with one oxygen atom [Mn3O]+.
Clearly, [Mn3O(CO2)4]+ does not display a band in the region of the CO stretch vibrational
mode. The spectrum of the dimeric cluster shows a big ingrowth next to the wavenumber region
of interest. It is questionable if the band is erased due to the gain or never existed. We assume
that the ingrowth lead to elimination of the original depletion.
Consequently, we expect cluster compositions with one oxygen atom that have maximum two
manganese atoms have the ability so chemisorb a CO2 molecule.
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The infrared studies of manganese oxide clusters with attached CO2 revealed that cationic
manganese oxide clusters have the ability to adsorb multiple carbon dioxide molecules. The
spectra show the appearance of the Fermi dyad for every cluster composition. The location of
the Fermi resonance peaks depends neither on the number of oxygen atoms nor on the number
of manganese atoms in the cluster core. The resulting spectra indicate the different adsorption
behaviors of the cluster compositions dependent on the number of oxygen atoms and
manganese atoms. Due to the resulting spectra we assume for each cluster composition, besides
the [MnO(CO2)4]+ and [Mn2O(CO2)4]+, and end on physisorption of the carbon dioxide
molecules even though a theoretical comparison with the four group transition metal oxide
complexes lead to the presumption of chemisorption.
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Chapter 8
Decomposition of acetic acid
Biomass derived hydrocarbon fuels became of great interest as alternative energy sources due
to the ongoing debate about fossil fuels and global warming. The two mainly important
pathways to convert biomass like lignocellulosic material into liquid fuels are flash pyrolysis
and hydrolysis.
Fast pyrolysis produces bio-oil with high yields up to 80%

[136]

ranges from 400 to 3000 °C dependent on the used biomass

. The necessary temperature

[137]

. Products in the gas phase

condense upon cooling. The resulting bio oil contains a mixture of about 350 oxygenated
compounds like acids, alcohols, and aldehydes. Fast pyrolysis is an inexpensive process that
does not require any pretreatment steps. Hydrolysis of biomass leads mainly to the production
of sugar monomers and byproducts like carboxylic acid as well. The process requires a complex
and expensive pretreatment to separate sugar monomers to result in a selective transformation
[137,138]

. The upgrading of the bio oils that are produced via the introduced processes requires,

inter alia, the conversion of the formed carboxylic acids to reduce the oxygen content of the bio
oil. For this process inexpensive, abundant catalytic materials like manganese oxides are highly
desirable. In this context, the ability of free cationic manganese oxide clusters to catalyze the
decomposition of acetic acid was investigated.

Chapter 8-1: Lisence free picture from https://pixabay.com/de/

80

8.1 Mn4O4+ with CH3COOH

Decomposition of acetic acid

8.1

Mn4O4+ with CH3COOH

The industrial pyrolysis of acetic acid decomposes the acid in two different ways:
1. Dehydration
CH3COOH → CH2CO + H2O
2. Decarboxylation
CH3COOH → CO2 + CH4
The reaction products of the dehydration are ketene and water and for the decarboxylation
reaction carbon dioxide and methane [139]. These two reactions exhibit an activation energy of
300kJ/mol each and therefore justify the high temperature of the pyrolysis [140,141].
The upgrading of bio oil requires as a first step the conversion of acetic acid. Since pyrolysis is
no possibility for the produced bio oil, catalysts are necessary to convert the carboxylic acid
into useful products.
One well studied conversion method over metal oxide catalysts is the ketonization reaction,
where two carboxylic acid molecules form a ketone,CO2, and water. Therefore, two acetic acid
molecules are converted to acetone, carbon dioxide, and water. This reaction found its
application consequently for one, in the industrial production of acetone and for two, in the
upgrading process of environmentally friendly produced bio oil.
Recent studies revealed manganese oxide to be one of the most efficient metal oxide catalysts
for selective acetone production due to acetic acid conversion [142,143].
Besides the acetone formation, the dehydration reaction to produce ketene and water has been
observed with atomic copper and cobalt as catalyst material [144,145].
Selective decarboxylation reactions have been accomplished over metal complex catalysts that
contain Mg-, Pt+, Pd+ and Ni+ [146,147]. We investigated the stoichiometric [Mn4O4]+ cluster ion
as catalyst for the conversion of acetic acid via mass spectrometry. We assume multiple possible
decomposition products that are presented in Table 3 with their associated masses.
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Table 3: Possible products of acetic acid decomposition. Each product is presented with its
associated mass in amu.
Product

