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But especially interesting are still those conundrums
that we cannot fathom immediately . . .





Abstract

Aluminum and iron oxides can be used as catalysts for a large variety of reactions. To
provide fundamental insight into active sites and elementary reaction steps of both
compounds at a molecular level, clusters can serve as ideal model systems. With
the aim of illuminating their structural and chemical properties (e.g. Lewis acidity,
oxidation states), several aluminum and iron oxide clusters were investigated.

Since oxide surfaces are often terminated with hydroxyl groups and water is
ubiquitous in catalytic reactions, the hydration process of the catalysts is of interest.
Therefore, the interaction of water with the clusters Al3O +

4 and Fe3O +
4 was studied.

While adsorbed water molecules dissociate and form terminal and bridging OH
groups for Al3O +

4 , there is evidence for molecular water adsorption at the analogous
iron oxide cluster. The Al-O bonds have strongly ionic character, promoting the
water dissociation. Corresponding adsorption energies are much higher than for
Fe3O +

4 , where rather covalent Fe-O bonds can be observed.
Similar to aluminum, iron forms oxides as a trivalent ion. Hence, both metals are

formally interchangeable in the respective compounds. The influence of Fe-doping
on aluminum oxide clusters with a corundum-like composition was investigated with
the homologous series (Al2O3)nFeO+. While the homologs with n = 2, 3, 4 and the
analogous aluminum oxide compounds, (Al2O3)nAlO+, have virtually the same struc-
tures, clear experimental evidence exists that the species with n = 1 significantly
deviates. FeAl2O +

4 does not form a six-membered ring with a capping oxygen site,
as Al3O +

4 , but a sheet-like isomer with a terminal oxygen radical. The Fe center is
reduced from +III (d5) to +II (d6). None of the other homologs contains oxygen
radicals or a reduced Fe site. Only multi-reference methods were able to adequately
describe the complex electronic structure of FeAl2O +

4 .
Due to its redox-activity, iron oxide is of particular interest in catalysis. To be

able to tune its properties or understand its reactivity, knowledge about the elec-
tronic structure is required. The investigation of the various iron oxide clusters
Fe2O +

3 , Fe3O +
3 , Fe4O +

5 , Fe4O +
6 and Fe5O +

7 provided such information and revealed
the challenges of magnetically coupled multivalent Fe centers for theoretical meth-
ods. Structural determination was not possible without ambiguities for most of
the systems. Density functional theory in conjunction with the broken symmetry
approach seem to be insufficient for definite determinations.

In contrast, the much smaller molecule FeO2 and its anion was studied with
coupled cluster and multi-reference methods. Thus, it was possible to generate ab
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VI ABSTRACT

initio Franck-Condon simulations for the photodetachment from FeO –
2 , including

non-adiabatic and spin-orbit couplings. They provide explanations for the compli-
cated vibrational structure of the experimental high-resolution photoelectron (PE)
spectrum of the iron dioxide anion. The electronic ground state of the slightly bent
FeO –

2 are the almost degenerate doublets 2A1/2B1. Both states arise due to Renner-
Teller splitting of the 2∆g state of the linear molecule. Similarly, the ground state
of the neutral FeO2 can be attributed to the triplets 3A1/3B1 (3∆g). Besides the
Renner-Teller effect, the spin-orbit coupling of the triplet states has a dominant
effect on the features in the PE spectrum.



Zusammenfassung

Aluminium- und Eisenoxide können als Katalysatoren für eine Vielzahl von Reak-
tionen eingesetzt werden. Um einen grundlegenden Einblick in die aktiven Stellen
und elementaren Reaktionsschritte beider Verbindungen auf molekularer Ebene zu
erhalten, können Cluster als ideale Modelle dienen. Mit dem Ziel, ihre strukturellen
und chemischen Eigenschaften (z.B. Lewis-Azidität, Oxidationsstufen) zu erklären,
wurden mehrere Aluminium- und Eisenoxid-Cluster untersucht.

