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Abstract
Metalloproteins are ’macromolecular machines’ and cover a vast amount of important
functions which are essential for all living organisms. Proteins are able to transduce
signals, replicate DNA, or catalyze chemical reactions. Iron-sulfur clusters represent the
central component of many proteins and are important for their biological activity.
This work presents a completely new access to different stoichiometric FexSz

+ (x = z)
and non-stoichiometric FexSz

+ (x = z + 1) iron-sulfur clusters via ion trap experiments
and provides insight into the interaction of iron-sulfur clusters with small molecules
which are involved in enzyme reactions (N2, D2 and O2). Furthermore, the investiga-
tions introduce the first step of increasing the cluster complexity with the reaction of
iron-sulfur clusters with H2S.
The clusters for the ion trap reactivity experiments are produced by sputtering targets

with high energetic xenon ions. In the first step, a screening of different targets composed
of various iron and sulfur compositions and pyrite stone targets were conducted to
understand the iron-sulfur cluster formation. It was found that an increase of the sulfur
content in the target up to a certain point leads to the formation of pure iron-sulfur
clusters and to a significant suppression of contaminants like oxygen. Surprisingly,
oxygen contaminants do not play a role for the cluster production from pyrite targets
leading to the generation of pure stoichiometric (FexSz

+, x = z) as well as one sulfur
atom deficient (FexSz

+, x = z + 1) clusters.
In a first set of ion trap experiments, temperature dependent reactivity studies of

FexSz
+ (x = z = 2, 3, 4) with N2 were performed to gain insight into the fundamental

processes of the nitrogen fixation. Interestingly, Fe2S2
+ and Fe3S3

+ bind molecular
nitrogen at room temperature, whereas Fe4S4

+ binds N2 merely at low temperatures.
Experimentally determined N2 binding energies are also presented and supported by
calculations of Uzi Landmann and Robert N. Barnett.
Further temperature dependent reactivity experiments of Fe2S2

+ and Fe4S4
+ with

D2 showed that molecular deuterium adsorbs only at cryogenic temperatures at both
cluster sizes. This indicates very weak binding energies.
In a further set of experiments, different iron-sulfur clusters have been exposed to O2.

Molecular oxygen can inactivate the catalytic activity of an enzyme by disintegration
of iron-sulfur clusters. The O2 pressure dependent experiments show an exchange
of the cluster sulfur atoms with oxygen atoms in the case of Fe2S2

+, Fe3S3
+, Fe5S5

+

and Fe6S6
+, whereas in the case of Fe4S4

+, most interestingly, no S/O exchange was
observed.
Moreover, to mimick the chemical environment of iron-sulfur clusters in proteins and

thus the sulfur connection of cysteines to iron-sulfur clusters, the reactivity of different
iron-sulfur clusters towards H2S was investigated. It was found that the formation of
iron-sulfur-hydrogen complexes depends merely on the number of iron atoms in the
initial cluster. For example, the reaction of Fe+ or FeS+ leads to the same complex
composition. Interestingly, the formed iron to sulfur ratio of the complexes is identical
to the iron to sulfur ratio of iron-sulfur clusters in proteins which are connected to the
cysteins via sulfur atoms.
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Zusammenfassung
Metalloproteine sind ’makromolekulare Maschinen’, die eine große Anzahl an wichti-
gen Funktionen übernehmen und dadurch für lebende Organismen unabdingbar sind.
Proteine sind in der Lage, Signale zu übertragen, DNA zu replizieren und chemische
Reaktionen zu katalysieren. Eisen-Schwefel Cluster sind die zentralen Komponenten
vieler Proteine und wichtig für ihre biologische Aktivität.
In dieser Arbeit wird eine komplett neue experimentelle Herangehensweise an ver-

schiedene stöchiometrische FexSz
+ (x = z) und nicht stöchiometrische FexSz

+ (x = z + 1)
Eisen-Schwefel Cluster vorgestellt. Mittels einer Ionenfalle konnten Einblicke in die
Wechselwirkung zwischen den Clustern und kleinen Molekülen (N2, D2 und O2), die an
Enzymreaktionen beteiligt sind, gewonnen werden. In weiteren Experimenten wurde
die Komplexität der Cluster durch die Reaktion mit H2S erhöht und untersucht.
Die Cluster für die Experimente in der Ionenfalle werden durch den Beschuss von

’Targets’ mit hochenergetischen Xenon Ionen erzeugt. Um die Bildung von Eisen-
Schwefel Clustern besser zu verstehen, wurden in den ersten Experimenten ’Targets’ mit
verschiedener Eisen-Schwefel Zusammensetzung hergestellt und deren Massenspektren
verglichen. Es zeigte sich, dass eine Erhöhung des Schwefelanteils bis zu einem gewissen
Punkt zur Bildung von reinen Eisen-Schwefel Clustern führt und die Clusterbildung mit
Verunreinigungen (z.B. Sauerstoff) unterdrückt wird. Überraschenderweise zeigte ein
Vergleich zu Targets aus dem Mineral Pyrit, dass dabei die Sauerstoffverunreinigung
auf die Clusterbildung keinen Einfluss hat und sich stöchiometrische FexSz

+ (x = z)
und nicht stöchiometrische FexSz

+ (x = z + 1) Cluster bilden.
In einem weiteren Schritt wurden temperaturabhängige Ionenfallenuntersuchungen

verschiedener Eisen-Schwefel Cluster FexSz
+ (x = z = 2, 3, 4) mit N2 durchgeführt, um

tiefere Einblicke in molekulare Prozesse der Stickstofffixierung zu gewinnen. Interessan-
terweise binden Fe2S2

+ und Fe3S3
+ molekularen Stickstoff bereits bei Raumtemperatur,

wohingegen Fe4S4
+ erst bei tiefen Temperaturen N2 bindet. Zudem wurden exper-

imentelle Bindungsenergien ermittelt und mit berechneten von Uzi Landmann und
Robert N. Barnett verglichen.
Weitere temperaturabhängige Reaktionsexperimente von Fe2S2

+ und Fe4S4
+ mit D2

zeigten, dass eine Adsorption erst bei kryogenen Temperaturen möglich ist und daher
nur eine schwache Bindung vorliegt.
In darauf folgenden Experimenten wurden Eisen-Schwefel Cluster auf ihre Reaktivität

mit O2 untersucht. Molekularer Sauerstoff kann durch die Zersetzung von Eisen-Schwefel
Clustern die katalytische Aktivität von Enzymen zerstören. Die druckabhängigen O2
Messungen zeigten, dass ein Austausch von Schwefel mit Sauerstoff bei Fe2S2

+, Fe3S3
+,

Fe5S5
+ und Fe6S6

+ stattfindet, wohingegen, bei Fe4S4
+ kein Austausch beobachtet

werden konnte.
Eisen-Schwefel Cluster sind in der Natur häufig von Cysteinketten umgeben, die über

ihr Schwefelatom an den Cluster gebunden sind. Um diese Bindung in ihrer einfachsten
Form zu studieren, wurden verschiedene Eisen-Schwefel Cluster auf ihre Reaktivität mit
H2S untersucht. Überraschenderweise hängt die adsorbierte Menge von H2S Molekülen
nur von der Anzahl der Eisenatome des selektierten Clusters ab. Zum Beispiel, führt
die Reaktion von Fe+ oder FeS+ zu der gleichen Zusammensetzung des entstandenen
Komplexes. Interessanterweise, ist das Eisen zu Schwefel Verhältnis der entstandenen
Komplexe identisch mit dem Eisen zu Schwefel Verhältnis von Eisen-Schwefel Clus-
tern in Proteinen die über die Schwefelatome der Cysteine an das Protein gebunden sind.
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Chapter 1

Introduction

Iron-sulfur clusters act as catalytically active centers in enzymes and are therefore of
fundamental importance for all living organisms. Prominent enzymes which contain
iron-sulfur clusters are the nitrogenases and hydrogenases [1, 2]. Figure 1.1 displays
the [FeMo]-nitrogenase (a) and [FeFe]-hydrogenase (b) with their catalytically active
iron-sulfur centers (a’ and b’, respectively). These enzymes are able to convert molecular
nitrogen to more feasible nitrogen containing molecules such as ammonia or nitrate
(nitrogenases) and catalyze the reversible oxidation of molecular hydrogen (hydrogenases)
at ambient pressure and temperature conditions. The preeminent catalytic activity at
mild reaction conditions makes them interesting for the development of new ecologically
friendly, cheap, and effective catalysts. Towards this goal, it is important to understand
the fundamental reaction processes of iron-sulfur proteins and their active centers.
In this thesis a completely new approach to iron-sulfur centers which can be found

in proteins is presented. The reaction of different small non-ligated iron-sulfur cluster
cations (FexSz

+) with specific molecules which are involved in enzyme reactions (N2, D2
and O2) has been investigated in an ion trap apparatus to gain insight into fundamental
adsorption processes. The experimental setup allows, comprehensive investigations
of the influence of the cluster size, the cluster composition, the reaction time, the
temperature, and the reactive gas pressure conditions. Experimental studies of the
reactivity of free iron-sulfur cluster cations are still scarce and have only been reported
for a few systems. Freiser et al. published in the 1980s two studies about the formation
and the reactivity of small iron-sulfur clusters [6, 7]. This works can be regarded as the
beginning of a bottom-up approach to free iron-sulfur cluster cations and their reactivity
towards small molecules. They produced the clusters via laser evaporation of an iron
target and a subsequent reaction of the formed Fe+ with ethylene sulfide. This results
in the formation of iron-sulfur clusters with only one iron atom and of up to six sulfur
atoms (FeSn

+ (n = 1 - 6)). Furthermore, they were able to produce FeSn
+ with up to

10 sulfur atoms via the reaction of Fe+ with elemental sulfur (S8).
In the year 1993 Yu et al. presented a production method in which iron-sulfur cluster

cations (FenSm
+ (n = m = 1 - 13)) were formed by direct laser ablation of a solid

target consisting of mixture of iron and sulfur powder and a subsequently aggregation of
atomic iron and sulfur to different cluster cations [8]. They found that the clusters with
the compositions of m = n and m = n - 1 were relatively more abundant and hence this
indicates a high stability of stoichiometric as well as one sulfur atom deficient clusters.
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Cysteine

Homocitrate

(a) (a‘)

(b) (b‘)

Cys Cys

Cys

Cys

Histidine

Figure 1.1: Enzyme illustration of (a) [FeMo]-nitrogenase from Azotobacter vinelandii
(Protein Data Bank (PDB) entry 3U7Q [3]) and (b) [FeFe]-hydrogenase from Clostridium
pasteurianum (PDB entry 3C8Y [4]). The active centers of the [FeMo]-nitrogenase and the
H-Cluster of the [FeFe]-hydrogenase are shown in (a’) and (b’), respectively. Iron, sulphur,
carbon, molybdenum, nitrogen and hydrogen atoms are depicted as brown, yellow, gray,
cyan, blue and white spheres, respectively. Cys correspond to cysteine residues. Panel
(a) from [3]. Reprinted with permission from AAAS (The American Association for
the Advancement of Science). The structure which is displayed in (a’) is adapted with
permission from [5]. Copyright 2016 American Chemical Society. Panel (b) and (b’) are
reprinted with permission from [4]. Copyright 2008 American Chemical Society.

The clusters in our experimental approach are produced by sputtering targets (com-
pressed mixture of iron and sulfur powder or pyrite stone) with high energetic xenon
ions. The main difference to the previous laser ablation methods is that the clusters are
directly released from the targets without subsequent atomic aggregation. Interestingly,
we observed the same cluster stability patterns like Yu et al. which thus indicates
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that the formation of particular cluster compositions is independent of the fabrication
process. Astonishingly, some of these so formed stable compositions are similar to those
of frequent iron-sulfur clusters in proteins.
The first reactivity experiments with a common protein bound iron-sulfur cluster

(Fe2S2) were introduced 1995 by Zhang and coworkers [9]. They studied the reaction of
Fe2S2

+ with C2H2 in a radio-frequency ion trap experiment and found that the relative
ion intensities of the products Fe2S2(C2H2)k

+ (k = 1 - 4) with k = 2 and 4 are 2 to
3 times larger than those with k = 1 and 3, indicating a preference for the addition
of an even number of C2H2 [9]. Fe2S2 is one of the most frequent naturally occurring
iron-sulfur cluster and thus of fundamental importance. Unfortunately, ethine (C2H2)
is not a chemical component of major importance for catalytic enzyme reactions.
Two years later Nakajima et al. analyzed the cluster size dependent reactivity of

different iron-sulfur cluster cations (FenSm
+, n = 1 - 8, m = 2 - 6) towards C2H2, NH3,

H2O, and N2 by using a conventional fast-flow reactor. In the latter two cases they
did not observe any product formation within their experimental conditions [10] but
they discovered an enhanced reactivity of iron-sulfur cluster composed of equal numbers
of iron and sulfur atoms (n = m) towards ethine and ammonia. They concluded that
it would be of high significance to find an alternative way to measure the rates of the
adsorption of N2 because this reaction can be regarded as the first step of the catalytic
ammonia synthesis at iron-sulfur clusters.
In a subsequent investigation Koszinowski and coworkers also found no indication

for a reaction of Fe2S2
+ with several inorganic substrates (H2, N2, O2, CO, CO2, and

H2O). In these experiments Fe2S2
+ reacted only with ammonia (NH3) and was able to

bind up to three molecules [11].
In this thesis it will be shown that multi-iron-multi-sulfur cluster cations are able to

bind N2, D2 and O2 under suitable experimental conditions and that our experimental
approach thus can provide insight into the initial reaction steps of structural relevant
iron-sulfur clusters with small molecules which are involved in enzyme reactions.
This thesis is structured as follows: First, the used cluster source as well as the

iron-sulfur cluster production procedure will be explained in detail (Chapter 2). In the
subsequent chapter (no. 3) a description of the experimental setup and a brief abridg-
ment of the theory of mass-selection, guiding, and trapping will be given. Afterwards
(Chapter 4), the ion trap reactivity measurements of Fe2S2

+, Fe3S3
+ and Fe4S4

+ with
N2 will be presented. Supported by first-principle calculations, these results provide
insight into the N2 binding sites, the coordination of the nitrogen molecules, and the
nature of the interaction. Chapter 5 deals with the adsorption of molecular deuterium
followed by the interaction of O2 with different iron-sulfur clusters (Chapter 6). Molec-
ular oxygen can inactivate the catalytic activity of an enzyme by the decomposition of
iron-sulfur clusters [12–14]. Therefore, this interaction experiments are of fundamental
importance to produce more oxygen tolerant bioinspired iron-sulfur based catalysts in
the future. In the penultimate chapter (no. 7) a new synthetic route to iron-sulfur
clusters with ligands will be presented via the reaction of different iron-sulfur clusters
with dihydrogen sulfide. Thus, these studies open new paths for future experiments
with thiols of different length and composition to increase the complexity of the ligands.
Such experiments are essential to understand the influence of the ligand environment
of iron-sulfur clusters in proteins. Finally (Chapter 8), new perspectives for future
experiments are discussed which build on the presented investigations.





Chapter 2

Generation of iron-sulfur clusters

Iron-sulfur cluster cations for the following reactivity studies are generated by sputtering
of targets which are composed of a mixture of iron and sulfur powder and of targets
consisting of the mineral pyrite. In this Chapter the iron-sulfur cluster generation, which
includes the cluster source, the target fabrication, and the distribution recording process,
will be presented. Furthermore, the respective problems of iron-sulfur cluster generation
will be discussed in detail. As the iron powder is prone to the facile oxidation by air,
a significant amount of oxygen in the pressed targets is observed. Consequently, the
determination of the exact cluster composition is impeded by the almost identical mass
of S and O2. Therefore, a series of targets with different Fe:S ratios compressed from iron
and sulfur powder has been investigated. The generated iron-chalcogenide FexOySz

+

(x = 2 – 4) cluster distributions are compared to the cluster distribution generated by
sputtering the mineral pyrite (FeS2). This systematic study provides insight into the
influence of the oxygen contamination on the iron-sulfur cluster generation and assists
the unambiguous assignment of pure iron-sulfur clusters which is indispensable for the
reactivity studies that will be presented from Chapter 4 onwards. The results of this
chapter have been published in the International Journal of Mass Spectrometry 387,
56-59 (2015).

2.1 Cluster source and analysis

The production of small iron-chalcogenide clusters has been studied in a high vacuum
setup consisting of a sputter source and a quadrupole mass spectrometer. The cluster
source is composed of a high energy xenon ion source (Cold Reflex Discharge Ion Source,
CORDIS) and a sputtering region [16–18]. An enlarged view of the source is shown in
Figure 2.1. The CORDIS is filled with about 6 × 10-2 mbar xenon gas. This gas is
ionized by electrons which are generated via six resistively heated tantalum filaments
(about 170 A/6 V for tantalum wires with a diameter of 1mm). To increase the ionization
yield, the filaments are surrounded by 18 radially placed permanent cobalt-samarium
steering magnets and an additional voltage of about 80 V is applied to the magnets.
The xenon cations, Xe+, are extracted, accelerated, and focused by a series of three
cylindrical lenses. For this purpose, a voltage of about +10 kV is applied to the whole
ion production region as well as the first lens (L1). A voltage of up to -3 kV is applied

9
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Figure 2.1: Schematic drawing of the cold reflex discharge ion source (CORDIS) and the
adjacent sputtering region. More details are given in the text. Reprinted from Publication
[15] with permission from Elsevier.
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to the second lens (L2), and the third lens is grounded (L3). These lenses are designed
to allow for the extraction of four spatially separated xenon ion beams (indicated by
red lines in Figure 2.1) which are then focused onto four targets. The xenon ion current
at the targets is on the order of several µA and the sputter yield is estimated to be in
the range of 10-3–10-5 for cationic clusters independent of the target material used in
these experiments. The targets are attached to water cooled copper blocks in an angle
of 60° with respect to the Xe+ beam which is optimal for a large sputtering yield [19].
Furthermore, a repelling potential (typically about +40 to +70 V) is applied to the
targets to release the ionic clusters more easily (the cluster ion trajectories are indicated
by green lines in Figure 2.1). Additionally, a water cooled copper repeller plate is
located across the targets in order to reverse the direction of the cluster motion (typical
voltage of +60 to +90 V). After reflection of the charged particles, they are focused
into a quadrupole ion guide via an electrostatic Einzel lens system (typical voltages
of +40 to +60 V / -120 to -180 V/ +40 to 60 V are applied). The quadrupole ion
guide is filled with helium (typically about 6 × 10-2 mbar) to collimate and cool down
the cluster beam before entering the quadrupole mass spectrometer (not shown). The
mass-selected ion current is subsequently recorded on a Faraday collector and monitored
by a picoamperemeter (Keithley 617).

2.2 Target production

To gain insight into the influence of oxygen on the production of iron-sulfur clusters, a
series of home-made targets with different material compositions (molar ratios) have
been investigated: Fe:Fe2O3 = 6:1, Fe, Fe:S = 3:1, Fe:S = 2:1, and Fe:S = 1:2. All
targets were produced by compressing well-mixed powders of iron (purity '99 %, Sigma
Aldrich), iron(III) oxide (99.999 %, Sigma Aldrich) and/or sulfur ('99.5 %, Sigma
Aldrich) in a screw press (force of 60 N). Thereby, disk shaped targets (2 cm diameter, 2
– 3 mm thickness) could be produced which are rigid enough to be mounted on the Cu
blocks (target holders). However, with this method it was not possible to produce stable
iron-oxide-targets. To gain information about the production of iron-oxide clusters
anyway, the iron-oxide powder was implemented into a matrix of iron powder. By
the way of comparison, targets cut from naturally occurring pyrite stone (FeS2) were
studied.

2.3 Comparison of the cluster distributions

Figure 2.2 (left column) displays photographs of the different targets used (the pho-
tographs were obtained after sputtering for some hours) as well as the corresponding
detected cluster cation distributions (right column). In the respective experiment, the
quadrupole mass spectrometer has been operated in a constant resolution mode which
leads to a broadening of the peaks at higher masses (cf. Section 3.2). Furthermore, the
voltages applied to the target, repeller, and the lens system depend on the cluster size of
interest. To compensate these effects as good as possible, each of the shown mass spectra
represents a compilation of two different mass spectra, one recorded after optimization
of the cluster source as well as the lens and quadrupole systems for production and
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Figure 2.2: Photographs of the different employed targets (left column) together with
the corresponding cluster ion distributions (right column). The targets are composed of
(a and b) Fe:Fe2O3 = 6:1, (c and d) Fe, (e and f) Fe:S = 3:1, (g and h) Fe:S = 2:1, (iand j)
Fe:S = 1:2, and (k and l) natural pyrite. The mass peaks denoted by (x, y, z) correspond
to the stoichiometry FexOySz

+. Gray colored peaks correspond to the stoichiometric
iron-oxide clusters FexOy

+ (x = y). Blue hatched peaks correspond to FexOySz
+ clusters

which must contain at least one oxygen atom while red and green colored peaks correspond
to clusters which might but do not necessarily contain oxygen (more details are given in
the text). The mass peaks labeled with an asterisk (*) correspond to Xe+ (sputter gas).
Each mass spectrum represents a compilation of two different mass spectra, recorded after
optimization of the setup for different cluster sizes. The arrows indicate the juncture of
the two mass spectra. Reprinted from Publication [15] with permission from Elsevier.
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detection of very small di- and tri-iron clusters FexOySz
+ (x = 2, 3) and one after

optimization for the slightly larger tetra-iron clusters FexOySz
+ (x = 4). Typical cluster

ion currents obtained after optimization range between 2 and 30 pA.
Figure 2.2a shows a photograph of the iron-oxide target (Fe:Fe2O3 = 6:1) which

exhibits the typical rust-red color of the iron(III)-oxide: Fe2O3. The corresponding
cluster distribution is displayed in Figure 2.2b. The gray colored peaks can clearly be
assigned to stoichiometric clusters of iron-oxide FexOy

+ (x = y = 2 – 4), while the
remaining peaks of lower intensity correspond to non-stoichiometric iron-oxide clusters
FexOy

+ (x j y). Since the clusters can be assumed to be hot when leaving the cluster
source and are only cooled via collisions with helium buffer gas in the quadrupole ion
guide, the relative intensities of the ion signals in the mass spectra usually allow to draw
conclusions on the relative stability of the clusters. Thus, the pronounced occurrence of
FexOy

+ (x = y) indicates a particular stability of these stoichiometric clusters. This
finding is in favorable agreement with previous dissociation patterns of FexOy

+ clusters.
Photodissociation, collision induced dissociation as well as temperature-programmed
desorption experiments revealed the preferred formation of stoichiometric fragments for
FexOy

+ (x >2) while the smaller clusters tend to fragment into Fe+ and FeO2
+ [20–23].