Mass [amu]

Acetone (C2H6CO)

58

Keten (CH2CO)

42

Carbon dioxide (CO2)

44

Methane (CH4)

16

Acetic acid (CH3COOH)

60

Water (H2O)

18

Figure 8.1-1: Mass spectrum after the reaction of [Mn4O4]+ with small concentration CH3COOH with
0ms reaction time.
The resulting mass spectra after the reaction with a very small amount of acetic acid with 0 ms
reaction time (only reaction during ion trap filling time) is presented in Figure 8.1-1. The acetic
acid has been frozen, and the added amount of reactant gas was not noticeable in the baratron
gauge, therefore the concentration of reactant gas in the ion trap was very small. The original
cluster peak was located at 291 amu and is not detected after the reaction. That indicates that
the reaction runs very fast due to the short reaction time.
The first peak in the spectrum represents a bare water adsorption and is traced to the residual
water in in the octopole ion trap.
The next product peak is located at 350 amu. Therefore, the adsorbed molecules at the cluster
core have a mass of 59 amu (350 amu – 291 amu). The mass of the product is an odd number
and cannot be calculated with the possible products. Consequently, the mass peak shifted by 1
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amu. The mass peak intensity is reduced due to the transfer through the quadrupole systems.
To gain the best possible resolution in the mass spectra, the mass peak intensity has to be high
and stable. Therefore, the observed shifts are caused by the low mass peak intensity. If we
assume an actual mass of 58 amu, two acetic acids formed acetone, CO2 and water. Acetone
remained at the cluster core, while carbon dioxide and water were released. The other possibility
is a 1 amu shift in the other direction and an actual mass of 60 amu. An intact acetic acid
molecule has the mass of 60 amu and is therefore attached to the cluster core. Also, the
dehydration and carboxylation products have a mass of 60 amu each. Therefore, it is not
possible to distinguish if an intact acid is adsorbed at the cluster core or both products of
decarboxylation or dehydration are attached to the cluster ion.
The next peak is located at 367 amu and therefore 76 amu away from the bare cluster ion. That
mass can be calculated in four different ways. One pathway could be an attached acetone
molecule with water (most likely as residual gas from the trap). The second option is an intact
acetic acid molecule with methane. The third and fourth possibility are the decomposed acid
either into ketene and water or CO2 and methane.
The fourth product peak appears with low intensity and indicates a small amount of that product
in the octopole ion trap. It is 90 amu away from the bare cluster peak and represents either three
adsorbed methane and one ketene or two methane with one acetone.
The last peak is detected at 400 amu and therefore 109 amu from the original cluster signal.
Since it is an odd number the mass peak is shifted plus one and indicates acetone with two water
molecules and methane or minus one and therefore represents ketene with two methane and
two water molecules. The possible products are summarized in Table 4.
As recent studies revealed manganese oxide clusters to be one of the most efficient catalysts for
selective acetone formation from acetic acid conversion, we assume the products that contain
acetone to be most likely. Two listed products contain besides acetone also methane. Methane
is produced via decarboxylation. Apart from methane carbon dioxide results from the
decarboxylation of acetic acid. The assumed assignment does not contain a product with
adsorbed carbon dioxide and therefore indicates CO2 in this reaction pathway to be the better
elimination group. The adsorbed water originates most likely from the residual gas in the
chamber instead from a dehydration reaction. But it is important to mention that the acetic acid
experiments do not deliver a proof of that assumptions. The energetically favorable products
are underlined in Table 4.
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Table 4: Peak assignment in mass spectrum Figure 8.1-1
Mass peak [amu]