Da Oxidoberflächen oft mit Hydroxy-Gruppen terminiert sind und Wasser in
katalytischen Reaktionen allgegenwärtig auftritt, ist der Hydratationsprozess der
Katalysatoren von Interesse. Daher wurde die Wechselwirkung von Wasser mit den
Clustern Al3O +

4 und Fe3O +
4 untersucht. Während auf Al3O +

4 adsorbierte Wasser-
moleküle dissoziieren und terminale und verbrückende OH-Gruppen bilden, gibt es
Hinweise auf eine molekulare Wasseradsorption am analogen Eisenoxidcluster. Die
Al-O-Bindungen haben einen stark ionischen Charakter, der die Wasserdissoziation
begünstigt. Entsprechende Adsorptionsenergien sind viel höher als bei Fe3O +

4 , das
eher kovalente Fe-O-Bindungen aufweist.

Ähnlich wie Aluminium liegt Eisen in Oxiden dreiwertig vor. Daher sind beide
Metalle in den jeweiligen Verbindungen formal austauschbar. Der Einfluss der
Fe-Dotierung auf Aluminiumoxid-Cluster mit korundähnlicher Zusammensetzung
wurde mit der homologen Reihe (Al2O3)nFeO+ untersucht. Während die Homologen
mit n = 2, 3, 4 sehr ähnliche Strukturen wie die analogen Aluminiumoxidverbindun-
gen (Al2O3)nAlO+ aufweisen, gibt es eindeutige experimentelle Hinweise, dass die
Spezies mit n = 1 signifikant abweicht. FeAl2O +

4 bildet keinen sechsgliedrigen Ring
mit einem überkappenden Sauerstoffatom wie Al3O +

4 , sondern ein flaches Isomer
mit einem terminalen Sauerstoffradikal. Das Fe-Zentrum ist von +III (d5) auf +II
(d6) reduziert. Keines der anderen Homologen enthält Sauerstoffradikale oder eine
reduzierte Fe-Stelle. Nur Multi-Referenz-Methoden waren in der Lage, die komplexe
elektronische Struktur von FeAl2O +

4 adäquat zu beschreiben.
Wegen seiner Redox-Aktivität ist Eisenoxid für die Katalyse von besonderem

Interesse. Um seine Eigenschaften abstimmen oder seine Reaktivität verstehen zu
können, sind Kenntnisse über die elektronische Struktur erforderlich. Die Unter-
suchung der verschiedenen Eisenoxidcluster Fe2O +

3 , Fe3O +
3 , Fe4O +

5 , Fe4O +
6 und

Fe5O +
7 lieferte solche Informationen und zeigte die Herausforderungen magnetisch

gekoppelter multivalenter Fe-Zentren für theoretische Methoden auf. Die Struk-
turbestimmung war für die meisten Systeme nicht ohne Zweideutigkeiten möglich.
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VIII ZUSAMMENFASSUNG

Die Dichtefunktionaltheorie in Verbindung mit dem Broken-Symmetry-Ansatz scheint
für eindeutige Bestimmungen unzureichend zu sein.

Im Gegensatz dazu konnten das kleinere Molekül FeO2 und sein Anion mit
Coupled-Cluster- und Multi-Referenz-Methoden untersucht werden. Auf diese Weise
war es möglich, ab initio Franck-Condon-Simulationen für die Photoionisation von
FeO –

2 einschließlich nicht-adiabatischer und Spin-Orbit-Kopplungen zu generieren.
Sie liefern Erklärungen für die komplizierte Schwingungsstruktur des experimentellen,
hochauflösenden Photoelektronenspektrums (PE) des Eisendioxid-Anions. Der elek-
tronische Grundzustand des leicht gekrümmten FeO –

2 sind die nahezu entarteten
Dubletts 2A1/2B1. Beide Zustände entstehen durch die Renner-Teller-Aufspaltung
des 2∆g Zustands des linearen Moleküls. In ähnlicher Weise kann der Grundzustand
des neutralen FeO2 auf die Tripletts 3A1/3B1 (3∆g) zurückgeführt werden. Neben
dem Renner-Teller-Effekt hat die Spin-Orbit-Kopplung der Triplett-Zustände einen
dominanten Einfluss auf die Merkmale im PE-Spektrum.
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Introduction

Upon reading the title of this thesis three questions immediately arise.

1. Why metal oxides?

2. Why small clusters?

3. Why theory at all?

Attempt is made to answer all three questions in this introduction. The first two
in Section 1.1, the third in Section 1.2.