Using bare iron powder changes the color of the targets to a shiny gray (cf. Figure
2.2c) which is typical for bare iron. However, the corresponding cluster distribution
generated by sputtering these targets (Figure 2.2d) is quite similar to the one obtained
from the Fe:Fe2O3 = 6:1 targets (cf. Figure 2.2b). This demonstrates that the iron
powder easily oxidizes in air and thus suggests that also the iron-sulfur targets do
contain a non-negligible amount of oxygen which has to be considered for the assignment
of the cluster stoichiometries.
Figure 2.2e and f display the photograph of the iron-sulfur target with a composition

of Fe:S = 3:1 as well as the corresponding cluster distribution. The typical metallic
gray color of iron dominates for this target although the sulfur causes a yellow-brownish
shade. Yet, the mass spectra show that the addition of sulfur changes the cluster ion
distribution completely. This cluster ion distribution can be divided into three series
of peaks which correspond to di-, tri-, and tetra-iron-chalcogenide clusters Fe2OySz

+,
Fe3OySz

+, Fe4OySz
+. In each of these series the mass peaks are separated by 16

amu (a more precise determination of the cluster mass is not possible at the present
experimental conditions). Since oxygen and sulfur atoms have a mass of 15.995 u
(16O) and 31.972 u (32S), respectively, some mass peaks correspond to clusters which
must definitely contain oxygen (indicated by hatched blue peaks) and some corre-
spond to clusters which might but do not necessarily contain oxygen (indicated by
green and red colored peaks). For example, the second peak of the di-iron series
(hatched blue peak, highlighted by a triangle) is shifted from the position of Fe2

+

by 48 amu. Thus, the corresponding cluster must contain at least one oxygen atom
and the stoichiometry can either be assigned to Fe2SO

+ or to Fe2O3
+. In contrast,

the third peak of the di-iron series (red colored, highlighted by a rectangle) is shifted
from the position of Fe2

+ by 64 amu. Either the corresponding cluster can have the
stoichiometry Fe2O4

+ or Fe2SO2
+ and thus contain oxygen or it can also have the

stoichiometry Fe2S2
+ and thus represent a pure iron-sulfur cluster. This example

demonstrates that an unambiguous peak assignment for the Fe:S = 3:1 target is not pos-
sible and the mass peaks most likely arise from a mixture of different cluster compositions.
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Increasing the sulfur content of the targets to a ratio of Fe:S = 2:1 (Figure 2.2g) changes
the target appearance to a matte brownish-golden color. The detected mass spectrum
(Figure 2.2h) is comparable to the one obtained for the Fe:S = 3:1 target, however, the
relative peak intensities change considerably. The intensity of the hatched mass peaks
(corresponding to clusters which must contain oxygen) is noticeably decreased while the
intensity of the red and green colored peaks (corresponding to clusters which do not
necessarily contain oxygen) is increased, which indicates a decreasing influence of the
oxygen contamination on the formation of the clusters and the preferred formation of
sulfur-rich clusters. Furthermore, it is remarkable that the most intense peaks (red and
green peaks) of each series are separated by 32 amu, i.e. the mass of one sulfur atom.
This also suggests that these mass peaks represent clusters that mainly contain sulfur
and the oxygen content is considerably reduced.
Further increasing the sulfur content in the target to a ratio of Fe:S = 1:2 again changes

the color of the target (Figure 2.2i) and the cluster distribution (Figure 2.2j) completely.
In these sulfur-rich targets, yellow dots of sulfur are clearly visible on the target surface.
The high sulfur content apparently prevents the formation of iron-sulfur clusters and
only pure sulfur clusters Sz

+ (z = 2 – 8) are detected instead. This observation clearly
confirms the above finding that an increasing sulfur content in the target also leads to
an increasing sulfur content in the produced clusters and a decreasing importance of
the oxygen contaminants. A similar effect, i.e. that an increasing sulfur content in the
target leads to an increasing sulfur content in the clusters, has previously been observed
in the production of both anionic and neutral iron-sulfur clusters in laser vaporization
sources [24, 25]. Finally, the cluster generation by sputtering of the naturally occurring
mineral pyrite has been investigated. Before sputtering, the target has the typical
shiny golden color of pyrite but tarnishes upon sputtering (Figure 2.2k). Although
pyrite has the chemical composition FeS2 the obtained cluster distribution does not
resemble the one of the Fe:S = 1:2 target (cf. Figure 2.2j) but rather the one of the
Fe:S = 2:1 target (cf. Figure 2.2h). This difference can certainly be connected to the
fact that in pyrite the Fe and S atoms are arranged in a crystal structure, while the
compressed target consists of a mixture of iron and sulfur powder, which most likely
is not perfectly homogeneous. However, in case of the pyrite target, the intensities of
the hatched peaks (clusters which must contain oxygen) are further reduced and these
clusters only appear in negligible amounts. In particular, no signals are visible at the
positions corresponding to the bare iron-oxide clusters Fe3O3

+ and Fe4O4
+ anymore.

Instead, the red and green colored peaks which are separated by 32 amu are even more
pronounced. These observations clearly show that oxygen contaminants do not play any
role for the production of clusters from pyrite. This is further supported by previous
Auger electron and X-ray photoelectron spectroscopic studies of natural and sputtered
pyrite (100) surfaces [26, 27]. While the untreated crystal contains oxygen impurities,
it has been demonstrated that sputtering of the surface with He+ ions with a kinetic
energy of 200 eV completely removes this impurity. The bombardment of the targets
with the much heavier Xe+ ions of several keV in our cluster source is expected to
lead to an even more effective ‘cleaning process’. Indeed, for fresh unsputtered pyrite
targets potentially oxygen containing peaks (hatched peaks) have been observed in
small intensity which, however, disappear with increasing sputtering time leading to
the spectrum shown in Figure 2.2l. Conclusively, the mass peaks with the highest
intensity in Figure 2.2l correspond to the stoichiometries Fe2S2

+, Fe3S3
+, and Fe4S4

+
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(peaks highlighted in red) while the remaining high intensity peaks (highlighted in green)
correspond to the one sulfur atom deficient clusters Fe2S

+, Fe3S2
+, and Fe4S3

+ again
indicating the particular stability of the stoichiometric clusters FexSz

+ (x = z) as well
as the non-stoichiometric clusters FexSz

+ (x = z + 1). This is in excellent agreement
with photodissociation experiments on iron-sulfur cations which revealed the preferred
formation and thus particular stability of stoichiometric FexSz

+ (x = z) and one sulfur
atom deficient FexSz

+ (x = z + 1) clusters [8].

2.4 Summary and conclusions

In this chapter the formation of iron-chalcogenide clusters FexOySz
+ (x = 2 – 4) has

been investigated by sputtering a series of targets compressed from iron and sulfur
powder as well as targets cut from the mineral pyrite (FeS2). This systematic study
provides insight into the influence of oxygen contamination in the sputter targets on
the production of iron-sulfur clusters. Sputtering of home-made targets with low sulfur
content yields a distribution of FexOySz

+ clusters clearly containing a considerable
oxygen fraction which renders the unambiguous assignment of the mass peaks impossible.
However, increasing the sulfur content in the targets also leads to increasing sulfur
content in the formed clusters and a considerable reduction of the amount of oxygen
in the clusters. Surprisingly, oxygen contaminants do not play a role for the cluster
production from pyrite targets leading to the generation of pure stoichiometric (FexSz

+,
x = z) as well as one sulfur atom deficient (FexSz

+, x = z + 1) clusters. Thus, pyrite
stone is regarded the best sputter material for the applied CORDIS sputter source and
was used in the most cases as base material for the reactivity studies.





Chapter 3

Experimental: Ion trap measurements

In this chapter the complete experimental setup except for the cluster source, which
was already introduced in Chapter 2, will be presented. Furthermore, the functional
principle of a quadrupole, the octopole ion trap, and the data recording process of the
reactivity measurements will be explained briefly.

3.1 Experimental setup

The whole experimental setup, which is schematically displayed in Figure 3.1 [28],
basically consists of the cluster source and the ion trap, embedded into a quadrupole ion
guide and mass spectrometer arrangement. Everything is built into an high vacuum sys-
tem with different turbo-molecular-pump/rotary-vane-pump units. The overall pumping
capacity is about 5000 l/s, which leads to a base pressure of 10-8 mbar. During the clus-
ter production and the trapping procedure the mean pressure is about 10-5 mbar. After

Figure 3.1: Schematic representation of the setup consisting of the cluster source,
quadrupoles, and the ion trap. Reprinted from Publication [28] with permission from
Elsevier.

17
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generation of the iron-sulfur clusters in the source (see Section 2.1) they are introduced
into the first quadrupole ion guide (Q0). During the transmission of the cluster beam
through Q0, which is filled with about 6 x 10-2 mbar helium buffer gas, the clusters are
collimated and thermalized to room temperature. Afterwards one cluster size can be
mass selected via the second quadrupole of the system (Q1) and transfered with a second
quadrupole ion guide (Q2) to the radio frequency octopole ion trap. The trap can be
cooled via a cooling finger which is connected to a closed-cycle helium cryostat (APD
cryogenicsa). This allows reaction measurements in a temperature range between 20
and 300 K [29]. To collimate and thermalize the clusters during reactivity experiments,
the trap is filled with about 1 Pa helium. Besides the helium buffer gas a reactive gas
can be added. The gas pressure is monitored with a capacitance manometer (MKS
Baratron, Type 627B). After trapping, the incurred products are analyzed with a fourth
quadrupole (Q3) and the resulting signal is amplified by a conversion dynode channel
electron multiplier. The ion induced voltage drops are integrated by an oscilloscope
(LeCroy 9400A, 175 MHz) and recorded with a LabVIEW -program (Laboratory Virtual
Instrument Engineering Workbenchb). All quadrupoles and their electronic components,
except Q0, are built by the Extrel company.

x

y

z

+U +V cos(0 0 ωt)

-U -V cos(0 0 ωt)

2r0

Figure 3.2: Schematic cross-section drawing of a quadrupole rod arrangement with
the given distance of 2r0. Opposite electrodes are connected and the potential which is
applied to each pair differs only in the polarity (�U0 �V0cos�ωt� and �U0 �V0cos�ωt�).

aSince 2002: SHI Cryogenics Group
bSoftware for data acquisition and instrument control which is interfaced to the experimental devices.
All experiments are controlled and their data recorded with version 5.1
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3.2 Quadrupole mass filtering and ion guiding

To record a mass spectrum or select a single cluster size the quadrupole has to work
in a filtering mode. This can be achieved by applying a DC voltage U0 and a radio-
frequency (RF) voltage with an amplitude of V0 to the quadrupole rods. Figure 3.2
displays schematically the cross-section of a quadrupole rod arrangement with the
applied voltages. Opposite electrodes with the distance 2r0 are connected and the
potential which is applied to each pair differs only in the polarity (�U0 � V0cos�ωt�
with the angular frequency ω � 2πf (f = quadrupole operating frequency) and the time
t). For the motion of a particle with the charge q and the mass m through a quadrupole
this leads to the following linear differential equations:

m
d2x
dt2 �

2q
r2
0
�U0 �V0cos�ωt��x � 0 (3.1)

m
d2y
dt2 �

2q
r2
0
�U0 �V0cos�ωt��y � 0 (3.2)

m
d2z
dt2 � 0. (3.3)

Expression 3.3 indicates that there is no acceleration of the ions into the z direction
and the velocity is constant. Furthermore, a transformation of the x and y ion motion
differential equations (Equation 3.1 and 3.2) leads to the following Mathieu equations:

d2x
dξ2 � �as � 2qscos�2ξ��x � 0, ξ �

ωt
2 (3.4)

d2y
dξ2 � �as � 2qscos�2ξ��y � 0, ξ �

ωt
2 (3.5)

with

as �
8qU0

mr2
0ω

2 (3.6)

qs �
4qV0

mr2
0ω

2 . (3.7)

These equations have exact solutions for the motion of a charged particle in a quadrupole
with the stability of the trajectories depending only on the parameters as and qs. Note,
for higher multipoles n > 2 (n = number of electrodes divided by two) the differential
equations are nonlinear and coupled and thus analytically not solvable [30, 31]. This
implies that an octopole for example cannot be used for mass selection but has advantages
for guiding and trapping (see Section 3.3).

Figure 3.3a shows schematically the ion trajectory stability diagram the so called
(as, qs) - diagram of the ’first’ stable region which results from the Mathieu equations.
Higher stable (as, qs)-areas have less practical relevance and will be therefore not
discussed here further. More information can be found in the book Quadrupole Mass
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Figure 3.3: Trajectory stability diagram of a quadrupole with stable and unstable areas
(panel a). Panel (b) shows different operating lines and the quadrupole in the guiding
mode.

Spectrometry and its Applications edited by Peter H. Dawson 1976 [32]. Every point (as,
qs) inside the triangle can be assigned to an ion with a certain mass which can travel
through the poles without hitting them. as divided by qs leads to the mass independent
slope of the so-called ’operating line’. With a constant slope (2U0/V0), a constant radio
frequency and constant voltages (U0 and V0) all masses can be assigned to one point
upon these line (as = 2U0/V0 qs). The red section in Figure 3.3a indicates the stable
ion trajectory mass window of an operating line �m1 �

4V0
qs_1r2

0ω
2 % m % m2 �

4V0
qs_2r2

0ω
2 	.

Furthermore, Equation 3.6 and 3.7 can be expressed as

U0 �
m
q

asr
2
0ω

2

8 (3.8)
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and

V0 �
m
q

qsr
2
0ω

2

4 . (3.9)

This leads with a constant frequency to the stability charts for the ion masses in
the (U0, V0) - space. Figure 3.3b displays the (U0, V0) - diagram for three different
masses with different operating lines. Scanning for different masses can be realized by
keeping the frequency of the RF voltage and as©qs � 2U0©V0 constant and varying
both voltages (U0 and V0) at the same time. Consequently, moving along the operating
line leads to a mass-resolved spectrum (filtering scan mode). The resolution can be
simply changed by altering the ratio between U0 and V0 which is shown in Figure 3.3b
with the two operating lines (high resolution and low resolution). A constant slope
results in an constant resolution mode (constant = m/∆m) of the quadrupole and thus
into a broadening of the peaks at higher masses (cf. Chapter 2). However, another
quadrupole operating mode is the ion guiding mode the so-called RF-only mode in
which the quadrupole works without an DC voltage (Figure 3.3b). Thus, the slope
becomes zero and a high mass range can pass through the poles � 4V0

qsr2
0ω

2 $ m $�	.
During ion trap measurements three different quadrupole modi are used. Q0 and Q2

work in the RF-only mode, Q1 in a filtering mode in which U0 and V0 kept constant
and Q3 in the filtering scan mode. The communication with the Extrel quadrupoles
(Q1 and Q3) is accomplished with the so-called ’mass command voltage’ in which every
voltage between 0 and 10 V is assigned to a mass between 0 and 4000 amu. For example,
the voltages on the rods at a mass of 4000 amu, at high resolution and a constant
frequency (f = 880 kHz for the used Extrel quadrupoles) are approximately �645 V
DC (U0) and �3600 V AC (V0). The mass command voltage is controlled with a
LabVIEW -program.

3.3 Ion trapping

The home-built coolable octopole ion trap consists of eight 74 mm long rods (o 3 mm)
and two lenses (entrance and exit lens) which are mounted into a copper housing
connected to a closed-cycle helium cryostat [29, 33, 34]. The inner volume of the trap is
about 4 cm3 which leads, according the space charge limit to a storage of maximum 107

ions [29]. An alternating polarity RF field (1 - 1.7 MHz; RF amplitude V0: 100 - 200 V;
offset: 5 - 10 V) is applied to the rods to guide the ions or rather confine them into the
xy plane. The ’z-direction trapping’ can be done by applying an electrostatic potential
to the entrance lens L1 and the exit lens L2 (see Fig. 3.1 and 3.4). Therefore, the cluster
ions are confined in three dimensions or guided back and forth between L1 and L2 for
several seconds. The lenses are switched during trap operation for filling, storing and
emptying. For filling, the entrance lens potential is set slightly lower (typically 10 - 20 V)
than the kinetic energy of the entering cluster ions which is schematically shown in
Figure 3.4. During the filling time, the exit lens is kept at a voltage which is high enough
(typically +50 V for cations) that the ions cannot leave the trap. After a certain filling
time (usually 0.2 s) the trap is closed by applying a voltage of 50 V to the entrance
lens. Emptying can be done by changing the polarity of the exit lens which removes all
ions within 1 - 2 ms. The extraction time is typically set to 0.04 s. Afterwards all ions
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Figure 3.4: Schematic representation of the trapping procedure.

and reaction products are analyzed by the last quadrupole Q3 (see Figure 3.1) and the
resulting signal is amplified by a conversion dynode/channeltron detector. The signals
are digitalized and integrated by a LeCroy oscilloscope and recorded with a LabVIEW -
program.
To store the ions effectively, it is necessary to admit a buffer gas to the trap. The

helium buffer gas induces a reduction of the kinetic energy via collisions, as well as a
thermalization and a collimation of the ions [35]. The inlet of helium and the reactive
gas is achieved by a teflon tube (o 1mm) which is connected to the trap. With a
second tube of the same size which is connected to a baratron (MKS, Type 627B) the
pressure inside can be monitored. The capacitance manometer works at an internal
temperature of about 318 K. This leads to a temperature difference between the ion
trap and the gauge and thus to a pressure difference which increases with decreasing
the trap temperature [36–38]. The so-called ’thermal transpiration’ [39–43] occurs if
the mean free path of the gas molecules is smaller than the tube diameter and the pressure
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must be corrected by a correction factor of:

ptrap
pgauge

�

Ø
Ttrap
Tgauge

. (3.10)

pgauge is defined as the read pressure of the manometer, ptrap as the true pressure inside
the ion trap, Ttrap as the trap temperature which is measured at the trap housing
via a chromel/alumel thermocouple and Tgauge is the operation temperature of the
manometer (318 K). For the determination of the rate constants k(3) and kd in Chapter
4 all pressures were corrected with Equation 3.10.

The thermalization of the clusters inside the trap due to helium collisions (collision
frequency of about 105 s-1) is reached at a pressure of about 1 Pa within a few milliseconds.
Westergren et. al. [44, 45] give an expression for the cluster temperature as a function
of the buffer gas collisions and the cluster size (n). For helium buffer gas, the ’cluster
temperature collision function’ can be expressed as follows:

Tc�m� � �Tc�m � 0� � Tg� �1 �
k

3nkB

m
� Tg. (3.11)

Tc(m) denotes the cluster temperature after a certain cluster-gas-collision number m,
Tc(m=0) the initial cluster temperature, Tg the final buffer gas temperature, kB the
Boltzmann constant, n the number of atoms and k the ’energy exchange constant’ which is
a function of the atomic mass, the cluster mass, and the interaction strengths. Westergren
and coworkers determined a value of k for Pd13 with helium of 4.375x10-6 eVK-1 [29, 44].
They additionally found that k depends barely on the cluster size and thus k for Pd13 can
also be used to describe the cluster temperature of Pd55 with Equation 3.11. However,
application of Equation 3.11 to Fe2S2

+ (n = 4) and Fe4S4
+ (n = 8) leads to Figure 3.5

which displays the function for different initial cluster and final helium temperatures.

Figure 3.5: Thermalization of the clus-
ters inside the coolable trap due to he-
lium collisions. Plotted are two diffrent
initial cluster temperatures (T(0)=500 K
and 300 K) which reach two different buffer
gas temperatures (T(He)=100 K and 20 K)
after a certain collison number. (a) and
(b) shows the thermalization of two clus-
ter sizes according Equation 3.11 (dimer
(FeS)2 and tetramer (FeS)4). The equilib-
rium is reached almost after 2000 collisions
which is within a few milliseconds.
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Equilibration is reached in all cases nearly after 2000 collisions which is within a few
milliseconds.
Hess et al. verified the simulation of Westergren et al. for Ag3 anions with pressure

and temperature dependent real-time laser probing spectroscopy of the nuclear cluster
dynamics. The thermalization of the anions was verified by recording the dependence of
the spectra on the buffer gas pressure at different temperatures. No relevant change in
the experimental spectra at helium pressures between 0.2 and 0.9 Pa can be observed.
This reflects the complete and fast thermalization of the clusters inside the trap [33].

3.3.1 Quadrupole versus octopole ion guide

The advantage of an octopole of the same operation frequency and dimensioning as a
quadrupole is the much smaller operating voltage. Therefore, the interaction of the field
with the charged particle is much smaller [46]. Moreover, an increase of the rod number
(2n) leads to a bigger field free region and to steeper potential walls. This is illustrated
in Figure 3.6 in which the effective potential is given as a function of the distance to
the central axis:

Veff�r� � n2q2V2
0

4mω2r2
0
� r

r0
	2n�2

(3.12)

In 1974, Teloy and Gerlich introduced a more generalized stability parameter for
multipoles the so-called ’adiabaticity parameter η’ which is connected to the effective
potential [47]. The simple stability criterion like in the case of a quadrupole cannot be
generalized to fields in which the differential equations of the motion are nonlinear and
coupled. The parameter can be expressed as follows:

η�r� � 2n�n � 1� qV0

mω2r2
0
� r

r0
	n�2

(3.13)

For a quadrupole the parameter η becomes qs and thus leads to the stability diagram
explained above. For higher poles (n > 2) the parameter η depends on the position of
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the particle and is no longer constant. This r dependency in simple terms is the reason
why octopoles cannot be used for filtering but have the above mentioned important
advantages for guiding and trapping. Adiabatic motions (stable trajectories) are given
when the ions on average collect no energy of the field and are fulfilled if η lies between
0 and 0.3. Further informations can be taken from the work of Dieter Gerlich which
was published in Advances of Chemical Physics in 1992 [31].