Assignment

350

(-1) Acetone
(+1) Acetic acid
(Decarboxy./dehydr. products)

367

Acetone & water
Acetic acid & methane
(Decarboxy./dehydr. products & methane)

381

Acetone & 2 methane
3 Methane & ketene

400

(-1) Acetone & 2 water & methane
(+1) Ketene & 2 methane & 2 water

As mentioned before the presented mass spectrum in Figure 8.1-1 results from the reaction of
the cluster ion with a very small amount of acetic acid after a short reaction time. We further
investigated the conversion products with a high concentration of the carboxylic acid and a
reaction time of 500 ms. In order to add a higher concentration of the reactant gas to the ion
trap, the cooling of the acetic acid has been removed. The mass spectrum of the products in the
latter case is presented in Figure 8.1-2.
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Figure 8.1-2: Mass spectrum of [Mn4O4]+ after the reaction with CH3COOH after 500 ms reaction
time.

The first peak is labelled with `cl.´ and presents the cluster peak. The three signals after the
cluster peak are highlighted with a `*´ and indicate bare water adsorption. The following peaks
are marked with the numbers I to VII and are identified as a series of ketene adsorption. To
avoid confusions, all arrows are marked with 42 amu, which represents the mass of a ketene
molecule instead of noting the shifted mass of 41 amu or 43 amu.
The first peak with the number I appears 61 amu from the original cluster peak. The mass peak
can be assigned to multiple adsorbants, due to the listed possible products from Table 3. Since
odd numbers are not possible to calculate the mass peak is either shifted one to smaller masses
(actual mass 62 amu) and indicates therefore CO2 and water as adsorbants. If we assume a shift
to higher masses (actual mass 60 amu), that peak can be assigned either to an intact acid or the
decarboxylation or dehydration products.
The next peak (Ia) is located 19 amu from the previous peak and 80 amu from the bare cluster
ion. A mass of 80 amu can only be calculated with one carbon dioxide molecule and two water
molecules. That leads to the assumption that the first peak (I) represents CO 2 with one water
with a following water adsorption that results in Ia.
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Peak Ib as well can be calculated with multiple different product compositions. Most likely a
second water adsorbed at the cluster ion.
The following mass peak II is located at 413 amu and therefore 42 amu from Ia. That distance
implicates

an

adsorption

of

one

ketene

molecule

and

leads

to

the

product

[Mn4O4(CO2)(H2O)(CH2CO)]+. The product peaks IIa und IIb represent then the adsorption of
one and two additional water molecules.
Peak number III that appears as a double peak with IIb is 41 amu away from II. Although, the
mass of ketene is 42 amu , we assume a one amu shift due to the low concentrations of the
reactant gas and the resolution of the mass spectrometer. Therefore, we expect another ketene
adsorption with a following water adsorption that represents mass peak number IIIa.
The mass peak that is labelled with IV indicates another ketene adsorption at product III. IVa
represents an additional water adsorption.
V, VI, and VII appear in a distance of 42 amu as well and are assigned to multiple ketene
adsorptions. VII is the only mass peaks that is followed by a water adsorption (VIIa).
The mass peaks that are labelled with 1,2, and 3 do not fit into the trend that could be indicated
for the other product peaks. Peaks 1 and 2 appear in a distance of 43 amu but do not relate with
the other peaks. The mass peak 1 is located 310 amu from the bare cluster ion. Two possible
assignments are the adsorption of three acids, two CO2, and one ketene or four CO2, two
acetone, and water. The following peak 2 represents then an additional ketene molecule.
Finally, the last peak number 3 is 59 amu away from peak 1 and therefor either represents the
adsorption of an acid (+1) or an acetone molecule (-1). The possible peak assignments are
summarized in Table 5 and the preferred products are underlined.