Chapter 4

Reactions of iron-sulfur clusters with N2

Nitrogen represents an essential element for all living organisms. However, although N2
is the most abundant element in the earth atmosphere, it cannot be utilized directly
but must be fixed, i.e. converted to more viable nitrogen containing molecules such as
ammonia or nitrate. Industrially, ammonia is synthesized in the Haber-Bosch process
via the reaction of N2 with H2 mediated by an iron-based catalyst. However, the
requirement of high temperature and pressure makes the Haber-Bosch synthesis an
extremely energy consuming process [48, 49].
In nature, atmospheric nitrogen and hydrogen are catalytically converted to ammonia

(NH3) at ambient pressure and temperature via enzymes called nitrogenases [50, 51]. So
far, four different types of nitrogenases have been identified: the FeMo-, FeV-, Fe-only-,
and the superoxide dependent nitrogenase. The first three types are structurally very
similar and comprise a series of different iron-sulfur clusters, which serve as electron
transport media, as well as the FeM cofactor (M = Mo, V, Fe for FeMo-, FeV-, and
Fe-only-nitrogenases, respectively), which accepts electrons as well as protons and binds
and catalytically converts the substrate N2 [50–52]. The FeMo-nitrogenase [53] and its
cofactor are displayed in Figure 1.1b and 4.1 [3], respectively. High resolution X-ray
spectroscopy identified the core of the FeMo cofactor as a metal-sulfur cluster of the
stoichiometry [Mo-7Fe-9S-C] (similar clusters [V-7Fe-9S-X] and [Fe-7Fe-9S-X] (X = a
light atom), are assumed for FeV- and FeFe-cofactors) [3, 53–58] and thus provided
detailed structural understanding of the catalytically active center. Furthermore, con-
siderable progress in the elucidation of the biological nitrogen fixation pathway has been
made during the last years [59–61]. Despite this detailed structural knowledge, many
aspects of the biological nitrogen fixation mechanism are still under discussion. One of
the major open questions is, for example, related to the binding of the substrate, i.e.,
the exact binding site, the coordination of the nitrogen molecule, and the nature of the
interaction.
Therefore, in the first part of this chapter the results of the interaction of small

stoichiometric iron-sulfur clusters (FexSz
+ x = z = 2, 3, 4), which can be considered as

structural sub-units of the core of, e.g., the FeMo-cofactor, with N2 are presented. These
temperature dependent adsorption experiments with N2 show that iron-sulfur clusters
are able to bind multiple N2 under multi-collision conditions in the ion trap. In contrast,
previous gas-phase studies found cationic iron-sulfur clusters to be non-reactive towards
N2 under single-collision conditions or after short reaction times, respectively [10, 11].

27
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Figure 4.1: Scheme of the active
core of the [FeMo]-nitrogenase
from Azotobacter vinelandii (PDB
entry 3U7Q based on reference
[3]). Iron, sulphur, carbon and
molybdenum atoms are depicted
as brown, yellow, gray and cyan
spheres, respectively. Reprinted
with permission from [5]. Copy-
right 2016 American Chemical So-
ciety.

In the second part, temperature dependent kinetic measurements, which enabled the
experimental determination of the N2 binding energies to Fe2S2

+, Fe3S3
+ and Fe4S4

+,
are presented. Furthermore, the experimental results are compared to first-principle
simulations performed by Uzi Landmann and Robert N. Barnett at the Georgia Insti-
tute of Technology. The findings of this chapter have been published in the Journal of
Physical Chemistry C 120, 12549 - 12558 (2016).

4.1 Temperature dependent N2 adsorption
To gain insight into the reactive properties of the investigated iron-sulfur clusters, tem-
perature dependent N2 adsorption experiments have been performed. Under the given
experimental conditions, reactions between a cationic cluster and a neutral molecule
are typically characterized by a negative temperature dependence, i.e., the reaction rate
constantly increases with decreasing the temperature.
Figure 4.2 shows the temperature dependent mass spectra obtained after the re-

action of Fe2S2
+ with N2. The reaction time was 0.1 s and the distributions were

recorded in the indicated temperature range. Fe2S2
+ is colored in red and iron-sulfur-

N2 complexes are colored in dark cyan. The di-iron-di-sulfur cluster adsorbs one
nitrogen molecule at room temperature to form Fe2S2(N2)

+. The adsorption of the
second N2 molecule (Fe2S2(N2)2

+) starts at a slightly lower temperature (about 285
K) and further adsorption cannot be observed down to 175 K. The third and fourth
N2 start to adsorb at 175 K and 135 K yielding Fe2S2(N2)3

+ and Fe2S2(N2)4
+, re-

spectively. Ion signals marked with an asterisk can be assigned to Fe2S2(H2O)+,
Fe2S2(H2O)2

+ and Fe2S2(N2)(H2O)+ which arise from the adsorption with non-bakeable
residual amounts of water in the gas line. Due to the very efficient reaction of iron-
sulfur clusters with water the formation of these side-products could not be avoided.
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Figure 4.2: Temperature dependent ion mass distribution obtained after the reaction
of Fe2S2

+ with N2 for 0.1 s. For all measurements, the N2 partial pressure was kept
on 0.14 � 0.01 Pa (p(He) = 1.00 � 0.01 Pa). The mass spectra were recorded between
the denoted temperatures. The bare cluster is colored in red whereas the cluster-N2
complexes are colored in dark cyan. Peaks, which are labeled with an asterisk, indicate
the adsorption of residual amounts of water from the gas line.
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In addition, Figure 4.3 shows the number of adsorbed N2 molecules with the theoretically
determined ground state structures of the complex Fe2S2(N2)n

+ (n = 1 - 4) and the
clusters as a function of the reaction temperature. The geometric structures are shown
at the temperatures when the peaks appear in the mass-distributions (cf. Figure 4.2).
Figure 4.4 displays the temperature dependent ion mass distributions that have been

obtained after the reaction of Fe3S3
+ with N2. The topmost spectrum (left column) of

this series clearly shows that Fe3S3
+ adsorbs up to two nitrogen molecules at room tem-

perature, yielding Fe3S3(N2)
+ and Fe3S3(N2)2

+. Similar to Fe2S2(N2)2
+, Fe3S3(N2)2

+

is found to be the main reaction product over a wide temperature range. However,
this cluster adsorbs up to three more nitrogen molecules at lower temperatures to form
Fe3S3(N2)3

+ below about 175 K, Fe3S3(N2)4
+ below about 145 K, and Fe3S3(N2)5

+

below about 125 K.
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Figure 4.3: Number of adsorbed N2 molecules with the calculated ground state structures
of the complexes Fe2S2(N2)n

+ (n = 1 - 4) and the cluster Fe2S2
+ as a function of the

reaction temperature. The calculated geometric structures are shown at the temperatures
when the peaks appear in the mass-distributions (cf. Figure 4.2) and indicated as �.
The horizontal arrows indicates the temperature ranges without additional N2 adsorption.
The structures were calculated by Uzi Landmann and Robert N. Barnett at the Georgia
Institute of Technology and reprinted with permission from [5]. Copyright 2016 American
Chemical Society.



4.1 Temperature dependent N2 adsorption 31

3 0 1 K  -  2 9 1 K

2 9 1 K  -  2 7 8 K

 

3 1 0 K  -  3 0 6 K
 

  

   

  

  

  

  

F e 3 S 3 +

  

  

  

2 8 0 3 2 0 3 6 0 4 0 0
 M a s s  /  a m u

 

2 4 0 2 8 0 3 2 0 3 6 0 4 0 0

F e 3 S 3 ( N 2 ) 5 +

F e 3 S 3 ( N 2 ) 4 +

F e 3 S 3 ( N 2 ) 3 +F e 3 S 3 ( N 2 ) +

F e 3 S 3 ( N 2 ) 2 +

2 0 9 K  -  1 9 7 K

1 7 1 K  -  1 5 8 K

1 9 7 K  -  1 8 9 K

1 5 8 K  -  1 5 3 K

1 3 8 K  -  1 3 1 K

1 1 8 K  -  1 0 9 K

1 3 0 K  -  1 1 9 K

1 0 8 K  -  9 7 K

1 7 9 K  -  1 7 2 K

2 1 9 K  -  2 1 0 K

1 5 3 K  -  1 3 8 K

2 5 0 K  -  2 4 0 K

2 4 0 K  -  2 3 1 K

2 6 9 K  -  2 6 1 K

2 3 1 K  -  2 1 9 K

2 7 8 K  -  2 7 0 K

2 6 0 K  -  2 4 9 K

*

*

*

*

*

*

**

*

*

*

*

*

*

**

* *

* *

*

*

*

*

*

*

*

**

**

 M a s s  /  a m u

 

* *

*

*

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 4.4: Temperature dependent ion mass distribution obtained after the reaction
of Fe3S3

+ with N2 for 0.1 s. All spectra were recorded at a N2 partial pressure of
0.06 � 0.01 Pa (p(He) = 0.97 � 0.01 Pa) and the indicated temperature range. The
Fe3S3

+ signal is colored in red whereas the cluster-N2 complexes are colored in dark cyan.
Peaks which are labeled with an asterisk indicate the adsorption of water.
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Figure 4.5: Temperature dependent ion mass distribution obtained after the reaction
of Fe4S4

+ with N2 for 0.1 s. The N2 partial pressure was kept on 0.15 � 0.01 Pa
(p(He) = 1.00 � 0.01 Pa). The ion mass distributions were recorded between the denoted
temperatures. Fe4S4

+ is colored in red whereas the cluster-N2 complexes are colored in
dark cyan. Peaks which are marked with an asterisk indicate the adsorption of water.
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Figure 4.5 displays the temperature dependent mass spectra obtained after the reaction
of Fe4S4

+ with N2. It can be observed that Fe4S4
+ does not react with N2 at room

temperature and even after longer reaction times up to 1 s no reaction products are
observed (data not shown). The formation of a first adsorption product, Fe4S4(N2)

+

after a reaction time of 0.1 s requires a temperature below 225 K. Up to three more
nitrogen molecules are adsorbed at even lower temperatures yielding Fe4S4(N2)2

+ at
about 205 K as well as Fe4S4(N2)3

+ and Fe4S4(N2)4
+ at about 185 K.

Furthermore, Figure 4.6 displays the quantity of adsorbed dinitrogen molecules with
the calculated ground state structures of the complexes FexSz(N2)n

+ (x = z = 3 (n = 1 -
5), 4 (n = 1 - 4)) and the structures of bare Fe3S3

+ and Fe4S4
+ as a function of the

reaction temperature. The geometric structures are shown at the temperatures when
the peaks appear in the spectra (cf. Figure 4.4 and 4.5).
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Figure 4.6: Amount of adsorbed N2 with the calculated ground state structures of the
complexes (FexSz(N2)n

+, x = z = 3 (n = 1 - 5), 4 (n = 1 - 4)) and the clusters as a function
of the reaction temperature. The geometric structures are shown at the temperatures
when the peaks appear in the mass-spectra (cf. Figure 4.4 and 4.5) and indicated as W
for Fe3S3

+ and u for Fe4S4
+. The horizontal arrows indicates the temperature ranges

without further N2 adsorption. The structures are reprinted with permission from [5].
Copyright 2016 American Chemical Society.
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4.2 Reaction kinetics of N2 adsorption

In Section 4.1 it has been demonstrated that free iron-sulfur clusters FexSz
+ (x = z = 2, 3,

4) represent a multi-iron-multi-sulfur model system, which is able to bind N2. To quantify
the reaction of these free iron-sulfur clusters with dinitrogen, kinetic measurements
have been performed at selected reaction temperatures and are presented in this section.
Kinetic traces can be obtained by recording the ion signal intensity of the educt and of
all products at different reaction times (typically from 0 to 2000 ms with an increment
of 50 ms). The traced ion signals of the educt and the products are normalized to the
total ion signal according to

I�i�norm �
I�i�
<j�n

j�1 Ij
. (4.1)

I(i) denotes the signal intensity of ion i and n is the total number of the reaction products
and the educt. After the normalization procedure, the experimentally recorded kinetic
traces are evaluated by proposing several possible reaction mechanisms and by fitting
their integrated rate equations to the measured data using the Detmech software [62].
In the fitting procedure, the differential equations derived from the assumed mechanistic
model are solved numerically whereby the optimum set of rate constants is found by
a least-squares minimum search for the deviations of the measured concentrations
versus the calculated ones. Using this method the most simple reaction mechanism
with the best fit to the experimental data and the corresponding rate constants are
identified. More complex mechanisms which lead to an identical fit quality are discarded.

Fe2S2
+ + N2

Figure 4.7 displays the representative mass spectra and the corresponding kinetic data
obtained after the reaction of Fe2S2

+ with N2 at 300 K (a, b) and 250 K (c, d), re-
spectively. The shown mass spectra were recorded after a reaction time of 0.1 s and
show signals corresponding to the bare cluster Fe2S2

+ and the adsorption complexes
Fe2S2(N2)

+ and Fe2S2(N2)2
+. At longer reaction times (data not shown) additional

water containing products are observed.
The normalized kinetic data (colored symbols in Figure 4.7b and 4.7d) were evaluated

by fitting the integrated rate equations of potential sequential adsorption mechanisms
to the experimental data (solid lines in Figure 4.7b and 4.7d). The fitting procedure
yields the rate constant for the adsorption of a first N2 molecule. The simplest re-
action mechanism that fits the experimental kinetic data at room temperature is given by

Mechanism A

Fe2S +
2 + N2 Fe2S2(N2)+ (4.2)

Fe2S2(N2)+ + H2O Fe2S2(N2)(H2O)+ (4.3)

Fe2S2(N2)(H2O)+ Fe2S2(H2O)+ + N2 (4.4)

Fe2S2(H2O)+ + H2O Fe2S2(H2O) +2 . (4.5)
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Figure 4.7: Ion mass spectra (tR = 0.1 s) and corresponding kinetic data recorded
at two temperatures of 300 K (a, b) and 250 K (c, d), respectively. The symbols
represent the experimental data, normalized to the total ion concentration in the ion trap
(Fe2S2

+: v,Fe2S2(H2O)+: [, Fe2S2(N2)
+: c, Fe2S2(N2)(H2O)+: ], Fe2S2(N2)2

+: Z,
Fe2S2(H2O)3

+: \ and Fe2S2(H2O)2
+: �). The solid lines are obtained by fitting the

integrated rate equations of the proposed reaction mechanism (Mechanism A and B for
room temperature and C for 250 K) to the experimental data. The pressure conditions
in the ion trap were as follows: (a, b) p(He) = 1.00 � 0.01 Pa, p(N2) = 0.11 � 0.01 Pa
and (c, d) p(He) = 0.98 � 0.01 Pa, p(N2) = 0.09 � 0.01 Pa. The spectra and the fitted
kinetic traces are reprinted with permission from [5]. Copyright 2016 American Chemical
Society.

An alternative reaction mechanism fits the data obtained at room temperature slightly
worse, but, however, cannot be ruled out completely:

Mechanism B

Fe2S +
2 + N2 Fe2S2(N2)+ (4.6)

Fe2S +
2 + H2O Fe2S2(H2O)+ (4.7)

Fe2S2(N2)+ + H2O Fe2S2(N2)(H2O)+ (4.8)

Fe2S2(N2)(H2O)+ + H2O Fe2S2(H2O) +2 + N2 (4.9)

Fe2S2(H2O)+ + H2O Fe2S2(H2O) +2 . (4.10)
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The resulting rate constant for the adsorption of the first N2 molecule amounts to
2.3 � 0.5 s-1 for the first mechanism (A) and 1.3 � 0.3 s-1 for the second mechanism (B).
For the determination of the N2 binding energy to the cluster in Section 4.3, both values
have been considered. The simplest reaction mechanism that fits the experimental
kinetic data at 250 K best is:

Mechanism C

Fe2S +
2 + N2 Fe2S2(N2)+ (4.11)

Fe2S2(N2)+ + N2 Fe2S2(N2) +2 (4.12)

Fe2S2(N2)+ + H2O Fe2S2(N2)(H2O)+ (4.13)

Fe2S2(N2)(H2O)+ + 2H2O Fe2S2(H2O) +3 + N2. (4.14)

This results in a rate constant for the adsorption of the first N2 molecule at 250 K of
6.6 � 1.3 s-1. Thus, the rate constant increases with decreasing the temperature (more
details are given in Section 4.3).

Fe3S3
+ + N2

Figure 4.8 shows the mass distribution and the corresponding kinetic traces obtained
after the reaction of Fe3S3

+ with N2 at room temperature. The mass spectrum in Figure
4.8a was recorded after a reaction time of 0.1 s and displays peaks which can be assigned
to Fe3S3

+, Fe3S3(N2)
+ and Fe3S3(N2)2

+. The peak which is labeled with an asterisk
indicates the adsorption of one water molecule at the bare cluster. An increase of the
reaction time leads to more water containing products (data not shown). The simplest
reaction mechanism that fits the experimental kinetic data at room temperature best is
given by

Mechanism D

Fe3S +
3 + N2 Fe3S3(N2)+ (4.15)

Fe3S +
3 + H2O Fe3S3(H2O)+ (4.16)

Fe3S3(N2)+ + H2O Fe3S3(N2)(H2O)+ (4.17)

Fe3S3(N2)(H2O)+ Fe3S3(H2O)+ + N2 (4.18)

Fe3S3(N2)+ + N2 Fe3S3(N2) +2 (4.19)

Fe3S3(N2)(H2O)+ + H2O Fe3S3(H2O) +2 + N2 (4.20)

Fe3S3(H2O)+ + H2O Fe3S3(H2O) +2 (4.21)

Fe3S3(H2O) +2 + H2O Fe3S3(H2O) +3 . (4.22)
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Figure 4.8: Ion mass spectrum (tR = 0.1 s) and corresponding kinetic data recorded
at 300 K (a, b). The symbols represent the experimental data, normalized to the
total ion concentration in the ion trap (Fe3S3

+: v,Fe3S3(H2O)+: [, Fe3S3(N2)
+: c,

Fe3S3(N2)(H2O)+: ], Fe3S3(N2)2
+: Z, Fe3S3(H2O)3

+: \ and Fe3S3(H2O)2
+: �). The

solid lines are obtained by fitting the integrated rate equations of the proposed reaction
mechanism (Mechanism D and E for room temperature) to the experimental data. The
pressure conditions in the ion trap were as follows: (a, b) p(He) = 1.00 � 0.01 Pa and
p(N2) = 0.11 � 0.01 Pa. Peaks which are labeled with an asterisk indicate the adsorption
of water.

At the same temperature, an alternative much simpler reaction mechanism fits the data
slightly worse, but has to be taken into account:

Mechanism E

Fe3S +
3 + N2 Fe3S3(N2)+ (4.23)

Fe3S3(N2)+ + N2 Fe3S3(N2) +2 (4.24)

Fe3S3(N2) +2 + H2O Fe3S3(N2)(H2O)+ + N2 (4.25)

Fe3S3(N2)(H2O)+ + N2 Fe3S3(H2O)+ + N2 (4.26)

Fe3S3(H2O)+ + H2O Fe3S3(H2O) +2 (4.27)

Fe3S3(H2O) +2 + H2O Fe3S3(H2O) +3 . (4.28)

The fitting leads to a rate constant for the adsorption of the first N2 molecule of
0.8 � 0.16 s-1 for the first mechanism (D) and 3.5 � 0.7 s-1 for the second (E). Both rate
constants are used to determine the binding energy of the first N2 molecule to Fe3S3

+

(see Section 4.3).
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Figure 4.9: Ion mass distribution (tR = 0.5 s) and corresponding kinetic data
recorded at 240 K (a, b). The symbols represent the experimental data, normal-
ized to the total ion concentration in the ion trap (Fe4S4

+: v,Fe4S4(H2O)+: [,
Fe4S4(N2)

+: c, Fe4S4(N2)(H2O)+: ], Fe4S4(N2)2
+/Fe4S4(H2O)3

+: �, Fe4S4(H2O)4
+:

b, Fe4S4(H2O)2
+: � and Fe4S4(N2)(H2O)2

+: �). The solid lines are obtained by fitting
the integrated rate equations of the proposed reaction mechanism (Mechanism F for
room temperature to the experimental data. The pressure conditions in the ion trap were
as follows: (a, b) p(He) = 0.975 � 0.01 Pa, p(N2) = 0.087 � 0.01 Pa. Peaks which are
labeled with an asterisk indicate the adsorption of water.

Fe4S4
+ + N2

Figure 4.9 represents the mass spectrum (tR = 0.5 s) and the kinetic data obtained after
the reaction of Fe4S4

+ with N2 at 240 K. The signals in Figure 4.9a can be assigned
to the bare cluster Fe4S4

+, to Fe4S4(N2)
+ and Fe4S4(N2)2

+ and to water complexes
(labeled with an asterisk). The best adsorption mechanism that fits the experimental
kinetic points at 240 K is given by

Mechanism F

Fe4S +
4 + N2 Fe4S4(N2)+ (4.29)

Fe4S +
4 + H2O Fe4S4(H2O)+ (4.30)

Fe4S4(H2O)+ + H2O Fe4S4(H2O) +2 (4.31)

Fe4S4(N2)+ + H2O Fe4S4(N2)(H2O)+ (4.32)

Fe4S4(N2)(H2O)+ + H2O Fe4S4(N2)(H2O) +2 (4.33)

Fe4S4(N2)(H2O) +2 Fe4S4(H2O) +2 + N2 (4.34)

Fe4S4(H2O) +2 + H2O Fe4S4(H2O) +3 (4.35)

Fe4S4(H2O) +3 + H2O Fe4S4(H2O) +4 . (4.36)

The evaluation of the data lead to the a rate constant for the adsorption of the first N2
molecule of 0.23 � 0.12 s-1 for the potential mechanism.
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4.3 Determination of N2 binding energies

To understand how to determine reasonable binding energies with the experimentally
determined rate constants of the last section it is necessary to understand the basic the-
oretical concepts according to which experimental binding energies of neutral molecules
to charged clusters can be deduced. Thus, in the following subsection the background is
developed step by step and combined with the data evaluation.

4.3.1 Lindeman energy tranfer model for association reactions

Helium is not only added to the ion trap to collimate the cluster distribution and to
thermalise the selected clusters, it also helps to stabilize the formed reaction products.
The octopole ion trap is operated at a total pressure on the order of 1 Pa and thus under
multi-collision conditions. Therefore, the experiments are operated in the kinetic low
pressure regime and consequently the ’Lindemann energy transfer model for association
reactions’ has to be considered [63, 64]:

FexS +
z + N2

ka (FexSzN +
2 )* (4.37)

(FexSzN +
2 )*

kd FexS +
z + N2 (4.38)

(FexSzN +
2 )* + He

ks FexSzN +
2 + He*. (4.39)

The model describes a three step reaction mechanism in which an energized complex�FexSzN
�

2 �� (x = z = 2, 3, 4) is first formed with the rate constant ka due to the collision
of FexS�z with N2. This intermediate can either decompose back to the bare cluster
FexS�z with the rate constant kd or be stabilized via an energy tranfer due to helium
collisions with FexSzN

�

2 with the rate constant ks. Therefore, the reaction depends on
the helium pressure and the overall reaction becomes third order. The rate equations
can be expressed as follows:

d�FexS�z �
dt � �ka�FexS�z ��N2� � kd��FexSzN

�

2 ��� (4.40)

d��FexSzN
�

2 ���
dt � ka�FexS�z ��N2� � kd��FexSzN

�

2 ��� � ks��FexSzN
�

2 ����He�. (4.41)

The concentration of �FexSzN
�

2 �� can be assumed to be much smaller than the concen-
tration of the bare cluster (FexS�z ) and the final product FexSzN

�

2 . This leads to the
steady-state approximation of Bodenstein [65]

��FexSzN
�

2 ��� � const. ;
d��FexSzN

�

2 ���
dt � 0 (4.42)

and thus to a concentration of the intermediate of

��FexSzN
�

2 ��� � ka�FexS�z ��N2�
kd � ks�He� . (4.43)
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So the overall third-order rate equation can be expressed as

d�FexS�z �
dt � �

kaks
kd � ks�He��FexS�z ��N2��He� � �k�3��FexS�z ��He�. (4.44)

This differential equation can be further simplified by assuming low pressure trap
conditions (ks[He] 8 kd), steady flow of helium atoms and nitrogen molecules, as well
as higher concentrations of both compared to the cluster ions. Thus the rate equation
becomes pseudo-first-order:

d�FexS�z �
dt � �

kaks�N2��He�
kd

�FexS�z � � �k�1��FexS�z � (4.45)

with

k�1�
�

kaks�N2��He�
kd

� k�3��N2��He� (4.46)

This implies that the fitted functions of the normalized measured kinetics give directly
the rate constant k(1). The rate constant k(3) can be calculated via the rate constant k(1)

and the concentrations of N2 and helium which can be easily determined by applying
the ideal gas law. With the known partial pressure of N2 and helium this can be done
as follows:

�N2� � p�N2�
kBTR

(4.47)

and

�He� � p�He�
kBTR

. (4.48)

p(N2) and p(He) denotes the partial N2 and helium pressure, respectively, kB the
Boltzmann constant and TR the reaction temperature. Therefore, k(3) can be expressed
as

k�3�
�

k�1�

p�N2�
kBTR

p�He�
kBTR

�
kaks
kd

. (4.49)

Note that the pressures have to be corrected with Equation 3.10 to account for the
’thermal transpiration’.

4.3.2 Langevin theory

In 1905, Paul Langevin proposed a theory [66] to describe the interaction of a non-polar
molecule with an ion in which the effective potential is given by

VL
eff�r� � �1

2
αe2

r4 �
l2

2µr2 . (4.50)
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The first term in Equation 4.50 describes the ion induced dipole potential including
the polarizability of the neutral non-polar molecule α, the elementary charge e and
the ion-molecule distance r. The second term is called ’repulsive centrifugal term’ and
contains also the ion-molecule distance r, the classical angular momentum l and the
reduced mass µ of the molecule and the ion. The momentum l = µvb includes the
reduced mass µ, the relative ion-molecule velocity v and the impact factor b. Equation
4.50 can also be reformulated in terms of the kinetic energy Ekin=1

2µv2, which gives the
following expression:

VL
eff�r� � �1

2
αe2

r4 � Ekin
b2

r2 . (4.51)

The Langevin potential VL
eff�r� is additionally combined with a Lennard-Jones term of

the form ar-12 with the empirical parameter a which includes the repulsive interaction
of the cores (ion and molecule) at small distances. The overall potential VLLJ

eff �r� �
VL

eff�r�� ar�12 is schematically displayed in Figure 4.10. The maximum of the Langevin
potential (VL

eff�r�), the so-called centrifugal barrier, is given by:

VL
max�rmax� � 1

2
E2

kinb4

αe2 ; (4.52)

rmax �

Ö
αe2

Ekin

b . (4.53)

If the kinetic energy is smaller than the centrifugal barrier (Ekin<VL
max), a reaction is

not possible. For a higher or a equal kinetic energy (Ekin ' VL
max), a reaction takes place.

The expression Ekin ' VL
max can be used to determine the critical impact parameter bc

by which it is possible to calculate the Langevin cross-section:

σL � πb2
c �

Ø
2π2αe2

Ekin
. (4.54)

Figure 4.10: Schematic presentation of
the Langevin-Lennard-Jones interaction
potential as a function of the ion-molecule
distance. The different dependencies of
the potential terms are displayed next to
the curve.
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Table 4.1: Measured pseudo-first-order (k(1)), termolecular (k(3)) and decomposition
(kd) rate constants for the reaction of Fe2S2

+ (A, B, C), Fe3S3
+ (D, E) and Fe4S4

+ (F)
with N2 at different temperatures T and experimental pressure conditions as well as
approximated (via Langevin theory) association (ka) and stabilization (ks) rate constants.
The mechanism assignment is given in the first column (Mech.). Please note, the given
pressures are not yet corrected for ’thermal transpiration’ (see Section 3.3).

Mech. T/
K

p(He)/
Pa

p(N2)/
Pa

k(1)/
s-1

k(3)/
10-28cm6s-1

ka/
10-10cm3s-1

ks/
10-10cm3s-1

kd/
108s-1

A 300 1�0.01 0.11�0.005 2.3�0.5 3.70�0.70 6.282 5.350 9�1.9
B 300 1�0.01 0.11�0.005 1.3�0.3 2.20�0.4 6.282 5.350 15�3
C 250 0.98�0.01 0.085�0.005 6.6�1.3 12�3 6.282 5.350 2.7�0.6

D 300 1.01�0.02 0.118�0.002 0.8�0.16 1.2�0.2 6.136 5.334 27�5
E 300 1.01�0.02 0.118�0.002 3.5�0.7 5.4�1.1 6.136 5.334 6.1�1.2

F 240 0.98�0.01 0.085�0.005 0.23�0.12 0.41�0.22 6.062 5.326 79�44

With the knowledge of the Langevin cross-section and the assumption of a Maxwell-
Boltzmann distribution of the velocities f(v), the Langevin rate constant can be obtained
by integration [67]:

kL � E
�

0
vσLf�v�dv �

Ø
4π2αe2

µ . (4.55)

Interestingly, the Langevin rate constant does not depend on the temperature. The
only parameters are the polarizability α and the reduced mass µ.

This leads to the conclusion, that ka and ks are not temperature dependent and thus
the decomposition rate constant kd causes the negative temperature dependence of k(1).
Therefore, ks and ka can be approximated via Equation 4.55 with the reduced masses
of the (FexSz(N2)

+)*-He scattering complexes, the polarizability of the helium atom
(0.2049 x 10-30 m3) [68, 69], the reduced masses of the FexSz

+-N2 scattering complexes
and the polarizability of the nitrogen molecule (1.7403 x 10-30 m3 [70]), respectively. It
should be noted, the elementary charge has to be inserted in esu (e = 4.8032 x 10-10 esu).
Thus, kd can be calculated with Equation 4.49. All rate constants are given in Table
4.1 with their corresponding reaction mechanism of Section 4.2.

4.3.3 Statistical decomposition model (RRK and RRKM theory)

The rate constants ka and ks can be determined via the Langevin theory and are not
temperature dependent. Therefore, the temperature dependence of the experimentally
determined reaction rate k(1) must be contained in the rate constant kd.
In 1927 and 1928, Oscar K. Rice, Herman C. Ramsperger, and Louis Kassel developed
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a statistical model in which they assumed that kd is a function of energy and thus a
function of the temperature [71–74]. This so called RRK theory is commonly used to
determine kd from the known binding energy between the cluster ion and the adsorbed
molecule. In our approach kd is derived from the experimental data via k(1) and thus
allows the determination of the binding energies. The underlaying assumptions of the
RRK theory are the following:

• Every molecule is considered as a collection of s coupled harmonic oscillators.

• The oscillators are identical and vibrate with a fix frequency ν.

• The energy can be transferred between the modes.

• The Intramolecular Vibrational energy Redistribution (IVR) is faster than
the unimolecular decomposition of the activated complex back to the educts.

• The influence of rotary motion is neglected.

• The zero-point energy is not included.

The energy dependent decomposition rate kd(E
�) can be treated as a measure for the

probability of a molecule to dissociate, if the critical vibrational mode has an energy E�

higher or equal to the decomposition barrier E0 (E� ' E0). The energy dependence of
kd with the proportionality constant ν, is given by

kd�E�� � ν �E� � E0
E� 
s�1

. (4.56)

The decomposition barrier or critical energy E0 can be identified as the binding energy
of the activated complex (FexSzN2)

�. In order to receive a good agreement between
theory and experiment, a smaller value seff $ s for the total number of the vibrational
degrees of freedom has to be considered in the ’classical’ RRK theory [63]. This can be
explained by the classical treatment of the degrees of freedom.
A further improvement is given by the quantum RRK theory which was introduced

by L. S. Kassel in the year 1928 [74]. In this extended model the total energies consist
of a specific number of quanta with j for the energized molecule E� = jhν and m for
the critical energy E0 = mhν. Thus, the critical oscillator with a frequency of ν must
contain m quanta before dissociation occur. Furthermore, the rate constant kd depends
on the excess energy (E�-E0) and the vibrational degrees of freedom s. Therefore,
kd decreases with increasing s. For a greater number of oscillators s there are more
possibilities of distributing the energy and it is unlikely that the energy is localized in a
critical oscillator. On the other hand, kd increases with increasing excess energy as then
there is more energy available to be redistributed and the probability for the critical
oscillator to reach the critical energy increases. The assumption of identical oscillators
with equal frequencies in the quantum mechanical approach leads to some deviations
between the theory and the experiment.
R. A. Marcus developed in 1952 the RRKM model [75] by using transition state

theory, in which the vibrational energies and molecular rotations are explicitly taken
into account and the existence of a zero-point energy is considered.
Figure 4.11 displays the energy diagram with the different energies, included in the
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Figure 4.11: Illustration of the energy diagram with the different contributions which
are involved in the RRKM theory.

RRKM theory. The unimolecular decomposition reaction of Equation 4.38 can now be
written in the following two step reaction:

�FexSzN2
+�� kd�E��

������ �FexSzN2
+�‡ k‡

����� FexSz
+ + N2; x = z = 2, 3, 4 (4.57)�FexSzN

�

2 �� denotes the energized complex in which the vibrational and rotational
energy is dispersed over all modes or over all active degrees of freedom. Therefore,
the non-fixed energy E� is the sum of the vibrational energy E�v and the rotational
energy E�r . Energy which is called non-fixed can be redistributed into vibrational and
rotational modes, whereas fixed energies like the zero-point energy, translational energy,
adiabatic vibrations and adiabatic rotations stay constant during the conversion of�FexSzN

�

2 �� to �FexSzN
�

2 �‡ and are not included in the theory. An energy gain of E0
which is the height of an energy barrier (bond dissociation energy or binding energy)
that has to be overcome leads from the energized complex to the transition state.
The transition state �FexSzN

�

2 �‡ consists of rotational, vibrational and translational
energy (E‡

� E� � E0 � E‡
v � E‡

r � E‡
t) and describes the situation in which

the energy accumulates in a critical specific bond (E� ' E0), which leads to a barrier
free decomposition (k‡). The non-fixed translational energy is equal to the critical
vibrational mode along the reaction coordinate. Thus, the RRKM decomposition rate
can be expressed as [63, 76]

kRRKM
d �E�� � L‡ W�E‡

vr�
hρ�E�� . (4.58)



4.3 Determination of N2 binding energies 45

L‡ denotes the reaction path degeneracy, ρ�E�� the density of states of �FexSzN
�

2 ��, h
the Planck constant and W�E‡

vr� the sum of the vibrational and rotational modes of
the transition state. The total non-fixed energy E� can be expressed as the sum of E0,
the vibrational energy of the reactants before the reaction (Evib�FexS�z �) and Efree. N2
is considered to be vibrationally cold at the experimental reaction temperatures and
therefore only vibrational levels of the cluster ions are taken into account. The free
energy (Efree) is the translational and rotational energy which is converted into internal
energy of �FexSzN

�

2 �� upon the reaction of FexSz
+ with N2 [77]:

E� � E0 � Evib�FexS�z � � Efree. (4.59)

Evib�FexS�z �, Efree and E� depends on the cluster size and the geometry and can be
estimated by the model proposed by Cox et al. [77]. The values for the energies
according to the model of Cox et al. are listed in Table 4.2. Note, both Evib�FexS�z �
and Efree are functions of the temperature and therefore kRRKM

d �E�� is equivalent to
kRRKM

d �TR�.
Again, the RRKM theory is normally used to calculate kd from the known binding

energies. In our experimental approach, however, kd is the measured quantity which
consequently allows for the determination of the binding energies between a first adsorbed
N2 molecule and the cluster.
An important consideration is related to the adiabatic rotational degrees of freedom.

Adiabatic rotations are quantum states or angular momenta which stay constant during
the transition from �FexSzN

�

2 �� to �FexSzN
�

2 �‡. If the geometry and thus the moment
of inertia changes during the transition extra energy is released into other degrees of
freedom. This additional energy is contained in the transition state (Evib�FexS�z ��Efree).
Therefore, Equation 4.59 does not reflect the actually available total energy of the
complex �FexSzN

�

2 �� which has to be rather specified as Eact $ E�. Neglecting adiabatic
rotations in the calculations leads to a too low binding energy. Therefore, Equation 4.59
has to be corrected with an additional energy term called ’rotational barrier’ (ERB):

E�act � E0 � Evib�FexS�z � � Efree � ERB (4.60)

Table 4.2: Evib, Efree and the total energy E� of the activated complex according to the
model proposed by Cox et al. n denotes the number of atoms contained in the complex.
(L) represents the case of a complex with linear geometry whereas (NL) indicates non-
linearity.

n Evib Efree E�

1 0 kBTR (NL) E0 + kBTR
1 0 3/2kBTR (L) E0 + 3/2kBTR

n ' 2 (3n-5)kBTR (L) 2kBTR E0 + (3n-3)kBTR
n ' 3 (3n-6)kBTR (NL) 5/2kBTR E0 + (3n-7/2)kBTR
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The term ERB can be approximated by the following expression [76, 78, 79]

ERB � � I‡

I� � 1� kBT � �r2
c

r2
e
� 1� kBT. (4.61)

I‡ and I� are the moments of inertia for �FexSzN
�

2 �‡ and �FexSzN
�

2 ��, respectively. Both
complexes have the same mass and thus Equation 4.61 can be expressed in terms of the
distances rc and re. rc and re represents the distances between FexSz

+ and N2 in the
transition sate and in the energized complex, respectively. rc can be calculated by using
Equation 4.53. ERB is also a function of the temperature but the effect on the resulting
binding energy can be neglected.

4.3.4 MassKinetics input and assumptions

To determine the binding energies via kd, the software MassKinetics was used [80].
Usually, this software package is applied to determine the decomposition rate constant
for a given dissociation barrier (E0) according Equation 4.58. Therefore, the input
parameters are the mass of the activated complex �FexSzN

�

2 �� (x = z = 2, 3, 4),
the binding energy E0 (dissociation energy), the non-fixed energy E� which can be
approximated by the model proposed by Cox et al. [77] (see Section Section 4.3.3)
and the reaction path degeneracy L‡, which is one for a non-dissociatively adsorbed
ligand at metal clusters. Additional computing values are the vibrational frequencies of
the energized complex �FexSzN

�

2 �� and the transition state �FexSzN
�

2 �‡. Since neither
vibrational frequencies of iron-sulfur clusters nor of their nitrogen complexes have been
reported so far, the vibrational frequencies and thus the distributions of the FexSz

+ (x
= z = 2, 3, 4) vibrations have been estimated. This was done by applying the ’Debye
model of phonon frequency dispersion’ as described by Jarrold et al. [81]. In the Debye
model of lattice heat capacity the density of modes is proportional to the square of
the frequency ν. It exists due to the finite number of the degrees of freedom (3N;
N is the number of atoms) a maximum frequency, the so called ’Debye frequency’ or
cut-off frequency. For pyrite νD was calculated to 486.3 cm�1 via a Debye temperatur
ΘD of 700 K which was determined by Bindloss [82]. Jarrold and coworkers assume
the distribution of cluster vibrational modes is also proportional to ν2 with a cut-off
frequency given by

νDn � νD �1 � n�0.33�α (4.62)

with α selected so that the frequencies extrapolate to the known vibrational frequency
of the dimer [83]. For a known FeS frequency (νD2) of 295 cm�1 [84] and νD of 486.3
cm�1 this results in α = 0.316285. Therefore the frequency of mode i of a cluster of n
atoms can be calculated with

νi � � i � 0.5
3N � 6νDn

3
 1
3
. (4.63)

From experimental infrared spectroscopic data for iron-sulfur proteins [85] and iron-
sulfur model compounds [86], as well as preliminary data for small iron-sulfur clusters
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Table 4.3: Approximated frequencies for the energized complexes �FexSzN�

2 �
� and the

transition state �FexSzN�

2 �
‡.

Cluster �FexSzN�

2 �
�

vibrational frequencies / cm-1
�FexSzN�

2 �
‡

vibrational frequencies / cm-1

Fe2S2
+ 197, 283, 336, 376, 409, 437,

300, 2359, 50, 50, 50, 50
197, 283, 336, 376, 409, 437,

2359, 25, 25, 25, 25

Fe3S3
+ 156, 225, 267, 298, 325, 347,

367, 385, 401, 416, 430, 444,
300, 2359, 50, 50, 50, 50

156, 225, 267, 298, 325, 347,
367, 385, 401, 416, 430, 444,
300 , 2359, 25, 25, 25, 25

Fe4S4
+ 136, 197, 233, 261, 283, 303,

320, 336, 350, 364, 376, 388,
399, 409, 419, 428, 437, 446,
300, 2359, 50, 50, 50, 50

136, 197, 233, 261, 283, 303,
320, 336, 350, 364, 376, 388,
399, 409, 419, 428, 437, 446,

2359, 25, 25, 25, 25

[87], it is known that the energies of the metal-metal and metal-sulfur vibrations typically
range between 200 cm-1 and 450 cm-1. Thus, 450 cm-1 was used as the maximum cut-off
frequency to calculate νi. All frequencies used to calculate the binding energies are listed
in Table 4.3. Employing different sets of vibrational frequencies obtained by reducing
the cut-off to 355 cm-1 changes the binding energies by 0.05 eV at maximum. This is
in accordance with previous studies on gold-oxygen complexes, which showed that not
the exact frequencies but rather their distribution is important for the determination
of the binding energy [78]. The stretch frequency of the free N2 molecule amounts to
2359 cm-1 [88] and the FexSx

+-N2 stretch frequency is estimated to amount to 300 cm-1,
which can be considered as a typical metal-N2 stretch frequency [89, 90]. Furthermore,
variation of this frequency in the range between 200 and 400 cm-1 resulted in a variation
of the binding energy by only 0.02 eV, which is well inside the error bars of the resulting
binding energies. The additional unknown bending vibrations are chosen to be 50 cm-1

which has been proven to be a realistic estimate in previous studies [78, 91].
Two transition state (TS) models can be used in the RRKM analysis: (1) a ’tight’

transition state model in which one of the cluster vibrations is removed and treated as
a translation along the reaction coordinate. This model gives the lower limit for the
binding energy (E0). Furthermore, no rotational barrier (ERB) exits; and (2) a more
realistic ’loose’ transition state model in which not only one vibrational mode of the
cluster has removed and transformed into translation along the reaction coordinate but
also the low frequency bending vibrations can be scaled by a factor less than one (f $ 1)
[92]. Low frequency bending vibrations contribute the most to the calculated sum of
states. Thus, the transition state can be tuned to be ’loose’ (upper limit for E0) or
’tight’ (lower limit for E0) by simply changing this factor. A ’loose’ transitions state
model was employed to simulate the binding energies. According to this model, the
transition state is described by the same vibrational modes as the energized molecule
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Figure 4.12: Experimentally determined temperature dependent decomposition rate
constants kd (v) for Fe2S2(N2)

+, Fe3S3(N2)
+ and Fe4S4(N2)

+ in conjunction with the
calculated kd as a function of the reaction temperature TR and the binding energy E0 for
a ’loose’ transition state model. The red solid curve show the best fit of the data while
the black dashed and black dotted curves are the upper and lower limits.
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minus the FexSx
+-N2 stretch vibration that is treated as internal translation along the

reaction coordinate. In addition, the low frequency bending modes are scaled by a factor
of 0.5 [78, 91]. Furthermore, adiabatic rotations are taken into account by considering a
’rotational barrier’ of 0.1 eV for all clusters.