Table 5: Peak assignment in mass spectrum Figure 8.1-2
Mass peak [amu]

Assignment

352 (I)

(-1) Acetic acid
(Decarboxy./dehydr. products)
(+1) CO2 & water

371 (Ia)

CO2 & 2 water

388 (Ib)

(-1) Acetic acid & 2 water
(+1) CO2 & 3 water

413 (II)

Acetic acid &CO2 & water
CO2 & 2 water & ketene
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430 (IIa)

(+1) Acetic acid &CO2 & 2 water
CO2 & 3 water & ketene
(-1) 2 Acetic acid & 2 water

448 (IIb)

(+1) Acetic acid &CO2 & 3 water
CO2 & 4 water & ketene
(-1) 2 Acetic acid & 3 water

454 (III)

(+1) 2 Acetic acid &CO2
CO2 & 2 water & 2 ketene
(-1) Acetic acid & acetone & CO2

472 (IIIa)

(+1) 2 Acetic acid &CO2 & water
CO2 & 3 water & 2 ketene
(-1) Acetic acid & acetone & CO2 & water

496 (IV)

(+1) CO2 & 2 water & 3 ketene
(-1) 2 Acetone & 2 CO2

513 (IVa)

CO2 & 3 water & 3 ketene
2 Acetone & 2 CO2 & water
2 Acetic acid & CO2 & acetone

555 (V)

CO2 & 3 water & 4 ketene
4 Acetone & 2 methane
2 Acetone & 2 CO2 & acetic acid

597 (VI)

CO2 & 3 water & 5 ketene

640 (VII)

CO2 & 3 water & 6 ketene

657 (VIIa)

CO2 & 4 water & 6 ketene

601 (1)

3 Acetic acid & 2 CO2 & ketene
4 CO2 & 2 acetone & water
3 Acetic acid & 2 CO2 & 2 ketene

644 (2)
660 (3)

(+1) 4 Acetic acid & 2 CO2 & ketene
(-1) 3 Acetic acid & 2 CO2 & ketene & acetone

It is obvious, that the assignment of the multiple peaks is difficult due to the variety of possible
adsorbants. The chosen allocation is just an assumption without an experimental proof.

87

8.1 Mn4O4+ with CH3COOH

Decomposition of acetic acid

After the studies of the interaction of the tetrameric cluster ion with bare acid, we added D2O
to identify water exchange reactions that substantiate the assumed assignment. The resulting
mass spectrum is presented in Figure 8.1-3.
In the following section, the product peaks will be compared with the mass peaks of the bare
acetic acid reaction. The peaks are labelled from A to L and some are highlighted with colors.
Pink implicates a shift due to the exchange of H2O with D2O, while orange marks peaks that
are located at the same position without D2O added to the reaction chamber. Mass peaks that
did not shift implicate that an exchange reaction did not happen and therefore no water molecule
is adsorbed at the cluster core.

Figure 8.1-3: Mass spectrum after the reaction of Mn4O4+ with CH3COOH and D2O for 100ms.
Starting with peak A that is 82 amu away from the mass peak of the bare cluster ion. That mass
can be calculated with an adsorbed ketene and two D2O molecules. Since we got a mass peak
80 amu away from the bare cluster in the acetic acid spectrum (Figure 8.1-2, Ia) with the
assignment CO2 and two H2O, we could assume an exchange reaction of one H2O with D2O.
Because we know that exchange reactions always affect each water molecule, we have to think
about a different product composition of peak Ia that contains only one water molecule. That
would mean one adsorbed water molecule (18 amu) at the cluster core and therefore 62 amu
from other adsorbants. Due to the known masses of the potential products it is not possible to
calculate the remaining 62 amu. Consequently, we assume no relation between Peak Ia and A.
The next peak B is highlighted in pink and indicates a D2O exchange reaction. B is located at
415 amu and consequently shifted about 2 amu from peak II of the bare acetic acid reaction
spectrum. That leads to the assumption that the product contains one water molecule that
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exchanged

with

D2O.