Figure 4.12 displays the experimentally obtained reaction temperature dependent
decomposition rate constants kd in conjunction with the calculated kd(TR, E0)-curves
obtained by using the MassKinetics software for a ’loose’ transition state model. The
mean value of the binding energy corresponds to the solid red line that best fits the
experimental data. The black dashed and black dotted curves are the upper and lower
limits to fit the experimentally obtained kd data. The error limits of the binding
energy values include uncertainties in the fitting procedure to receive k(1), errors in
the measured gas pressure (� 0.01 Pa) and the uncertainties in the delineation of the
energized complex �FexSzN

�

2 �� as well as the the transition state �FexSzN
�

2 �‡ (rough
approximated vibrational frequencies (Table 4.3)). In the case of Fe4S4(N2)

+ only one
kd value was obtained experimentally and thus no binding energy error limits could be
estimated. The evaluation procedure leads to a binding energy of the first N2 molecule
of 0.84 � 0.1 eV for Fe2S2

+, 0.72 � 0.1 eV for Fe3S3
+ and 0.5 � 0.1 eV for Fe4S4

+.
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4.4 Discussion

The Model System

The core of the natural FeMo cofactor comprises two partial cubane clusters, Fe4S3 and
MoFe3S3, which are bridged by three sulfide atoms and a six-fold coordinated carbon
atom as displayed in Figure 4.1. This metal cluster core is bound to the protein by
several hydrogen bond interactions as well as not more than three covalently bound
ligands: a homocitrate entity and a histidine residue are attached to the Mo atom while
one cysteine residue is attached to the opposite Fe atom [3, 53–56, 93].
Although the geometrical structure of the FeMo cofactor has been very well resolved,

the electronic structure is not completely clear yet. A recent study reassigned the formal
oxidation state of the Mo atom in the resting state of the FeMo cofactor to +III (instead
of +IV). The formal oxidation sate of the Fe atoms have been assigned to +II and +III,
albeit the exact number of Fe atoms in the formal +II and +III states is still ambiguous
[94–99]. This results in a possible total charge of the MoFe7S9C cluster of -3, -1, or +1.
The chosen gas phase clusters can be formally described by Fe(II)-Fe(III) for Fe2S2

+,
2Fe(II)-Fe(III) for Fe3S3

+, and 3Fe(II)-Fe(III) for Fe4S4
+, since they share the same

formal oxidation states and can be considered as small sub-units of the FeMo cofactor
in the resting state. Even though these model systems do not account for certain
complex features of the FeMo cofactor, they do allow investigations of the intrinsic
properties of the iron-sulfur clusters and thereby providing indispensable information
for the development of biomimetic heterogeneous catalysts.
Figure 4.13 shows the cluster size dependent experimental (open black squares)

and theoretical (open circles) binding energies of N2 to Fe2S2
+, Fe3S3

+ and Fe4S4
+.

The black and red dotted lines are drawn to guide the eye. The red lines connect
the theoretical values (red circles) obtained for the charged complexes (FexSz(N2)

+

(x = z = 2, 3, 4)). The theoretical binding energies indicated by the green and the
blue circles are received for the N2 adsorption at higher energy isomers of bare Fe3S3

+

(b*). Additionally, next to the data points and below the x-axis the optimized cationic
iron-sulfur cluster structures of the complexes (a’, b’, c’) and the ground state structures
of the bare clusters (a, b, c) with their magnetic moments µ are displayed, respec-
tively. µ equates the difference between the number of majority and minority spin
electrons (spin-up and spin-down electrons) in units of the Bohr magneton according
to µ = (N� - N�) µB. The Fe2S2

+ (a) cluster has a rhombic ground state structure
with Fe-Fe and Fe-S bond lengths of d(Fe-Fe) = 2.7 Å and d(Fe-S) = 2.3 Å and
exhibits a configuration with µ = 1 µB. The lowest energy structure of Fe3S3

+ (b)
comprises an equilateral triangle formed by the Fe atoms with an Fe-Fe bond lengths
of 2.9 Å. Each of the three edges of the triangle is bridged by one sulfur atom yield-
ing an Fe-S bond length of 2.2 Å. This cluster has µ = 13 µB unpaired d-electrons.
Besides the lowest energy structure of Fe3S3

+ the structure of two higher energy iso-
mers (b*) is shown (incomplete hexagon) with an electronic configuration of µ = 3
µB and µ = 5 µB. The largest studied model, Fe4S4

+, exhibits a cube-like structure
(c) with d(Fe-Fe) = 2.82 Å and d(Fe-S) = 2.38 Å and a low (µ = 1 µB) electronic
configuration. This represents the first investigation of the geometric and electronic
structure of the bare cationic tetra-iron-tetra-sulfur cluster, however, a comparable cubic
geometry has also been considered for ligated Fe4S4

+ and Fe4S4
2+ clusters [100–103].
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Figure 4.13: Cluster size dependent experimental (open black squares) and theoretical
(open circles) binding energies of N2 to Fe2S2

+, Fe3S3
+ and Fe4S4

+. Both lines are drawn
to guide the eye. The red lines connect the theoretical values (red circles) obtained for
the charged complexes (FexSz(N2)

+ (x = z = 2, 3, 4)). The theoretical binding energies
indicated by the green and the blue circles are received for the N2 adsorption at higher
energy isomers of bare Fe3S3

+ (b*). Besides the data points and below the x-axis the
optimized cationic iron-sulfur cluster structures of the complexes (a’, b’, c’) and the
ground state structures of the bare clusters are shown (a, b, c), respectively. Their
magnetic moments µ are given in units of the Bohr magneton µB. In the case of Fe3S3

+,
additionally, the calculated structure for higher energy isomers of the bare cluster is
shown (b*). All calculations were performed by Robert N. Barnett and Uzi Landman at
the Georgia Institute of Technology. The structures are reprinted with permission from
[5]. Copyright 2016 American Chemical Society.

Bond strength and binding geometry of N2

Previously, the bond strength and binding geometry of N2 to iron-sulfur surfaces and
several isolated model systems have almost exclusively been investigated theoretically.
One experimental study addressed the adsorption of N2 on a single-crystal pyrite
FeS2(100) surface. N2 has been found to adsorb only at temperatures lower than
130 K and the surface species has been identified as chemisorbed molecular N2 [104].
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The experimentally found low adsorption temperature contrasts, however, with DFT
calculations which predicted a rather high binding energy of 0.99 eV for N2 adsorbed
with the molecular axis almost perpendicular to the FeS2(100) surface, whereas parallel
binding was not found to be stable [105].
A second experimental study presented the synthesis of a mono-iron-di-sulfur complex

which binds a nitrogen molecule via terminal coordination to the iron atom. In this
complex, the N-N bond length has been found to be 1.13 Å; nevertheless, the nitrogen
bound complex appeared to be thermally very sensitive and N2 coordination was only
observed at temperatures well below room temperature [106]. In agreement, spectro-
scopic studies on trapped intermediates of the biological FeMo-cofactor also indicated
the terminal (end-on) binding of N2 [107, 108].
In contrast to the limited investigations on iron-sulfur surfaces, isolated model sys-
tems have been studied theoretically in more detail by several groups. These model
systems range from simple mono-iron complexes [109, 110] to more complicated struc-
tures containing multiple iron atoms [111] and to bare and ligated clusters comprising
a molybdenum heteroatom such as MoFe7S9 or MoFe7S9X [112–116]. Some stud-
ies predict the binding of N2 via coordination to several (two or three) iron-atoms
[111, 112, 117] whereas others find the preferred binding of N2 to be in an end-on
configuration [109, 110, 116]. Most interestingly, even for the more complex model
systems containing a molybdenum heteroatom, end-on binding of N2 to Fe has been
observed to be more favorable [113–115, 118]. Depending on the exact model and the
level of theory used, the predicted N2 binding energies vary over a wide range between
0.1 eV and 1.38 eV. One publication even reported an extremely high value of 6.5 eV
for N2 binding to MoFe7S9 cluster core with 39 d electrons which corresponds to the
resting state [112]. Because currently most investigations are theoretical in nature and
there is a controversy pertaining to the interaction between N2 and iron-sulfur clusters,
it is highly desirable to obtain detailed experimental data on these systems, coupled
with coordinated theoretical analysis.
In Section 4.1 it has been demonstrated that free iron-sulfur clusters (Fe2S2

+, Fe3S3
+

and Fe4S4
+) represent multi-iron-multi-sulfur clusters which are able to bind N2.

The temperature dependent reactivity study shows that Fe3S3
+ adsorbs two nitro-

gen molecules at room temperature whereas Fe2S2
+ only adsorbs one and Fe4S4

+ none.
Therefore, Fe3S3

+ is the most reactive cluster towards N2 and it will be shown also
towards molecular oxygen (Chapter 6). The temperature dependent product formations
in the case of Fe2S2

+ and Fe3S3
+ indicate the rather strong binding of the first or the

first two N2 molecules, respectively, while the adsorption of further multiple N2 molecules
at cryogenic temperatures suggests a more weakly binding of these N2 molecules. In
marked contrast, for Fe4S4

+ the formation of a first adsorption product, Fe4S4(N2)
+,

requires a temperature below 230 K. Surprisingly, all three investigated clusters are
able to bind N2 and thus can be regarded as the first discovered multi-iron-multi-sulfur
clusters which are able to bind N2. Simple metal atom complexes have been found to
bind N2 and have provided important insight into the catalytic reaction mechanism
for N2 reduction [119–122] but more structurally relevant models comprising multiple
metal atoms and a sulfur environment appeared previously to lose the ability to bind
N2 [119, 123]. Only very recently, a novel model complex has been synthesized which
is able to bind N2. This model includes iron-sulfur carbon sites and thus successfully
accounts for the sulfur environment of iron in nitrogenases; however, it contains only
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one iron center and does not consider the presence of multiple metal atoms [106].
To quantify the reaction of these free iron-sulfur clusters with N2, kinetic measure-

ments have been performed at selected reaction temperatures and presented in Section
4.2. These temperature dependent kinetic experiments in the ion trap allowed the
determination of N2 binding energies to small cationic iron-sulfur clusters for the first
time and results in 0.84 � 0.10 eV for Fe2S2

+, 0.72 � 0.10 eV for Fe3S3
+ and 0.50 �

0.10 eV for Fe4S4
+.

Figure 4.13 displays the optimized structures of the formed complexes FexSz(N2)
+

(x = z = 2, 3, 4). For all cluster sizes N2 is found to bind molecularly to one of the
Fe atoms in an end-on configuration. The Fe-N distance amounts to 2.1 Å for Fe2S2

+

and Fe3S3
+ and is slightly elongated to 2.26 Å for Fe4S4

+. The N-N distance of the
free N2 molecule is calculated to be 1.11 Å and it remains unchanged upon adsorption
on the clusters. Thus, despite the increasing complexity of the employed clusters and
the availability of different adsorption sites, the binding geometry and the electronic
interaction appear to be cluster size independent. In the case of Fe2S2

+ and Fe4S4
+,

neither the geometry nor the spin state of the cluster core are affected by the adsorption
of N2. The energy differences ∆EA between the ground state structures of Fe2S2

+

and Fe2S2(N2)
+ as well as of Fe4S4

+ and Fe4S4(N2)
+ amount to 0.83 eV and 0.47

eV, respectively, which are in good agreement with the experimentally obtained N2
binding energies of 0.84 � 0.1 eV and 0.50 � 0.10 eV. In contrast, the situation is
more complex for Fe3S3

+. The FeS core of the Fe3S3(N2)
+ ground state structure is a

distorted incomplete hexagon with µ = 5 µB. Thus, upon adsorption of N2, both the
cluster geometry and the spin state change. The energy difference between the ground
state structure of Fe3S3

+ (planar S-bridged triangle, µ = 13 µB, cf. Figure 4.13b) and
Fe3S3(N2)

+ (incomplete hexagon, µ = 5 µB, cf. Figure 4.13b’) amounts to 0.53 eV
which is considerably lower than the experimentally obtained N2 binding energy of 0.72
� 0.10 eV. The discrepancy between the experimental and theoretical binding energy
could be explained by an energy barrier for the structural transformation of the cluster
core upon N2 adsorption or contributions from higher energy isomers of the bare cluster.
In the first case, the kinetic model employed for the determination of the experimental
binding energy is too simple and cannot account for the more complex temperature
dependence of the rate constants. Consequently, the determined binding energy is not
reliable anymore. The unimolecular dissociation rate constant used for the determination
of experimental binding energies is deduced based on the assumption that ka and ks can
be described by Langevin theory and are temperature independent. This assumption
is valid for Fe2S2

+ and Fe4S4
+, for which both the geometry and the spin state are

retained upon adsorption of N2. In marked contrast, N2 adsorption on Fe3S3
+ results

in a change of the geometry and spin state. The structural rearrangement is associated
with an energy barrier and consequently the association rate constant ka cannot be
described by Langevin theory anymore and becomes temperature dependent.
To evaluate the possibility of the second case, binding energies for higher energy iso-

mers of the bare cluster and the formed complex were calculated. The energy differences
between the first two higher energy isomers of the bare cluster (incomplete hexagon,
µ = 3 µB and incomplete hexagon, µ = 5 µB cf. Figure 4.13b*) and the ground state
structure of Fe3S3(N2)

+ (incomplete hexagon, µ = 5 µB, cf. Figure 4.13b’) are 0.70
eV and 0.81 eV, respectively, which agrees favorably with the experimentally obtained
value of 0.72 � 0.10 eV. Thus, a closer agreement with the experiment is obtained when
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in the theory the ground state cluster complex with nitrogen and the bare cluster after
nitrogen removal have the same geometry (i.e., incomplete hexagon with µ = 5 µB).
Since these two isomers (of the bare cluster) are calculated to be only + 0.17 eV and +
0.28 eV higher in energy than the ground state structure, contributions of these clusters
in the experiment cannot be excluded.

Bonding Mechanism of N2

To elucidate the nature of the interaction between the iron-sulfur clusters with N2,
Robert N. Barnett and Uzi Landman investigated theoretically the electronic structure
using the example of FeSN2 (see Figure 4.14). An important contribution to the
binding of N2 to FeS is associated with the interaction of the unoccupied πx* and πy*
antibonding levels of the N2 molecule with the frontier orbitals (the highest occupied
molecular orbitals, HOMO) of the FeS molecule, dxy(Fe) + px(S) and dyz(Fe) + py(S).
This interaction drags the N2 unoccupied orbitals below the Fermi energy level of the
complex, resulting in their partial occupation by electrons of the FeS molecule. The
partial occupation of the aforementioned antibonding orbitals weakens the internitrogen
triple bond, thus promoting binding of the N2 molecule to FeS to form the stably bonded
FeSN2 complex. Although the N-N bond length of the adsorbed N2 molecules changes
only slightly in the FeSN2 complex (1.12 Å) compared to that in the free molecule
(1.11 Å), the calculated N-N stretch frequency in the FeSN2 complex (2158 cm-1) is
found to decrease more substantially compared to the calculated stretch frequency of
N2 (2324 cm-1); the latter value compares well with the measured stretch frequency

Figure 4.14: Electronic structure and orbital isosurfaces (with positive and negative
values depicted in blue and pink, respectively) for a free N2 molecule (left panel), FeS
(right panel), and the FeSN2 (middle panel) complex. The electronic states are shown
separately for the up and down spin manifolds. Understanding the bonding of N2 to
FeS is facilitated by correlating the right and left panels with the orbital scheme of the
FeSN2 complex in the middle panel. Reprinted with permission from [5]. Copyright 2016
American Chemical Society.
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[124] of N2, 2358 cm-1. The interaction scheme described above which was calculated
by Landman et al. between the iron-sulfur cluster and N2, involving a weakening of the
N-N bond, agrees well with the low N-N stretch frequency of only 1880 cm-1, which has
been measured for a recently synthesized monoiron-disulfur-N2 complex [106]. Barnett
and Landman have also calculated the N-N stretch frequencies for the N2 molecule and
for the neutral ground-state clusters with adsorbed N2. The N-N stretch frequencies are
2324 cm-1 for the N2 molecule (the experimental value [124] is 2358 cm-1), 2255 cm-1

for Fe3S3(N2), and 2201 cm-1 for Fe4S4(N2). In contrast, the 2315 cm-1 for Fe4S4(N2)
+)

are hardly changed from the free N2 molecule.

4.5 Summary and conclusion
The presented temperature dependent experiments show that all three investigated
clusters are able to adsorb N2 and therefore they can be considered as the first multi-
iron-multi-sulfur clusters which are able to bind N2. It has been shown that Fe3S3

+

adsorbs two nitrogen molecules at room temperature whereas Fe2S2
+ only adsorbs one

nitrogen molecule and Fe4S4
+ none. Fe3S3

+ is the most reactive cluster with respect to
the interaction with molecular nitrogen.
Furthermore, the temperature dependent kinetic measurements in an ion trap enabled

the determination of N2 binding energies to small iron-sulfur clusters (Fe2S2
+, Fe3S3

+

and Fe4S4
+) for the first time. Such experimental values are of particular importance,

since the interaction of N2 with reactive iron-sulfur clusters has so far only been studied
theoretically and current findings have been the subject of debate and controversy.
Concurrent first-principles simulations which were performed by Robert N. Barnett
and Uzi Landman provided molecular level understanding of the interaction between
iron-sulfur clusters and N2. Independent of the cluster size, N2 is found to bind
molecularly to one of the Fe atoms in an end-on configuration. Thus, this binding
motif is not a peculiarity of the model system but can rather be regarded as a general
concept. These gas phase model studies represent an import step towards a conceptual
understanding of the interaction between the substrate N2 and iron-sulfur clusters. This
knowledge is expected to open new avenues for future experimental and theoretical
investigations, aiming at elucidating details of the catalytic ammonia synthesis under
ambient conditions. Moreover, this study can be considered as the first step of a
bottom-up approach for the future design of biomimetic heterogeneous catalysts.





Chapter 5

Reactions of iron-sulfur clusters with D2

Molecular and atomic hydrogen plays an essential role in global carbon cycles. Hy-
drogenases are enzymes which catalyze the reversible oxidation of molecular hydrogen
(H2 � 2 H+ + 2 e-) and are therefore pivotally involved in biological systems. Three
different types are known: [FeFe]-hydrogenase, [NiFe]-hydrogenase and [Fe]-hydrogenase.
The [FeFe]-hydrogenase and [NiFe]-hydrogenase possess at least one Fe4S4-cluster in
addition to their binuclear metal centers (FeFe and FeNi) [125]. The structure of the
catalytically active center of the [FeFe]-hydrogenase, the so-called H-cluster, is shown
in Figure 1.1a. Madden et al. demonstrated that the [FeFe]-hydrogenase has a large
turnover frequency of up to about 20,000 s-1 for the reversible reduction of H2 [126].
Hence, this enzyme is of particular interest as an abundant, cheap, and highly active
electrocatalyst for fuel cell appliances [127, 128].
Furthermore, the adsorption of molecular hydrogen at the FeMo-cofactor (see Figure

1.1b) of the nitrogenase plays an important role in the conversion of N2 to ammonia
(NH3). To gain a fundamental understanding of the reaction of molecular hydrogen
with these catalytically active iron-sulfur centers (e.g. H-cluster and FeMo-cofactor),
temperature dependent D2 adsorption experiments were performed. The reactivity of
the smallest most relevant non-ligated iron-sulfur units (Fe2S2

+ and Fe4S4
+) towards

D2 were studied and the results are presented and discussed in this chapter.

5.1 Temperature dependent D2 adsorption

Figure 5.1 displays the temperature dependent mass spectra of Fe2S2
+ obtained after

the reaction with molecular deuterium for 0.1 s. Every spectrum was recorded between
the denoted temperatures. The bare cluster is colored in red whereas the Fe2S2

+-D2
complexes are colored in blue. At a temperature of about 170 K, D2 starts to adsorb at
Fe2S2

+ within the experimental pressure conditions of 0.09 � 0.01 Pa D2. A further
decrease of the trap temperature leads to the adsorption of up to three D2 molecules
(Fe2S2(D2)

+, Fe2S2(D2)2
+ and Fe2S2(D2)3

+). The adsorption at low temperatures
indicates weak and most likely molecular adsorption.
Figure 5.2 shows the temperature dependent ion mass distributions of Fe4S4

+ obtained
after the reaction with D2. At a temperature of about 130 K the adsorption of the first

57
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D2 (Fe4S4(D2)
+) can be observed and the number of adsorbed D2 molecules increase up

to four at a temperature of about 100 K (Fe4S4(D2)2
+, Fe4S4(D2)3

+ and Fe4S4(D2)4
+).

Peaks which are labeled with an asterisk indicate the adsorption of water.

5.2 Discussion

The presented experiments give insight into the adsorption of D2 to iron-sulfur clusters
for the first time. Until now there is a lack of comparable experiments and therefore no
information about the adsorption behavior of molecular hydrogen or deuterium to small
iron-sulfur clusters. The only comparable system is the adsorption of H2 and D2 at
bare neutral iron clusters [129–133]. Richtsmeier et al. studied the H2/D2 reactivity of
Fen (n = 2 - 62/68) and showed that the reaction rate varies strongly with an increase
of the cluster size [131]. All reaction products of their work are given by the empirical
formula FenH2m. Thus, dissociation of H2 is improbable. Furthermore, within their
experimental conditions, they did not detect a reaction for Fe2 and for Fe3 and Fe4 the
signal levels were too low. Their studies showed that the reaction rate constant for Fe2
is at least one order of magnitude smaller than for Fe8 (about 0.4 x 10-14 cm3s-1).
It can be concluded, that the D2 reactivity of iron-sulfur clusters (Fe2S2

+ and Fe4S4
+)

with the same amount of iron as small iron clusters (Fe2 and Fe4) is very low and thus
the presented results corroborate the findings of Richtsmeier and coworkers.
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Figure 5.1: Temperature dependent ion mass distribution obtained after the reaction of
Fe2S2

+ with D2. The D2 partial pressure was kept at 0.09 � 0.01 Pa (p(He) = 0.95 � 0.01
Pa) during a reaction time of 0.1 s for all measurements. The mass spectra were recorded
between the denoted temperatures. The bare cluster is colored in red whereas the
cluster-D2 complexes are colored in blue.
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Figure 5.2: Temperature dependent ion mass distribution obtained after the reaction of
Fe4S4

+ with D2. The D2 partial pressure was kept at 0.09 � 0.01 Pa (p(He) = 1.04 � 0.01
Pa) during a reaction time of 0.1 s for all measurements. The mass spectra were recorded
between the denoted temperatures. The bare cluster is colored in red whereas the cluster-
D2 complexes are colored in blue. Peaks, which are labeled with an asterisk, indicate the
adsorption of water.



Chapter 6

Reactions of Fe+ and iron-sulfur clusters
with molecular oxygen

The technological application of iron-sulfur enzymes or parts of them as new catalytic
materials is often hampered by the oxygen induced decomposition of their catalytically
active iron-sulfur containing centers. To develop new oxygen tolerant catalytic materials
in the future, it is necessary to understand the interaction of iron-sulfur clusters with
O2 in detail.
Madden et al. showed that the [FeFe]-hydrogenase has a very high turnover fre-

quency (up to about 20,000 s-1) [126] for the reversible reduction of molecular hydrogen
(H2 � 2 H+ + 2 e-) and is therefore very interesting as an effective and cheap electrocat-
alyst for fuel cell applications [127, 128]. Unfortunately, its biotechnological application
as a catalyst is presently impeded by its irreversible O2 induced inactivation via the
decomposition of the active iron-sulfur containing center [12–14]. The active center of
the [FeFe]-hydrogenase, the so-called H-cluster, is shown in Figure 6.1. It consists of
an Fe4S4

+ cubane subcluster, which is connected to a di-iron site [2Fe]H by a cysteine
sulfur atom (Cys503) [4, 134–137].The two iron atoms of [2Fe]H are bridged by two sulfur
atoms which are in turn linked by a small molecule to form a –S-CH2-NH-CH2-S- ligand.

Figure 6.1: Scheme of the H-cluster of
[FeFe]-hydrogenase from Clostridium pas-
teurianum (PDB entry 3C8Y on basis of
reference [4]). Iron, sulphur, carbon, oxy-
gen, and nitrogen atoms are depicted as
brown, yellow, gray, red, and blue spheres.
Reprinted with permission from [4]. Copy-
right 2008 American Chemical Society.
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Consequently, the [2Fe]H unit can be regarded as an Fe2S2
+ subcluster. The Fe4S4

cubane is linked to the enzyme environment via three cysteine residues (Cys300, Cys355,
and Cys499) while the [2Fe]H unit is coordinated to three CO, two CN, and one H2O
ligands. Based on both experimental and theoretical studies, it has been concluded that
O2 primarily attacks the [2Fe]H unit to form O2

- [14, 138–146]. This superoxo species
has then been proposed to react with protons and electrons to form OOH-, OOH radicals,
O atoms (under elimination of water), or H2O2. Such a protonated reactive oxygen
species (ROS) may then irreversibly damage the H-cluster ligand environment and/or
degrade the iron-sulfur subclusters [14, 138, 139, 143–145]. Experimental insight into
the details of the degradation mechanism has so far been inhibited by the complexity
of the [FeFe]-hydrogenase. In contrast, comprehensive theoretical studies predicted
multiple, most likely competing, reaction pathways which may lead to the irreversible
enzyme inactivation [143–145].
On the other hand, the oxygen induced decomposition can even be used to build new

biosensors for oxygen detection or for sensing the very poisonous nitric-oxide [147, 148].
Some bacteria are able to change their metabolism by the O2 induced decomposition
and reconstruction of their iron-sulfur clusters. Crack et al. studied the reversible
O2 disintegration of the Fe4S4-cluster in the Escherichia coli FNR (fumarate nitrite
reduction regulator) [148–153] and published recently, that the Streptomyces coelicolor
bacteria is able to sense nitric-oxide via the Fe4S4-cluster protein NsrR (nitric-oxide
sensing repressor) [154].
The investigated non-ligated free clusters represent simplified model systems and

thus cannot account for the complexity of the naturally occurring iron-sulfur centers.
Nevertheless, the presented gas phase study allows for the investigation of the intrinsic
properties of the iron-sulfur clusters and can thus provide a fundamental and conceptual
understanding of basic processes which may also have implications for the natural
systems. Therefore, pure iron-sulfur clusters are studied in the ion trap towards their O2
reactivity to gain elementary insight into the interaction of these centers with molecular
oxygen. O2 pressure dependent measurements reveal that the reactions of Fe2S

+, Fe2S2
+,

Fe3S2
+, Fe3S3

+, Fe5S5
+ and Fe6S6

+ lead to the sequential exchange of the cluster sulfur
atoms with oxygen atoms (S/O exchange). In marked contrast, Fe4S4

+ is found to bind
O2 only very weakly and no S/O exchange reaction is observed. Thus, this cluster is
regarded to be O2 tolerant. The intrinsic O2 tolerance of the tetra-iron-tetra-sulfur
cluster Fe4S4

+ implies that the oxygen sensitivity of Fe4S4 subunits in proteins must be
related to the direct cluster environment.
Please note, the determination of the exact reaction product compositions is impeded

by the almost identical mass of S and O2. Consequently, it is usually not possible
to distinguish, for example, between Fe2O2

+ and Fe2S
+. To ensure that the peaks

are assigned as accurate as possible in addition the reactivity of non-stoichiometric
iron-sulfur clusters (Fe2S

+ and Fe3S2
+) and iron-oxide clusters (Fe3O3

+ and Fe5O5
+)

towards O2 was investigated. Despite many efforts, a doubtless assignment is difficult.
More details are given in the subsections.
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Figure 6.2: Ion mass spectrum obtained after the reaction of Fe+ with molecular
oxygen for 0.1 s at room temperature. The partial O2 pressure was 0.08 � 0.01 Pa
(p(He) = 1.08 � 0.01 Pa). The bare iron ion is colored in green and the formed oxide
cation (FeO+) colored in gray.

6.1 Reaction of Fe+ with O2

Figure 6.2 presents the mass distribution obtained after the reaction of Fe+ with
0.08 � 0.01 Pa O2 for 0.1 s. The formed iron-oxide cluster can be assigned to FeO+.
Obviously, a dissociative adsorption of O2 takes place and thus leads to the oxidation of
the iron ion according to

Fe+ + O2 FeO+ + O. (6.1)

This finding is in excellent agreement with the investigation of Loh and coworkers which
found an efficient splitting reaction of O2 at Fe+ even under single-collision conditions
[155, 156].

6.2 Reactions of Fe2Sz
+ (z = 1, 2) with O2

Figure 6.3a displays the ion mass distribution obtained after reaction of Fe2S
+ with

molecular oxygen for 0.1 s at a partial pressure of 0.06 � 0.01 Pa. The selected cluster
is colored in green and marked with a dotted line. The spectrum shows an adsorption
of one oxygen atom which must arise from a dissociative reaction of O2. This leads
to the stoichiometric cluster of Fe2OS+ (FexOySz

+ with z + y = x). A splitting of
molecular oxygen was also observed at Fe+ and is shown in Figure 6.2. Additionally, the
formed cluster (Fe2OS+) adsorbs one water (Fe2OS(H2O)+) and one O2 (Fe2OS(O2)

+)
molecule.
Figure 6.3b shows the ion mass spectra recorded after the reaction of Fe2S2

+ with
0.23 � 0.01 Pa molecular oxygen for 0.1 s. The bare Fe2S2

+ cluster is colored in red and
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Figure 6.3: Ion mass distributions obtained after the reaction of Fe2S
+ (a) and Fe2S2

+

(b and c) with molecular oxygen for 0.1 s at room temperature. The partial O2 pressures
were 0.06 � 0.01 Pa (p(He) = 1.05 � 0.01 Pa) for Fe2S

+ and 0.23 � 0.01 Pa and
0.48 � 0.01 Pa (p(He) = 1.25 � 0.01 Pa) for Fe2S2

+, respectively. The bare clusters are
colored in green for Fe2S

+ and red for Fe2S2
+. Hatched in blue are the peaks after the

S/O exchange (Fe2OS+ and Fe2O2
+). Mass peaks labeled with an asterisk correspond to

water adsorption at Fe2O2
+.
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marked with a dotted line. At a low O2 partial pressure of 0.03 � 0.01 Pa (spectrum
not shown) Fe2S2

+ does not react with O2 and consequently only one mass peak is
observed, which corresponds to the bare cluster. However, considerably increasing the
O2 partial pressure to 0.23 � 0.01 Pa leads to a more complex mass distribution (Figure
6.3b). Two peaks appear at masses smaller than the mass of Fe2S2

+, which correspond
to Fe2OS+ and Fe2O2

+, respectively. Further signals can be assigned to Fe2OS(O2)
+,

Fe2OS(O2)(H2O)+ and Fe2OS(O2)(H2O)2
+.

Increasing the O2 partial pressure to 0.48 � 0.01 Pa (Figure 6.3c), leads to a change
of the relative intensities of Fe2S2

+, Fe2OS+, Fe2O2
+ and Fe2OS(O2)

+ as well as the
adsorption of multiple H2O molecules at Fe2O2

+ which arise from non-bakeable residual
amounts of water in the gas lines. Thus, the peaks which are labeled with an asterisk can
be assigned to Fe2O2(H2O)2

+, Fe2O2(H2O)3
+ and Fe2O2(H2O)4

+. A further increase
of the reaction time to 1.0 s leads to a complete S/O exchange of the mass-selected
cluster (Fe2S2

+) and additionally to the adsorption of up to five H2O molecules (data
not shown).
The assignment of the product peaks of the reaction of Fe2S2

+ with O2 is supported
by the following arguments: The clusters tend most likely to stoichiometric compositions
(Fe2OySz

+ with y + z = 2) and the reaction of Fe2S
+ with O2 results in a similar

mass distribution as the reaction of Fe2S2
+ with O2 and thus indicates an equal

reaction behavior. The increased formation of stoichiometric clusters compared to
non-stoichiometric clusters has been already shown in Chapter 2 and thus demonstrates
their higher stability.
Therefore, the di-iron-di-sulfur cluster is non-reactive at low O2 partial pressure but

reacts with molecular oxygen at increased O2 pressure under sequential exchange of
cluster sulfur atoms with oxygen atoms (S/O exchange) according to

Fe2S +
2 + O2 Fe2S2(O2)+ Fe2SO+ + [S,O] (6.2)

Fe2SO+ + O2 Fe2SO(O2)+ Fe2O +
2 + [S,O]. (6.3)

These exchange reactions yield the partially S/O exchanged cluster Fe2SO
+ as well

as the iron-oxide cluster Fe2O2
+. To satisfy the law of conversion of mass, additional

neutral products S and O must be formed. However, the mass spectrometric method
used in the experiment is only sensitive to charged particles, which prevents the direct
observation of the neutral products and thus the identification of their nature. Therefore
they are included as [S,O] in the chemical equations above.
A similar effect was recently observed by Jia and coworkers for Co2S2

- with O2 which
leads to an S/O exchange of one sulfur atom by one oxygen atom and thus to the
formation of Co2SO

- plus neutrals [157]. More details are given in the discussion.

6.3 Reactions of Fe3Sz
+ (z = 2, 3) and Fe3O3

+ with O2

Figure 6.4a shows the mass spectrum of Fe3S2
+ obtained after the reaction with

0.002 � 0.001 Pa O2 for 0.1 s. The bare cluster (Fe3S2
+) is colored in green and the

main reaction product (Fe3O3
+) colored in gray. At this very small O2 partial pressure

of 0.002 � 0.001 Pa the S/O exchange is already completed. Peaks which are labeled
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Figure 6.4: Ion mass distributions obtained after reaction of Fe3S2
+ (a), Fe3S3

+ (b) and
Fe3O3

+ (c) with molecular oxygen for 0.1 s at room temperature. In all measurements
the helium partial pressure was kept at about 1 Pa (a: p(He) = 0.90 � 0.01 Pa, b:
p(He) = 0.99 � 0.01 Pa and c: p(He) = 0.98 � 0.01 Pa) and the oxygen partial pressures
were 0.002 � 0.001 Pa for (a), 0.015 � 0.002 Pa for (b) and 0.06 � 0.01 Pa for (c). Mass
peaks labeled with an asterisk correspond to the adsorption of H2O at Fe3S3(O2)

+.
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with an asterisk indicate the adsorption of up to two water molecules at Fe3O3(O2)
+.

A further increase of the reaction time to 0.5 s and 1.0 s (data not shown) leads to an
increase of this water containing products.
Figure 6.4b presents the mass spectrum of Fe3S3

+ obtained after the reaction with
0.015 � 0.002 Pa molecular oxygen for 0.1 s. Even at this low O2 partial pressure
and after a short reaction time of only 0.1 s the bare iron-sulfur cluster Fe3S3

+ is not
visible anymore but only the pure iron-oxide clusters Fe3O3

+ (gray colored), Fe3O3(O2)
+

as well as the water containing complexes Fe3O3(O2)(H2O)+ and Fe3O3(O2)(H2O)2
+

(marked with an asterisk) were detected. Therefore, in the case of Fe3S3
+ the S/O

exchange happens within a few milliseconds. Increasing the reaction time to 0.5 s and
1.0 s leads also to an intensity increase of the water containing complexes (data not
shown).
Figure 6.4c displays the mass distribution of Fe3O3

+ (gray colored) obtained after the
reaction with 0.06 � 0.01 Pa O2 for 0.1 s. The spectrum shows the same mass peaks as
Fe3S2

+ and Fe3S3
+ with O2 and thus a similar adsorption behavior. This confirmed

the formation of pure Fe3O3
+ (216 amu) and not the formation of a mixed cluster with

a non-stoichiometric composition of Fe3OS+ (216 amu). Therefore, the stoichiometric
reaction product cluster formation can be regarded as generally valid (Fey+zOySz

+).

6.4 Reactions of Fe4S4
+ with O2

Figure 6.5a displays the spectrum obtained after storing Fe4S4
+ in the presence of

0.05 � 0.01 Pa molecular oxygen for 0.1 s. The only detected signals corresponds to
the bare cluster (colored in red) and the stoichiometry Fe4S4(H2O)+ (labeled with an
asterisk) which arise from the reaction of Fe4S4

+ with H2O.
Increasing the reaction time to 1.0 s (Figure 6.5b) leads to the formation of products

corresponding to the stoichiometry Fe4S4(H2O)+ and Fe4S4(H2O)2
+ (both labeled with

an asterisk) as well as the O2 containing products Fe4S4(O2)(H2O)+, Fe4S4(O2)(H2O)2
+

and Fe4S4(O2)(H2O)3
+.

A considerable increase of the O2 partial pressure to 0.41 � 0.01 Pa (Figure 6.5c),
only leads to an increase of the water containing products and most importantly no
S/O exchange is observed.

6.5 Reactions of Fe5S5
+ and Fe5O5

+ with O2

Figure 6.6a shows the mass distribution obtained after the reaction of Fe5S5
+ with

0.005 � 0.001 Pa O2 for 0.1 s. After the addition of a very small amount of molecular
oxygen (0.005 Pa), the initial penta-iron-penta-sulfur cluster partly exchanges its sulfur
atoms with oxygen atoms and the Fe5O3S2

+ and Fe5O2S3
+ clusters (blue hatched) as

well as the water complexes Fe5O2S3(H2O)+ and Fe5O2S3(H2O)2
+ (both labeled with

an asterisk) are formed. A further increase of the reaction time to 0.5 s and 1.0 s leads
to a decrease of the Fe5O2S3

+ cluster and to an enlarged adsorption of up to four water
molecules (data not shown).
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Figure 6.5: Mass spectra obtained after the reaction of the Fe4S4
+ cluster with molecular

oxygen at room temperature. (a) and (b) displays the reaction at a O2 partial pressure
of 0.05 � 0.01 Pa (p(He) = 0.91 � 0.01 Pa) for 0.1 s and 1.0 s, respectively. A further
pressure increase to 0.41 � 0.01 Pa leads to the spectrum (c). The mass peaks labeled
with an asterisk correspond to water adsorption at Fe4S4

+.
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Figure 6.6: Reaction of the Fe5S5
+ and Fe5O5

+ clusters with O2 at room temperature.
(a) and (b) depicts the reaction of Fe5S5

+ with molecular oxygen at a partial pressure of
0.005 � 0.001 Pa and 0.05 � 0.01 Pa (p(He) = 0.99 � 0.01 Pa) for 0.1 s, respectively. (c)
shows the reaction of Fe5O5

+ with O2 at a pressure of 0.01 � 0.002 Pa for 0.1 s. The
mass peaks labeled with an asterisk (*) and double asterisk (**) correspond to water
complexes.
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Figure 6.7: Reaction of the Fe6S6
+ clusters with 0.03 � 0.005 Pa O2

(p(He) = 0.94 � 0.01 Pa) for 0.1 s at room temperature. The mass peaks labeled
with an asterisk correspond to water complexes.

Note that the difficulty to assign the peaks unambiguously scale with the cluster size.
Thus, the peak assignment only based on the assumption of a formation of stoichiometric
clusters (Fe5OySz

+ with y + z = 5).
At a ten times higher O2 partial pressure (p(O2) = 0.05 � 0.01 Pa) the cluster

loses iron atoms or iron containing fragments (Figure 6.6b). This results additionally
and most likely in the formation of Fe4O2S2

+, Fe4O3S2
+, and the water containing

complexes Fe3O3S2(H2O)2
+ and Fe4O3S2(H2O)+. Peaks which are marked with an

asterisk correspond to Fe5O2S3(H2O)+ and Fe5O2S3(H2O)2
+. In this case the peak

assignment is not unambiguous and therefore rather speculative.
Figure 6.6c displays the mass spectrum obtained after the reaction of Fe5O5

+ with
0.01 � 0.002 Pa O2 for 0.1 s at room temperature. The Fe5O5

+ cluster shows a completely
different spectrum compared to Fe5S5

+ with an adsorption of one O2 molecule as well
as an adsorption of multiple water molecules at Fe5O5(O2)

+ (labeled with a double
asterisk). Thus indicates a different adsorption behavior and supports the assumption
that Fe5S5

+ replace not all sulfur atoms with oxygen atoms (incomplete S/O exchange
reaction).

6.6 Reactions of Fe6S6
+ with O2

Figure 6.7 presents the reaction of Fe6S6
+ with molecular oxygen (p(O2) = 0.03 � 0.005 Pa)

for 0.1 s at room temperature. The peak position of the initial cluster is marked with
a dotted line. The reaction also leads to a partial S/O exchange and thus to the
formation of Fe6O3S3

+ and the water complexes Fe6O3S3(H2O)+, Fe6O3S3(H2O)2
+ and

Fe6O3S3(H2O)3
+ (all three labeled with an asterisk). The peak assignment in this case

also based on the assumption of a formation of a new stoichiometric cluster (Fe6O3S3
+).
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6.7 Discussion

Cluster size dependent oxygen sensitivity

All investigated clusters, except Fe4S4
+, react with molecular oxygen which leads to the

sequential exchange of cluster sulfur atoms with oxygen atoms. Thus, the S/O exchange
reaction can be regarded a general mechanistic concept which describes the interaction
of isolated non-ligated iron-sulfur clusters with molecular oxygen. However, the rate of
the S/O exchange reaction and the extent of the exchange appear to be strongly cluster
size dependent.
The interaction of the iron-sulfur clusters with O2 can be divided into two steps: (1)

the adsorption of an O2 molecule yielding the energized complex (FexSz(O2)
+)� (see

Equation 4.38 of the Lindeman energy tranfer model for association reactions in Section
4.3.1) and (2) the subsequent exchange of the sulfur atoms with oxygen atoms followed
by the release of [S,O]. The first step is typically barrier free while the second step
involves the breaking and formation of Fe-S, Fe-Fe, and Fe-O bonds which not only lead
to sever structural rearrangements of the cluster but most likely also involve several
energy barriers and require a high degree of structural flexibility of the cluster core
similar to the recently studied oxygen exchange reaction of the cubic Mn4O4

+ cluster
[158]. The energy for overcoming the barriers is either provided by the energy gained
upon reaction of the cluster and O2 and stored in the energized complex and/or by
additional collisions with high energetic He atoms.
Fe4S4

+ appears to be almost unreactive towards O2 and products which contain O2
(Fe4S4(O2)(H2O)+, Fe4S4(O2)(H2O)2

+ and Fe4S4(O2)(H2O)3
+) can only be observed

for long reaction times. This indicates a weak binding of O2 to Fe4S4
+ leading to

a fast decomposition of the energized intermediate (Fe4S4(O2)
+)� back to Fe4S4

+ +
O2 and making the stabilization of this intermediate via He collisions rather unlikely
(kd 9 ks[He], for details see Section 4.3.1). Furthermore, this decomposition appears to
be energetically considerably more favorable than the S/O exchange, i.e. the energy
barrier for decomposition is significantly smaller than the energy barrier for S/O ex-
change. This may be indicative for a high stability of the Fe4S4

+ cluster which is in
agreement with the particular robustness of the cationic Fe4S4 cluster core found by
Wang and coworkers [101, 159, 160].
Similarly, for Fe2S2

+ reaction products are only observed at increased O2 partial pres-
sure (about 0.2 Pa) which indicates a fast decomposition of the energized intermediate
(Fe2S2(O2)

+)� and shows a rather weak O2 binding to the cluster. This finding is in full
agreement with a previous study by Schwarz and coworkers which found Fe2S2

+ to be
unreactive towards O2 under single collision conditions, i.e. without He buffer gas and an
O2 partial pressure on the order of 10-5 - 10-7 Pa [11]. However, for Fe2S2

+ the product
Fe2S2(O2)

+ is not observed and instead only the iron-chalcogenide clusters Fe2SO
+ and

Fe2O2
+ are detected. This indicates energy barriers for the S/O exchange which are

larger than the barrier for decomposition of (Fe2S2(O2)
+)� but can be overcome at

room temperature. Thus, for Fe2S2
+ there is an apparent strong competition between

desorption of O2 from (Fe2S2(O2)
+)� and S/O exchange.