Therefore,

peak

B

represents

the

product

[Mn4O4(CH3COOH)(CO2)(D2O)]+.
The following mass peak C appears at 435 amu and is colored in pink as well. We assume an
exchange reaction that results in two adsorbed D2O molecules, one acetic acid and CO2. This
indicates that before the addition of D2O, peak IIa in Figure 8.1-2 represents
[Mn4O4(CH3COOH)(CO2)(H2O)]+.
The peak that is labelled with D indicates an exchange reaction as well. It is shifted about four
amu from peak IIb. A difference of four amu implies the exchange of two water molecules and
therefore the conversion of peak IIb from two adsorbed acids and two H 2O to peak D with the
composition [Mn4O4(CH3COOH)2(D2O)2]+.
The following peak E is marked in orange and appears at 496 amu. A peak at the same mass
could be identified in the spectrum of the bare acetic acid reaction. We assumed a product
composition that contains water. Now, that a shift could not be detected, the peak is rather
assigned to the adsorption of two acetone and two carbon dioxide molecules.
The same conclusion can be drawn for the next peak F. It is located for both reactions at the
same position and therefore indicates no water adsorption. We assume the product
[Mn4O4(CH3COOH)(CO2)2(CH2CO)]+.
The following peak G shows the same behavior and leads to the assumption of multiple
different product compositions. It is located 305 amu away from the original cluster peak. Like
mentioned before, it is not possible to calculate an odd number of a mass and therefore, the
peak is shifted about one amu either to higher or to smaller masses. A shift to smaller masses
indicates three adsorbed acids and three ketene molecules and a shift to higher masses three
acids, two acetone, and one ketene molecule.
Mass peak H is located at 600 amu (rather 601 amu, due to even mass difference from the
cluster ion). A peak at the same mass could be identified for the bare acetic acid reaction. We
assume three adsorbed acetic acid molecules as well as two CO2 and one ketene molecule.
The next peak I is 42 amu from peak H and therefore, we assume an additional ketene
adsorption. Although, we identified a peak 2 amu left to I in the bare acetic acid spectrum, but
it is not possible to calculate that peak (1) with only one adsorbed water that could be exchanged
with D2O.
The peaks J and K are marked in orange and represent peaks that appeared already in the bare
acetic acid spectrum. We assume for peak J four acids and ketene molecules adsorbed and for
K also four acids, two carbon dioxide, and one ketene molecule.
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The last peak in the spectrum cannot be found for the bare acid reaction. We assume four
attached acids and four ketene molecules. All assigned products are listed in Table 6 as well.
The acetic acid experiments revealed the importance of the reaction time and amount of
reactant for the resulting spectrum. A small amount of acid leads to a manageable number of
product peaks. We assume the conversion of acetic acid into acetone to be the energetically
favorable reaction with a low concentration of acetic acid present in the ion trap. As soon as the
reaction time and concentration increase, raises the number of products too. The possible
product assignments have been explained in detail, but it is important to note that the experiment
does not deliver any proof for the assumed product compositions. The D2O experiments give a
hint even though it is possible that instead of exchanging water molecules the addition of D2O
leads to complete different products that have nothing to do with the previous assignment.
Labeling experiments with heavy acetic acid could further help to identify the actual products
as well as IR experiments to probe characteristic vibrations.
Table 6: Peak assignment in mass spectrum Figure 8.1-3
Mass peak [amu]

Assignment

373 (A)

Ketene & 2 D2O

415 (B)

2 Keten & 2 D2O

435 (C)

Acetic acid & CO2 & 2 D2O

452 (D)

(-1) 2 Acetic acid & 2 D2O

496 (E)

(-1) 2 Acetone & 2 CO2

555 (F)

2 Acetone & 2 CO2 & acetic acid

596 (G)

(+1) 3 Acetic acid & 3 ketene
(-1) 3 Acetone & 2 CO2 & ketene

600 (H)

(+1) 3 Acetic acid & 2 CO2 & ketene

642 (I)

(+1) 3 Acetic acid & 2 CO2 & 2 ketene

656 (J)