In marked contrast, Fe3S3
+, Fe5S5

+, and Fe6S6
+ already form reaction products at

low O2 partial pressure indicating a considerably stronger cluster-oxygen interaction. For
all these clusters only S/O exchange products are observed while no simple adsorption
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product, FexSz(O2)
+, is detected. This indicates that the barriers for S/O exchange

and final elimination of [S,O] can be easily overcome and this process is energetically
favorable at room temperature. Most interestingly, all three sulfur atoms of Fe3S3

+ are
rapidly exchanged while the exchange is not complete for Fe5S5

+ and Fe6S6
+ even at

higher O2 partial pressure or longer reaction times.
The cluster size dependent O2 binding (first step of the mechanism) can be rationalized

qualitatively by simple frontier orbital considerations. The oxidative addition of O2
to the cluster typically occurs via charge transfer from the cluster HOMO (highest
occupied molecular orbital) to the partially filled anti-bonding 2pπ�g orbitals of O2.
Thus, the cluster-oxygen interaction is directly related to the energetic location of the
cluster HOMO which can lead to a pronounced cluster charge state and also cluster
size dependent reactivity as has been demonstrated e.g. for metal clusters of gold and
silver [28, 78, 161]. Due to the generally high ionization energy of cationic clusters
and also of iron-sulfur clusters [162, 163] such a charge transfer can be expected to be
thermodynamically unfavorable. However, there are several examples of cationic metal
clusters which are able to interact with O2 via at least a partial charge transfer [164–168].
While anionic iron-sulfur clusters have been well characterized by means of photoelec-
tron spectroscopy [10, 25, 101, 159, 160], there is only little known about the electronic
structure of cationic iron-sulfur clusters. Uzi Landman and Robert N. Barnett [5] have
theoretically determined the structure of the clusters FexSz

+ (x = z = 2, 3, 4) (see
Chapter 4). The minimum energy structure of Fe2S2

+ is a rhombus and has a low
spin state (S = 1/2) in agreement with other work [162, 169]. The Fe4S4

+ cluster
has been predicted to be a distorted cube that can be considered to consist of two
ferromagnetic Fe2S2 sublayers which are antiferromagnetically coupled to result in a
low spin (S = 1/2) configuration [5]. A comparable cube-like low spin structure has
also been found for different ligated tetra-iron-tetra-sulfur clusters independent of the
charge state of the iron-sulfur core [1, 5, 100–103, 170, 171] while Li-Ta et al. have
found a more open distorted spiral structure [169]. In marked contrast, the minimum
energy structure of Fe3S3

+ comprises an equilateral planar Fe triangle with each of the
edges bridged by one sulfur atom and prefers a high spin state (S = 13/2). Li-Ta et
al. found a double helix with a spin state of 5/2 as minimum energy structure and
predicted an extended cube-like structure with a spin state of 5/2 for Fe5S5

+ [169].
The geometric and electronic structure of Fe6S6

+ has not been reported so far. These
theoretical simulations show that Fe2S2

+ and Fe4S4
+ not only prefer compact and

rather symmetric geometries but also low spin states while Fe3S3
+ and Fe5S5

+ are less
symmetric and prefer high spin states with an increased number of unpaired electrons.
The interaction of these unpaired electrons with O2 molecule can be expected to be
energetically more favorable which consequently leads to a stronger binding of O2 to
Fe3S3

+ and Fe5S5
+ compared to Fe2S2

+ and Fe4S4
+ and thus an increased reactivity

of these clusters. Furthermore, the reaction of some clusters might additionally be
slowed down when thermodynamically favorable but formally spin-forbidden pathways
are involved [100].
An S/O exchange reaction similar to the one observed for iron-sulfur clusters has also

been reported for anionic cobalt sulfide clusters CoxSx
- and CoxSx+1

- (x = 2 - 5) by
Jia et al. [157]. Complementary theoretical simulations of the reaction between Co2S2

-

and O2 revealed a rather strong binding of the initially intact O2 molecule of 1.46 eV
leading to the activation of the oxygen molecule to a superoxide and peroxide species,
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respectively. The peroxide formation appeared to be a necessary prerequisite for S/O
exchange and the elimination of SO was found to be the rate determining reaction step.
The main difference to the here studied iron-sulfur clusters is the charge state of the
clusters. Since O2 typically binds to the clusters via charge transfer from the cluster to
O2 the binding of O2 to the cationic iron-sulfur clusters must generally be weaker than
to the anionic cobalt sulfide clusters resulting in a cluster size dependent competition
between the desorption of O2 and S/O exchange. The relative energy barriers of these
processes, which are determined by the bond strength of O2 to the cluster and the
cluster stability, respectively, appear to be strongly cluster size dependent leading to the
oxygen-tolerance of Fe4S4

+, the moderate reactivity of Fe2S2
+, and the strong oxygen

sensitivity of FexSz
+ (x = z = 3, 5, 6).

Oxygen sensitivity of iron-sulfur proteins

The oxygen sensitivity also represents a key question for many naturally occurring
iron-sulfur proteins and enzymes. Although the here studied non-ligated free clusters
represent simplified model systems and thus cannot account for the complexity of the
naturally occurring iron-sulfur centers (in particular the organic ligand environment
and transfer of electrons and protons) the gas phase study nevertheless allows for the
investigation of the intrinsic properties of the iron-sulfur clusters and can thus provide
a fundamental and conceptual understanding of basic processes which may also have
implications for the natural systems. In this regard, the similarity of the geometric
and electronic structure of the enzyme-bound and free iron-sulfur clusters should be
emphasized. The naturally most abundant clusters are Fe2S2 and Fe4S4 which have been
identified by X-ray crystallography to have a rhombic and cubic geometry, respectively
[1, 2] Both clusters typically occur in the charge states +1 and +2. The oxidized forms
usually have singlet ground state (S = 0) while the reduced clusters have a doublet (S
= 1/2) ground state [1]. The present gas phase study focuses on free iron-sulfur clusters
in the +1 charge state resembling the reduced form since due to the electron attracting
character of molecular oxygen, the reduced clusters are expected to be more prone to
oxidation than the oxidized ones [100]. These gas phase clusters have theoretically been
predicted to closely resemble the geometric (rhombus and cube) and electronic (S =
1/2) structure of the enzyme-bound clusters [1, 5, 100–103, 162, 169–172].
In particular, the oxygen sensitivity of Fe4S4 containing proteins has been reported so

far. For example, the oxygen sensitivity of an iron-sulfur cluster is the pivotal property
for the functionality of the fumarate nitrite reduction regulator (FNR) where the cluster
serves as an oxygen sensor and thus as a molecular switch between aerobic and anaerobic
metabolism. Under anaerobic conditions this protein contains an intact Fe4S4

2+ cluster
which decomposes into Fe2S2

2+ upon oxygen exposure [151, 173, 174]. Site-directed
mutagenesis studies revealed that the substitution of a single residue in the close vicinity
of the cluster can dramatically reduce the O2 sensitivity of this protein [175, 176] while,
however, the reasons for the increased oxygen tolerance is not completely understood
yet [148]. Another example of O2 sensing proteins are the WhiB-like (Wbl) proteins.
Although these proteins also contain a Fe4S4 cluster their reaction with oxygen is about
270 times slower than the reaction with oxygen of FNR [148].
In contrast to these proteins whose functionality is based on the oxygen sensitivity of

the iron-sulfur cluster some proteins’ functionality is disabled by the oxidative damage
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of their iron-sulfur clusters. One important and well-studied enzyme is the [FeFe]-
hydrogenase which catalyzes the reversible oxidation of molecular hydrogen and is thus
of particular interest as an effective but cheap material in hydrogen fuel cells. The
active center of the [FeFe]-hydrogenase, the so-called H-cluster, consists of an Fe4S4
cubane subcluster which is connected by a cysteine sulfur atom (Cys503) to a di-iron
site [2Fe]H as shown in Figure 6.1 [4, 134–137]. Both experimental and theoretical
studies have shown that under aerobic conditions O2 reversibly binds to the distal iron
atom Fd of the [2Fe]H subunit which leads to the activation of the oxygen molecule
to a superoxo-like species O2

�- [14, 138–146, 177]. Although a general mechanism for
the irreversible degradation of the H cluster has been revealed experimentally [14, 138]
detailed insight has so far been inhibited by the complexity of the [FeFe]-hydrogenase.
In contrast, theoretical studies proposed a number of competing reaction channels which
involve the formation of protonated reactive oxygen species (ROS) such as OOH-, OOH
radicals, or H2O2 at the [2Fe]H subunit. These protonated ROS may then irreversibly
damage the ligand environment of the H-cluster and/or the [2Fe]H subunit as well as
the Fe4S4 cluster [143–145].
FNR and Wbl proteins and their mutants as well as [FeFe]-hydrogenase are all Fe4S4

containing proteins which, however, exhibit very different oxygen sensitivities. Thus,
these examples indicate that the O2 sensitivity of Fe4S4 containing proteins is not
caused by an intrinsic high reactivity of the Fe4S4 subunit toward O2 but must rather
be determined by the direct protein environment of the iron-sulfur cluster subunit. This
hypothesis is further supported by the finding that the Fe4S4

2+ cluster in FNR can be
assembled under aerobic growth conditions [175] as well as the report of a synthesis
route of the tetra-iron-tetra-sulfur clusters, Fe4S4Br4

2- and Fe4S4(SH)4
2-, operated under

aerobic reaction conditions [177]. In complete agreement, our experimental gas phase
study directly shows that the non-ligated cationic Fe4S4

+ cluster is rather unreactive
towards molecular oxygen and is not damaged in an aerobic proton-free environment.
This suggests that the direct protein environment must either (1) change the electronic
structure of the Fe4S4 cluster in such a way that O2 can bind or (2) must provide
active sites for O2 binding and promote the formation of protonated ROS. Reiher and
coworkers have theoretically studied the H cluster of [FeFe]-hydrogenase including the
direct ligand environment of the Fe4S4 and the [2Fe]H subunit and have shown that O2
binding to the Fe4S4 unit is energetically unfavorable for both the oxidized and reduced
state of this complex [143, 144]. In contrast, O2 prefers to bind to the adjacent Fe2S2
unit leading to the formation of protonated ROS which is in agreement with scenario
(2). Such reactive oxygen species most likely can then attack and inactivate or even
degrade the Fe4S4 cluster.
These detailed theoretical studies of the [FeFe]-hydrogenase have proposed that the H

cluster (cf. Figure 6.1) is degraded upon formation of protonated ROS [143–145]. In
marked contrast, the present gas phase study reveals that molecular oxygen can also
damage iron-sulfur clusters in a proton-free environment, i.e. without the formation
of protonated ROS. Such a direct degradation mechanism has not been considered
explicitly up to know and consequently also an S/O exchange mechanism has not been
reported so far. Recently, the aerobic damage of the [FeFe]-hydrogenase has been
studied by time-resolved X-ray spectroscopy on O2 exposed [FeFe]-hydrogenase as well
as X-ray spectroscopy on reduced and irreversibly damaged [FeFe]-hydrogenase [14, 138].
The main features (loss of Fe-S bonds, formation of Fe-O bonds leading to the final
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coordination of the iron atoms with at least three oxygen atoms on average, sever
structural rearrangement of the cluster, change in the Fe-Fe coordination) observed by
these studies would be in agreement with a possible S/O exchange mechanism while
they, however, do not provide a distinct proof of such a mechanism. Nevertheless, the
theoretical consideration of iron-sulfur cluster damage in enzymes without formation of
protonated ROS and a possible S/O exchange mechanism would be highly interesting.

6.8 Summary and conclusions

In this chapter, free non-ligated iron-sulfur clusters have been investigated as simplified
model systems to gain fundamental insight into the interaction of iron-sulfur clusters
with molecular oxygen. Cluster size and O2 partial pressure dependent reactivity studies
in the ion trap reveal that the interaction of Fe2S

+, Fe2S2
+, Fe3S2

+, Fe3S3
+, Fe5S5

+

and Fe6S6
+ with molecular oxygen induces the exchange of the cluster sulfur atoms

with oxygen atoms. This especially can occur in the presence of O2 only and thus in a
proton-free environment without pre-formation of protonated reactive oxygen species.
This S/O exchange mechanism presents a new mechanistic concept which describes the
interaction between O2 and isolated non-ligated iron-sulfur clusters and which has not
been considered before. In marked contrast, the interaction of Fe4S4

+ with O2 is found
to be very weak and cluster damage via S/O exchange reaction is not observed. Thus,
this cluster is regarded to be O2 tolerant. These findings do have implications for the
potential development of new oxygen tolerant iron-sulfur cluster based materials. In
particular, the intrinsic O2 tolerance of Fe4S4

+ makes this cluster highly interesting as
a potential building block for synthetic bioinspired materials. Furthermore, towards
the functionalization of biomimetic materials Stiebritz et al. have recently suggested to
change the ligand environment of the iron-sulfur cluster in a way that the formation of
protonated ROS is inhibited [12]. Since, the present gas phase study shows that the
clusters can also be damaged by molecular oxygen without pre-formation of protonated
ROS, changing the cluster’s environment to inhibit protonated ROS formation may
not be sufficient and instead it must be changed in a way that O2 binding becomes
unfavorable. However, it is questionable if under such conditions the catalytic activity
can be maintained.





Chapter 7

Reactions of Fe-S clusters with H2S

In the early 1970s, about 10 years after the identification of iron-sulfur compounds in
mitochondrial membranes and ferredoxins [182–184], the wet chemical assembling of
synthetic iron-sulfur clusters with different ligands was initiated. In the same period of
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Figure 7.1: Representation of the most frequently natural occuring iron-sulfur clusters
and iron in proteins connected to cysteine residues (Cys). (a) Oxidized rubredoxin
from Clostridium pasteurianum (PDB entry 1FHH [178]), (b) Ni,Fe-CO dehydrogenase
fromCarboxydothermus hydrogenoformans (PDB entry 4UDY [179]), (c) [2Fe-2S] Ferre-
doxin from Novosphingobium aromaticivorans (PDB entry 3LXF [180]) and (d) [3Fe-4S]
ferredoxin from Pyrococcus furiosus (PDB entry 3PNI [181]). (a) and (b) are reprinted
with permission from [178] and [179], respectively. For (c) no explicit permission needed
[180]. Panel (d) from [181]. With permission of Springer.
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time the structure of the active iron site of oxidized rubredoxin (cf. Figure 7.1a) [185] and
the cubical-shaped iron-sulfur compound in ferredoxin (cf. Figure 7.1b) [186, 187] were
established by protein crystallography. In the year 1978 Tsukihara et al. determined via
X-ray analysis the detailed structure of the diferric site (cf. Figure 7.1c) of ferredoxin
from Spirulina platensis [188]. The first iron-sulfur cluster with three iron atoms were
recognized by Münck and coworkers two years later [189, 190]. In this early stage
(1980 - 1983) these clusters were mostly formulated as Fe3S3 [191, 192]. Afterwards,
they have been extensively characterized by magnetic and spectroscopic means and the
structure which is shown in Figure 7.1d was determined crystallographically [193–198].
All natural occurring iron-sulfur clusters and the iron atom (black framed windows

in Figure 7.1) are typically linked to the enzyme environment via cysteine residues
(Cys). However, there are also examples of nitrogen coordination provided by histidine
(Rieske-Cluster) or arginine and oxygen coordination, from aspartate, glutamine or
tyrosine [199]. Please note, the iron atom which is linked to the protein via the sulfur
atoms of cysteines is by definition not an iron-sulfur cluster. Iron-sulfur clusters are
Fe2S2, Fe3S4 and Fe4S4.

Figure 7.2 displays the known structures of some synthetic analogues of active protein
sites containing one (a), four (b), two (c) and three (d, d’) iron atoms. R denotes
the rest of the thiolates, e.g., ethyl (Et) in the case of Fe2+ [201], Fe3+ [202, 203],
[Fe2S2]

2+ [201, 204–206], [Fe3S4]
+ (linear) [201, 201], [Fe4S

4]+ [207–210] and [Fe4S4]
2+

[201, 211–213]. A huge amount of other ligands are known depending on the cluster
size and its oxidation state [200]. The oxidation states of the shown compositions are
given in the upper right corner of each picture. In addition, the known iron/iron-sulfur
cluster oxidation states are given below. The last structures which were synthesized are
[Fe3S4(SR)3]

3- (Figure 7.2d) [214, 215] and [Fe3S4(SR)4]
3- (Figure 7.2d’) [201, 216]. A

(a)                                    (b)                                           (c)

(d)                                                                       (d‘)                                     

Figure 7.2: Synthetic analogue structures of iron-sulfur compounds which can be found
in proteins containing one (a), four (b), two (c) and three (d, d’) iron atoms. The oxidation
states of the compositions are given in the upper right corner of each picture. In addition,
the atom/cluster core oxidation states are given below. R denotes the rest of the thiolates.
Reprinted with permission from [200]. Copyright 2016 American Chemical Society.
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linearly bound cluster configuration of Fe3S4 (Figure 7.2d’) can also be found in proteins
[217].
Here we present a completely new synthesis method of iron-sulfur compound analogues

which can be found in natural proteins via the reaction of different stoichiometric (FeS+,
Fe2S2

+, Fe3S3
+ and Fe4S4

+) and non stoichiometric iron-sulfur clusters (Fe2S
+, Fe3S2

+

and Fe4S3
+) with H2S, which represents the most simple sulfur containing ligand possible.

In addition, the iron cation, iron dimer cation, and the mixed cluster Fe3OS2
+ were

investigated. It was found that the compositions of the formed iron-sulfur-hydrogen
complexes merely depends on the number of iron atoms in the initial cluster. Thus,
the mass distributions of the formed products from the analyzed clusters are ordered
by the number of iron atoms of the initial cluster reactant in the following sections.
Most interestingly, the atomic compositions of the formed complexes are comparable
to those of iron-sulfur clusters in proteins which are connected to the cysteins via
sulfur atoms (cf. Figure 7.1). Note that the geometric structure of the experimentally
produced complexes is unknown and therefore only the atomic composition can be
compared to the composition of natural iron-sulfur subunits or to the structures which
were synthesized by Holm and coworkers in solution. The complex composition is given
in any spectrum as [xFe,h�2H,nS]+ (x, h and n are the number of iron atoms, hydrogen
atoms and sulfur atoms, respectively). The adsorption process of H2S yields to a partial
dehydrogenation and thus to a broadening of the peaks. Therefore, an uncertainty of
�2 for the hydrogen atoms was assumed.

7.1 Reactions of Fe+ and FeS+ with H2S

Figure 7.3 represents the mass spectra of Fe+ (a) and FeS+ (b) obtained after the
reaction with H2S for 1.0 s at room temperature. The peak positions of the mass
selected FeS+ and the iron cation are marked by a dotted line. Peaks labeled with
an asterisk arise from the adsorption of water. In both cases the composition of the
formed complexes (hatched in red) is identical and exhibits the products [Fe,8�2H,3S]+,
[Fe,8�2H,4S]+, and �Fe,2�2H,5S�. The last peak ([Fe,2�2H,5S]+) indicates unambigu-
ously that dehydrogenation occurs because the number of H2 is smaller than the number
of adsorbed sulfur atoms. As a rule of thumb this can be written as

h � 2
2 $ n � z (7.1)

h denotes the number of hydrogen atoms with an uncertainty of � 2, n the number
of sulfur atoms of the formed complex and z the number of sulfur atoms of the initial
cluster. For the other peaks ([Fe,8�2H,3S]+ and [Fe,8�2H,4S]+) a dehydrogenation
is ambiguous. For example, Equation 7.1 leads for the peak of the highest intensity
([Fe,8�2H,4S]+), to a dehydrogenation for h - 2 but not for h+2. Therefore, a partly
dehydrogenated as well as a non-dehydrogenated complex can be included in the peak.
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Figure 7.3: Ion mass distributions obtained after the reaction of Fe+ (a) and FeS+ (b)
with H2S for 1.0 s at room temperature. In the case of Fe+ the helium and H2S partial
pressures were 0.96 � 0.01 Pa and 0.11 � 0.01 Pa, respectively. For FeS+ the helium
pressure was kept at 0.93 � 0.01 Pa plus an H2S partial pressure of 0.05 � 0.01 Pa. Fe+

is colored in green and FeS+ in red. The mass peaks labeled with an asterisk correspond
to water adsorption.

7.2 Reactions of Fe2
+ and Fe2Sz

+ (z = 1, 2) with H2S

Figure 7.4 displays the ion mass distributions of Fe2
+ (a), Fe2S

+ (b) and Fe2S2
+ (c) in the

presence of H2S at room temperature. The product compositions for Fe2
+ corresponds

to [2Fe,8�2H,4S]+, [2Fe,10�2H,5S]+ and [2Fe,4�2H,6S]+. For Fe2S
+ and Fe2S2

+ the
peaks can be assigned to [2Fe,6�2H,4S]+, [2Fe,8�2H,5S]+ and [2Fe,2�2H,6S]+. The
complexes [2Fe,4�2H,6S]+ for Fe2

+ and also [2Fe,2�2H,6S]+ for Fe2S
+ and Fe2S2

+

indicate that a dehydrogenation takes place upon adsorption of H2S. All final complexes
have the same number of sulfur atoms and thus indicate that the adsorbed amount of
H2S depends on the number of sulfur atoms in the initial cluster.
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Figure 7.4: Mass spectra obtained after the reaction of Fe2
+ , Fe2S

+ and Fe2S2
+ with

H2S for 1.0 s at room temperature. The H2S and helium partial pressure conditions were
as follows: For Fe2

+ p(He) = 0.93 � 0.01 Pa and p(H2S) = 0.06 � 0.01 Pa, for Fe2S
+

p(He) = 0.98 � 0.01 Pa and p(H2S) = 0.05 � 0.01 Pa and for Fe2S2
+ p(He) = 1.01 � 0.01 Pa

and p(H2S) = 0.05 � 0.01 Pa. The peak positions of the mass-selected clusters are indicated
by dotted lines and the cluster-complexes formed with H2S are hatched in red. Mass
peaks labeled with an asterisk correspond to the reaction of the clusters/complexes with
water.
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Figure 7.5: (a) shows the reaction of Fe3S2
+ with H2S at a H2S partial pressure of

0.05 � 0.01 Pa (p(He) = 0.98 � 0.01 Pa), (b) the reaction of Fe3OS2
+ at a H2S partial

pressure of 0.01 � 0.01 Pa (p(He) = 0.96 � 0.01 Pa) and (c) the reaction of Fe3S3
+ at a

H2S partial pressure of 0.05 � 0.01 Pa (p(He) = 0.97 � 0.01 Pa) for 1.0 s, respectively.
All spectra were recorded at room temperature. Hatched in red are the formed cluster-
complexes.
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7.3 Reactions of Fe3OS2
+ and Fe3Sz

+ (z = 2, 3) with H2S

The mass distribution in Figure 7.5a shows the products obtained after the reaction of
Fe3S2

+ with hydrogen sulfide. The product complex compositions can be assigned to
[3Fe,6�2H,5S]+, [3Fe,8�2H,6S]+ and [3Fe,8�2H,7S]+ (hatched in red). In addition, the
peak which is labeled with [2Fe,4�2H,5S]+ shows a loss of one iron atom due to the
reaction of Fe3S2

+ with H2S. Figure 7.5b represents the mass spectrum of Fe3OS2
+ in

the presence of H2S. Surprisingly, the oxygen atom is replaced by H2S which leads to
an oxygen free cluster complex. The binding energy between iron and oxygen is about
0.5 eV higher as between iron and sulfur [22, 218, 219] and thus a replacement should
be unfavorable.
Further reaction experiments of Fe3S3

+ with H2S yield also the products [3Fe,8�2H,6S]+

and [3Fe,10�2H,7S]+ (Figure 7.5c). However, for all cluster sizes an unambiguous dehy-
drogenation cannot be determined.
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Figure 7.6: Mass spectra obtained after the reaction of the Fe4S3

+ (a) and the Fe4S4
+

(b) cluster with hydrogen sulfide for 1.0 s at room temperature. The H2S partial pressure
is about 0.04 � 0.01 Pa for Fe4S3

+ (p(He) = 0.95 � 0.01 Pa) and 0.03 � 0.01 Pa for
Fe4S4

+ (p(He) = 1.01 � 0.01 Pa). The peak positions of the selected clusters are indicated
by dotted lines and the formed cluster-complexes are hatched in red.
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7.4 Reactions of Fe4Sz
+ (z = 3, 4) with H2S

Figure 7.6 displays the mass spectra of Fe4S3
+ (a) and Fe4S4

+ (b) obtained after the
reaction with H2S for 1.0 s at room temperature. The formed complexes (hatched in
red) can be assigned to [4Fe,12�2H,8S]+ in the case of Fe4S3

+ and to [4Fe,8�2H,7S]+,
[4Fe,10�2H,8S]+ and [4Fe,4�2H,9S]+ in the case of Fe4S4

+. Furthermore, Equation 7.1
confirms a partly dehydrogenation for the reaction of Fe4S4

+ with H2S ([4Fe,4�2H,9S]+).

7.5 Discussion

H2S splitting

Whetten et. al. investigated the reaction of hydrogen sulfide with iron clusters and
the iron ion generated by a pulsed laser-vaporization source [220]. They showed that
iron atoms are three orders of magnitude less reactive towards H2S than iron-clusters.
This is in good agreement with our results since the bare iron ion is still visible in the
spectrum up to 0.5 s reaction time (data not shown) and at a significant higher H2S
partial pressure compared to all other clusters.
Moreover, they demonstrated that small iron-clusters are able to split H2S under the

loss of H2 molecules. The results of this chapter indicate that H2S splitting also occurs
at small iron-sulfur clusters. This can be unambiguously demonstrated by Equation
7.1 for the reaction of Fe+, FeS+, Fe2

+, Fe2S
+, Fe2S2

+ and Fe4S4
+ with H2S. For all

these clusters the number of H2 on the complex is always smaller than the number of
adsorbed sulfur atoms from H2S molecules.
On the other hand, Guevremont et al. demonstrated via thermal desorption spec-

troscopy (TDS) that H2S adsorbs non-dissociatively on the (100) plane of pyrite and
that dissociation of H2S is more likely to happen on defect sites [221, 222]. Disso-
ciative adsorption has merely been observed at temperatures above 500 K and only
for molecules which were previously physisorbed at low temperature on defect sites.
They experimentally determined for intact H2S adsorption on a well prepared FeS2(100)
surface an energy of about -0.43 eV. Stirling and coworkers calculated a molecular
H2S adsorption energy of -0.48 eV and a dissociative H2S adsorption energy of +0.31
eV (calculated for 25 % of H2S surface coverage) [223]. The sign indicate that intact
adsorption is an exothermic reaction whereas dissociation is an endothermic reaction.
Therefore, dissociation of H2S on a defect free (100) pyrite plane is highly unfavorable.
These contrary outcomes demonstrate the difference between bulk matter and small

clusters (Fe+, FeS+, Fe2
+, Fe2S

+, Fe2S2
+ and Fe4S4

+) and thus the difference of the
barriers which have to be overcome for dehydrogenation to takes place.

O/S exchange

In has been shown in Section 7.3 that the reaction of Fe3OS2
+ with H2S results in an

exchange of the oxygen atom of the cluster by a sulfur atom of dihydrogen sulfide. A
similar exchange (O/S exchange) was observed for different metal oxide anions (MO2

-,
M = Fe, Co, Ni, Cu, Zn) by Jia et al. [224]. They found that the effect, whether it is
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an O/S exchange or an O/SH exchange heavily depends on the metal (M) and that
in case of FeO2 an O/S exchange is much more likely. Jia et al. also calculated the
enthalpies of

FeO –
2 + H2S FeOS– + H2O (7.2)

to amount to ∆H = -1.29 eV and

FeO –
2 + H2S FeOSH– + 2OH (7.3)

to amount to ∆H = -0.12 eV. According to their computational results, reaction 7.2 is
thermodynamically more favorable than Reaction 7.3, which is consistent with their
experimental observation of FeOS- rather than FeOSH-. However, the cluster of the
presented work (Fe3OS2

+) contains more iron atoms, is not a pure oxide cluster, and
consequently an O/SH exchange cannot be excluded.

Structures of the clusters and possible complex geometries

Figure 7.7 displays the studied mass-selected cations Fe+ and FeS+ (a) and two possible
complex structures after the reaction with H2S (b and c). The iron to sulfur ratio of
the experimentally produced complex [Fe,8�2H,4S]+ (peak with the highest intensity)
is identical with the synthetic analogues of protein sites (Figure 7.7b) and the calcu-
lated structure of Esrafili and coworkers (Figure 7.7c). Again, the structures of the
experimentally assembled complexes is unknown and hence only the atomic composition
(especially the iron to sulfur ratio) can be discussed.

Please note that the calculated structures of Esrafili et al. are for neutral clusters
and it is known that structures can change with the charge state [162, 226, 227]. Uzi
Landman and Robert N. Barnett have theoretically determined the structures of the
stoichiometric cationic iron-sulfur clusters (cf. Figure 7.8a for Fe2S2

+, Figure 7.9a for
Fe3S3

+ and Figure 7.10a for Fe4S4
+) and the neutral clusters with the same atomic

composition. The calculations reveals only a change of the spin states and a slight change
of the bound distances but the geometric structures remain constant [5]. Furthermore,
Hübner et al. showed that the structure for Fe2S (cf. Figure 7.8a) persists for a charge

FeS

2.1

+Fe

á

  (a)                                     (b)                                    (c)                          

FeS4

Figure 7.7: Representation of the investigated cations Fe+ and FeS+ (a) and possible
geometries for the formed complex compositions (b) and (c). The bound distances are
given in angstrom. (a) and (b) are reprinted with permission from [5] (Copyright 2016
American Chemical Society) and [200] (Copyright 2004 American Chemical Society),
respectively. (c) is reprinted from Publication [225] with permission from Elsevier.
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  (a)                                         (b)                               
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Fe2

Fe S2 
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Fe S2 2
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Figure 7.8: Lowest energy structures of clusters with two iron atoms (a) and two possible
structures for the product complex (b and c). Bond distances are given in Angstrom. Fe2
and Fe2S2

+ were calculated by Uzi Landmann and Robert N. Barnett at the Georgia
Institute of Technology and reprinted with permission from [5]. Copyright 2016 American
Chemical Society. Fe2S is reprinted from Publication [225] with permission from Elsevier.
(b) and (c) are reprinted with permission from [111] (Copyright 1998 American Chemical
Society) and [200] (Copyright 2004 American Chemical Society), respectively.

state of +2, +1, 0 and -1 [162]. Thus, only the shown structures of FeS4 (see Figure
7.7c), Fe3S2 (see Figure 7.9a) and Fe4S3 (see Figure 7.10a) which were calculated by
Esrafili and coworkers are not proven for cations.
The tetrahedral shape of Figure 7.7b is well characterized for protein sites and syn-

thetic analogues with a mean bond angle of about 109° and Fe-S bond lengths between
2.2 Å and 2.4 Å, depending on the oxidation state of the iron [200]. In the case of
Figure 7.7c the calculated bond distances are 2.229 Å for Fe-S and 2.074 Å for S-S. In
addition, the bond angle of the two interacting sulfur atoms α can be determined to
about 55° [225]. Consequently, both structures are different and have to be considered
for the composition of [Fe,8�2H,4S]+.
Figure 7.8a displays the studied clusters with two iron atoms. The reactivity mea-

surements of all these clusters towards dihydrogen sulfide results in two interesting
compositions with high [2Fe,8/10�2H,5S]+ and low ion signal intensity [2Fe,2/4�2H,6S]+.
Figure 7.8b shows the optimized geometric structure of the dimer model ((HS)(H2S)Fe-
S-Fe-(SH)(SH2)) which was used by Siegbahn et al. for quantum theoretical studies of
the nitrogen fixation [111]. This structure was never observed in proteins or produced
in the laboratory synthetically. Nevertheless, the composition of this dimer model
[2Fe,6H,5S] fits nearly perfect to the measured composition of [2Fe,8/10�2H,5S]+. Thus,
it can be concluded that such a structure is thinkable. Another possible structure
might be deduced from the complex displayed in Figure 7.8c by removing one RS-ligand.
Surprisingly, the Fe2S2

+ with three H2S ligands is the most intense peak in the spectra.
All synthetic Fe2S2 analogues of protein sites consist of the core with four ligands
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Figure 7.9: Optimized geometries of the analyzed clusters (a) and one possible structure
for the resulting product complex (b). (b’) shows the synthetic cuboidal Fe3S4 cluster
with his special ligand structure for the stabilization and (c) displays a linear configuration
of the Fe3S4 core with four ligands. Bond distances are given in Angstrom. Fe3S2 is
reprinted from Publication [225] with permission from Elsevier. Fe3S3

+ is reprinted with
permission from [5]. Copyright 2016 American Chemical Society. (b), (b’) and (c) are
reprinted with permission from [200]. Copyright 2004 American Chemical Society.

(Figure 7.8c). However, the composition [2Fe,2/4�2H,6S]+ which is of low intensity has
the same iron to sulfur ratio like the structure in Figure 7.8c and thus is a common
iron-sulfur subunit.

Figure 7.9 represents the investigated cluster structures (a) and a possible geometric
structure of the resulting product complex (b). For the Fe3OS2

+ cluster no calcu-
lated structure exist. The three iron site clusters were discovered in the early 1980s
in Azotobacter vinelandii Fd I [189, 191, 228] and their structures were determined
1989 to be cubical [193, 229, 230]. Interestingly, the first and only synthetic route to
the cubical Fe3S4 cluster was presented 1995 [194, 215]. The special ligand structure
for the stabilization of the synthetic cuboidal Fe3S4 cluster is shown in Figure 7.9b’.
Unfortunately, a ligand substitution leads to a destabilization and to a decomposition of
the cubical cluster core [231]. However, a linear cluster configuration with four ligands is
also known (Figure 7.9c) and was observed 1984 for the first time in a partially unfolded
form of aconitase [217]. Interestingly, a synthetic analogue cluster was prepared two
years earlier [216]. The amount of iron and sulfur in the presented synthetic composition
[3Fe,8/10�2H,7S]+ fits exactly to the iron to sulfur ratio of the cuboidal Fe3S4 cluster
core with three ligands (Figure 7.9b). An iron to sulfur ratio of 3 to 8 like the linear
configuration in Figure 7.9c cannot be observed in the mass distributions (cf. Figure
7.5). It can be speculated, that if the structure of [3Fe,8/10�2H,7S]+ is cubical shaped,
we found a new and simple way for the synthesis of such clusters. On the other hand, it
is also possible that the presented composition looks like the linear configuration with
one ligand (RS) less or it looks completely different.
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Figure 7.10: Calculated geometries of Fe4S3 and Fe4S4
+ (a) and the possible structure

of the product complex (b). Bond distances are given in Angstrom. Fe4S3 is reprinted
from Publication [225] with permission from Elsevier. Fe4S4

+ and (b) are reprinted with
permission from [5] (Copyright 2016 American Chemical Society) and [200] (Copyright
2004 American Chemical Society), respectively.

Figure 7.10 displays the geometric structures of the studied clusters with four iron atoms
(a) and a possible structure for the composition of the formed [4Fe,10/12�2H,8S]+

complex. Fe4S4 is one of the most prominent clusters and was the first cluster which
was synthesized in the early 1970s [211, 232]. The presented iron to sulfur ratio of 4 to
8 is equal to the iron to sulfur ratio in Figure 7.10b and thus such a structure can be
taken into account.

7.6 Summary and conclusions

The reactivity of different stoichiometric and non-stoichiometric iron-sulfur clusters
towards H2S has been investigated to synthesize new complex compounds. The H2S
reactivity studies reveal that the interaction of Fe+, FeS+, Fe2

+, Fe2S
+, Fe2S2

+, Fe3S2
+,

Fe3OS2
+, Fe3S3

+, Fe4S3
+ and Fe4S4

+ with hydrogen sulfide leads to the formation of
iron-sulfur-hydrogen complexes. Apparently, the formation process solely depends on
the number of iron atoms in the initial cluster and most interestingly the iron to sulfur
ratios of the resulting product complexes are identical in some cases to the iron to sulfur
ratios of naturally occurring iron-sulfur subunits. Furthermore, iron-clusters are able to
split H2S under the loss of H2 molecules. The reaction of Fe3OS2

+ with H2S leads to
an exchange of the oxygen atom of the cluster by a sulfur atom of dihydrogen sulfide.
The presented structure discussion is speculative but it is astonishing that the iron to

sulfur ratios in the observed products and in protein iron-sulfur centers appear to be
similar in several instants. Theoretical calculations will be necessary to gain insight into
the structures of the complexes and to prove the new ion trap complex formation as
a novel synthetic route to iron-sulfur clusters with ligands. Furthermore, experiments
with thiols of different length and composition are planed to increase the complexity of
the produced iron-sulfur complexes.



Chapter 8

Conclusions and Outlook

In the present study, the reactivities of different iron-sulfur cluster cations towards small
molecules have been investigated. This work was motivated by the important catalytic
role of iron-sulfur subunits in enzymes. Iron-sulfur enzymes represent an important class
of biocatalysts which contain small iron-sulfur clusters as the catalytically active sites. In
particular, the mild reaction conditions of the catalytic processes (low pressure, ambient
temperature) and the utilization of earth-abundant elements in the catalytically active
centers renders such biocatalysts prototype systems for “green”, i.e. environmentally
friendly, sustainable, and energy efficient catalysts. Thus, free non-ligated iron-sulfur
clusters have been investigated as simplified model systems to gain fundamental insight
into the interaction of iron-sulfur clusters with small molecules.
The experimental approach is based on the trapping of mass-selected clusters in a

radio-frequency octopole ion trap which is inserted into a low energy ion beam assembly.
The setup allows the control of, the cluster size, the charge state, the reaction time, the
reaction temperature, and the reactive gas pressure conditions. Furthermore, reaction
time dependent product detection enables the recording of kinetic traces and therefore
the determination of reaction mechanisms and rate constants. This allows, by applying
the RRKM theory, the calculation of binding energies between the molecules and the
cluster ions.
In the first part of this work, the formation of iron-chalcogenide clusters FexOySz

+

(x = 2 - 4) has been investigated by sputtering a series of targets compressed from
iron and sulfur powder, as well as targets cut from the mineral pyrite (FeS2). This
systematic study provides insight into the influence of oxygen contamination in the sput-
ter targets on the production of iron-sulfur clusters. Sputtering of home-made targets
with low sulfur content yields a distribution of FexOySz

+ clusters, clearly containing a
considerable oxygen fraction, which renders the unambiguous assignment of the mass
peaks impossible. However, increasing the sulfur content in the targets also leads to
an increased sulfur content in the formed clusters and a considerable reduction of the
amount of oxygen in the clusters. Surprisingly, oxygen contaminants do not play a
role for the cluster production from pyrite targets, leading to the generation of pure
stoichiometric (FexSz

+, x = z) clusters, as well as one sulfur atom deficient (FexSz
+, x

= z + 1) clusters. Thus, pyrite stone has been regarded as the best sputter material for
the applied CORDIS sputter source and was used in the most cases as base material for
the reactivity studies [15].
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The home-made production of targets by compressing a mixture of different materials
provides new possibilities for future investigations. Apart from the parameters cluster
size, iron to sulfur ratio, and charge state, the catalytic activity can be influenced by
adding a third element to the iron-sulfur clusters in a compressed three element sputter
target. From earlier studies with binary gold–palladium cluster cations it is known that
the reactivity and thus the catalytic activity change with the composition of the cluster
[233]. In addition to pure iron-sulfur clusters in proteins, like Fe2S2 and Fe4S4, different
ternary element subunits are known (FexSzMon, FexSzVn and FexSzNin) [159, 234].
The interaction of such clusters with specific molecules which are involved in enzyme
reactions is still far from being understood. Therefore, targets compressed of iron, sulfur
and a third element (molybdenum, vanadium or nickel) would give the possibility of the
production of a variety of ternary clusters with a composition of FexSzXn

+/- (X = Mo,
V, Ni).
In a first set of ion trap experiments the temperature dependent adsorption of dinitro-

gen at Fe2S2
+, Fe3S3

+ and Fe4S4
+ has been investigated. All three clusters have been

found to adsorb N2 and therefore they can be considered as the first multi-iron-multi-
sulfur clusters which are able to bind N2. It has been shown that Fe3S3

+ adsorbs two
nitrogen molecules at room temperature, whereas Fe2S2

+ only adsorbs one nitrogen
molecule and Fe4S4

+ none. Thus, it can be concluded that Fe3S3
+ is the most reactive

cluster towards molecular nitrogen. Furthermore, additional temperature dependent
kinetic measurements of N2 in reaction with Fe2S2

+, Fe3S3
+ and Fe4S4

+ enabled the
determination of N2 binding energies to small iron-sulfur clusters for the first time. Such
experimental values are of particular importance since the interaction of N2 with active
iron-sulfur clusters has only been studied theoretically and so far the reported findings
have been the subject of debate and controversy. Concurrent first-principles simulations,
which were performed by Robert N. Barnett and Uzi Landman, provided molecular
level understanding of the interaction between iron-sulfur clusters and N2 and allowed
the comparison of the experimentally determined binding energies to calculated binding
energies. In particular, this thesis presents molecular level details of N2 bonding such
as the identification of the adsorption sites, the bond geometry, the bond strength, and
the nature of the cluster-N2 binding interaction [5].
In an additional set of ion trap investigations, the temperature dependent reaction of

Fe2S2
+ and Fe4S4

+ with D2 has been studied. D2 adsorbs most likely molecularly and
only at cryogenic temperatures on both cluster sizes. This indicates very weak binding
energies.
The experiments with N2 and D2 open up new avenues for future experimental and

theoretical investigations, aiming at elucidating details of the catalytic ammonia synthe-
sis under ambient conditions.
In a further set of experiments, free non-ligated iron-sulfur clusters have been investi-

gated to gain fundamental insight into the first reaction steps leading to the aerobic
irreversible damage of protein-bound iron-sulfur clusters. Cluster size and O2 partial
pressure dependent reactivity studies in an ion trap reveal that the interaction of Fe2S

+,
Fe2S2

+, Fe3S2
+, Fe3S3

+, Fe5S5
+, and Fe6S6

+ with molecular oxygen induces the ex-
change of the cluster sulfur atoms with oxygen atoms of O2. In marked contrast, Fe4S4

+

is found to bind O2 very weakly and no S/O exchange reaction is observed. Thus,
this cluster is regarded as O2 tolerant. Therefore, the oxygen sensitivity of proteins
containing Fe4S4 subunits must be related to the direct cluster environment. This gas
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phase reaction study on isolated non-ligated iron-sulfur clusters represents the first step
and thus the basis for a fundamental understanding of the aerobic damage of iron-sulfur
clusters on a strictly molecular level.
Moreover, the reactivity of different stoichiometric and non-stoichiometric iron-sulfur

clusters towards H2S has been investigated to synthesis new complex compounds. The
H2S reactivity studies reveal that the interaction of Fe+, FeS+, Fe2

+, Fe2S
+, Fe2S2

+,
Fe3S2

+, Fe3OS2
+, Fe3S3

+, Fe4S3
+ and Fe4S4

+ with hydrogen sulfide leads to the for-
mation of iron-sulfur-hydrogen complexes. Apparently, the formed complexes depends
merely on the number of iron atoms in the initial cluster. For example, the reaction
of Fe+ or FeS+ leads to the same complex composition. Most interestingly, the iron
to sulfur ratios of the complexes are identical to the iron to sulfur ratio of natural
iron-sulfur subunits.
Theoretical calculation are necessary to gain insight into the structures of the com-

plexes and to proof the new ion trap complex formation as a new synthetic route to
iron-sulfur clusters with ligands. Further experiments with thiols of different length
and composition are planed to increase the complexity of the ligands and thus the
complexity of the complexes.
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