(+1) 4 Acetic acid & 3 ketene

661 (K)

4 Acetic acid & 2 CO2 & ketene

700 (L)

(+1) 4 Acetic acid & 3 ketene & CO2
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Mn4O4+ shows that small MnxOx clusters appear to be valid and interesting model systems to
study the molecular details of manganese oxide catalyzed carbonic acid decompositions
reactions.
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In this thesis the reactivity of manganese oxide clusters towards D2O, H2, D2, CO2 and
CH3COOH was investigated.
Manganese oxide clusters play a decisive role in the natural photosynthesis. The oxygen
evolving complex that is located in the Photosystem II of plants, bacteria, and algae, has the
composition CaMn4O5. Three manganese (Mn1,Mn2,Mn3), one calcium and four oxygen
atoms (O1,O2,O3,O4) form a cubane-like structure. The four metal and four oxygen atoms each
occupy a corner of the cubane. The fourth manganese (Mn4) atom is linked to the cubane via
the fifth oxygen (O5) and one of the mentioned oxygen atoms (O4). Each manganese atom is
connected by di-µ-oxo bridges with two adjacent manganese atoms. During photosynthesis, the
oxygen evolving complex splits water to evolve oxygen, four electrons, and four H+. The use
of sunlight and water to produce chemical energy serves as a role model for artificial systems.
The development of systems to generate renewable energy became a priority due to the
limitation of the resources for fossil fuels we have to face. The understanding of the natural
water splitting process leads to the design of artificial system that generate hydrogen as an
energy storage material. Furthermore, the replacement of fossil fuels for vehicles with bio-oil
presents a big step towards environmentally friendly mobility. Last but not least, the dramatical
amount of CO2 emission has to be controlled to ensure a life on earth for further generations.
The presented work deals with each of the mentioned topics. Therefore, manganese oxide
clusters have been produced in a cold reflex discharge ion source, sized selected, and finally
trapped in an octopole ion trap. After adding a reactant gas the products could get detected and
mass analyzed. The experimental setup enables the user to control the cluster size, the charge
of the generated ions, as well as the reaction time, temperature, and amount of reactive gas. Due
to the multiple parameters that can be varied, it is possible to measure temperature,
concentration, time, or size dependencies and obtain trends that indicate specific cluster
properties. Besides the gas phase reaction kinetic set up in our laboratory we had the possibility
to perform infrared spectroscopy with the multiphoton dissociation set up at the Radboud
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University in Nijmegen, Netherlands. Infrared spectroscopy is a useful tool to gain structural
information either of bare cluster ions or the reactions products. Mass peak intensities are
detected before and after the interaction of the molecular beam with the laser beam. Therefore,
fragmentations at characteristic wavenumbers for specific vibrational modes are detected and
appear as a depletion after the cluster ions crossed the laser light. It is possible to move the
complete experimental set up in focus or out of focus of the free electron laser beam. Thereby,
the user controls the light intensity by which the cluster ions get excited.
The first part of this work was the investigation of the reaction behavior of dimeric, trimeric
and tetrameric manganese oxide clusters towards D2O. We mainly studied the higher oxidized
cationic cluster compositions, expecting an improved water oxidation reactivity due to the
higher oxidation states of the manganese atoms. The dimeric series, namely [Mn2O2]+,
[Mn2O3]+ and [Mn2O4]+, showed the ability to perform water oxidation reactions. We assume
a hydrogen/deuterium peroxide release reaction with H2/D2 (or the respective atoms) remaining
at the cluster ion. The number of oxygen atoms in the cluster did not influence the reaction itself
but the number of adsorbed water molecules. The sterically hindrance due to the attached
oxygen atoms lead to an observable trend in the mass spectra. The most intense mass peak and
therefore the product with the highest concentration represented for the stoichiometric cluster
Mn2O2+ the composition with four adsorbed water molecules, for the [Mn2O3]+ with three, and
for [Mn2O4]+ with two water molecules. The results indicate, that with each additional oxygen
atom an adsorption site is occupied and therefore not available anymore for a water molecule.
We conclude from this assumption the presence of terminal bond oxygen atoms at the dimeric
cluster core.
In contrast, the trimeric series did not show any water oxidation reactivity. The mass spectra
display bare water adsorption for the stoichiometric [Mn3O3]+ and the higher oxidized [Mn3O4]+
cluster ion.
A special case occurs for the tetrameric series. The water oxidation reaction indicated a
dependence on the number of oxygen atoms at the cluster ion. While [Mn4O4]+ and [Mn4O6]+
display bare water adsorption, both the [Mn4O5]+ and [Mn4O7]+ clusters exhibit the ability to
undergo water oxidation reactions. The structural and electronic differences due to the odd
number of oxygen atoms leads to the water oxidation process.
The mass spectra of the D2 experiments underline the assumed number of adsorptions sites at
the cluster core and prove the ability of manganese oxide clusters to bind deuterium. We could
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not identify a difference in the mass spectra for a cluster that performs water oxidation reactions
compared with [Mn3O3]+ that does not oxidize water.
Furthermore, infrared spectra indicate H2 and D2 to bind molecularly and in a bidentate fashion
to the cluster ion. We could only identify specific D2 and H2 vibrations for the cluster ions
[Mn2O4(H2/D2) ]+ and [Mn2O5(H2/D2)]+.
In order to gain better insights into the mechanism of the water oxidation process, further
investigations should include kinetic measurements. Moreover, experimental data of even
higher oxidized species of each series could help to determine the critical factors that enable or
block water oxidation reactions. Assessing the D2/H2 adsorption experiments, further
experiments should address mass spectrometry of the cluster compositions that have been
investigated via infrared spectroscopy, namely [Mn2O4]+, [Mn2O5]+, [Mn3O6]+ and [Mn4O7]+.
Possibly, a difference can be obtained for the clusters that showed specific deuterium and
hydrogen vibrations compared to those that did not.
The second part of this work focused on the carbon dioxide adsorption at cluster ions with
different compositions. The infrared spectra display the excitation of the characteristic CO2
Fermi dyad. A blue shift of the asymmetric stretch motion that indicates an activation could not
be detected. The binding behavior of the CO2 molecules can be determined via IR excitation as
well. Vibrational modes that are characteristic for chemisorption or physisorption are located
around 1850 cm-1. Since our spectra range from 630 cm-1 to 1850 cm-1, the evaluation of the
specific binding modes is restricted. Further investigations should concentrate on the spectral
range between 1800 cm-1 and 3000 cm-1 due to the location of the asymmetric stretch motion
and the characteristic vibrational modes that reflect the binding behavior.
The last part of this work contains the investigation of the ability of [Mn4O4]+ to convert acetic
acid. We studied the different product distributions after the reaction with a small amount of
the carboxylic acid and short reaction time compared with a higher concentration of reactive
gas and a long reaction time. We also added D2O after the reaction with acetic acid to see if we
can assign products more precisely due to the exchange reaction of H2O with D2O. The product
distribution is manageable for the low reactive gas concentration reaction. We assume a
preferred acetone conversion over ketene formation.
The simplicity of the first spectrum with a low concentration of acid changed into a massive
amount of product peaks for the reaction with a higher concentration of acetic acid. The
assignment of the individual peaks is quite difficult. Even after the addition of D2O the
identification of several products remains unclear. Fact is, manganese oxide clusters have the
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ability to convert acetic acid into multiple products dependent on reaction time and
concentration of the reactive gas. Further experiments should be performed with labelled acids.
Temperature controlled studies can help to slow down the reactions to gain a more detailed
insight in the reaction pathways. Reverse reaction with acetone, ketene, CO2 and methane can
underpin assumed product assignment by detecting competing adsorbants and the ability to
attach to the cluster core.
This work demonstrates the various areas of application for manganese oxide clusters. That
earth abundant and cheap material will be a useful catalyst to face environmental issues like
resource restrictions and global warming.
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