1.1 Iron and Aluminum Oxide Clusters
As a freshman in chemistry, one of the first things a student learns is the abundance
of the chemical elements in the Earth’s crust. This is, to tell them, which resources
are easily available – which ones are cheap, and which are precious. To memorize
those elements the German students can rely on a special sentence or affront: “Oh Sie
altes Ferkel!”1 The first letter(s) of each word indicate oxygen, silicon, aluminum and
iron. By mass, these are the most abundant elements [1] and can be obtained fairly
simply. This work exclusively investigates compounds consisting of iron, aluminum
and oxygen – and in addition, hydrogen, which is the most abundant element in the
universe.

Although abundant and easily accessible, a lot of chemical reactions can be
catalyzed by iron or aluminum oxides, making them precious in a different sense.
Only some examples are given here. The selective reduction of nitrogen oxides [2], the
oxidation of carbon monoxide [3], each at low temperatures, the cracking of heavy
oil [4] or the selective hydrogenation of nitroarenes [5] are made possible with iron
oxide catalysts. Aluminum oxides are able to catalyze the dehydration reaction
of methanol [6] or the oxidation of hydrogen sulfide in the Claus process [7] to form
elemental sulfur. Of course, many more applications of iron and aluminum oxides
exist, apart from their utilization as catalysts. But those are not of interest in the
effort of answering the three questions.

1“Oh you old piglet!” Ferkel has here a double meaning. It can also be “mucky pup”.
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1. Introduction

In the field of heterogeneous catalysis the utilized materials often have a com-
plicated surface structure. Defects, impurities or inhomogeneities can hinder the
precise investigation and description of the catalytic surface species. Possible reme-
dies include the use of single crystals or supported thin films, which can serve as
idealized, well-defined model systems for practical catalysts. [8–11] Moreover, of par-
ticular interest at a molecular level are gas phase studies of metal cluster ions. [12]
The latter offer the potential for detailed reactivity and kinetic studies of distinct
active species, not only from heterogeneous but also from homogeneous catalysis
with controlled environmental conditions. The mass-spectrometric manipulation of
gas phase clusters ensures the exclusive examination of compounds with defined
compositions. Hence, unwanted impurities can be avoided and elementary reaction
steps become accessible. That said, if impurities (e.g. individual water molecules to
mimic ubiquitous humidity) are wanted, they can easily be introduced in a controlled
way.

The simplest conceivable models are diatomic molecules consisting of a transition
metal atom and an oxygen atom. Prominent examples for these minimal models are
the compounds MnO+, FeO+ and NiO+ which are all able to activate alkanes. [13]
With growing knowledge of elementary processes from minimal systems it is possible
to include more of the environment, i.e. to move on to bigger cluster models. The
corundum-inspired cationic cluster [(Al2O3)4]+, for instance, bears a terminal oxygen
radical and activates methane. [14] The extension from small clusters to nanoparticles
and amorphous solids was investigated with systematically increasing models for
hematite and alumina, respectively. [15–17] There are, however, also cases where the
cluster models are not just a simplified representative of active sites but are actually
present in the real catalyst. In the copper-containing zeolite Cu-MOR (mordenite)
[Cu3O3]2+ cluster have been observed after calcination in flowing O2. These clusters
are able to catalyze the selective oxidation of methane to methanol. [18] Furthermore,
the preparation of metal-organic frameworks (MOF) containing catalytically active
metal oxide clusters (e.g. Al4O18H24 in NU-1000, [Cu3(OH)4]2+ in NU-1000) via
atomic layer deposition (ALD) is possible. [19–21]

Although cluster models can be used in an enormous variety of cases, it is of great
importance to keep in mind that they provide, in general, only qualitative insight.
They are intended for fundamental research and form the primary stage in the
process of understanding and improving real catalysts. [22] Still, their simplicity and
defined composition make them ideal objects of research for both, experimentalists
and theoreticians.

1.2 Identification and Assignment: Experiment
and Theory

The proper characterization of active species is the key step in understanding their
reactivity and proposing reaction mechanisms. A fundamental characteristic is the

2



1.2. Identification and Assignment: Experiment and Theory

structure of the considered system, because it determines, to a large extent, its fur-
ther chemical properties. Hence, structural assignment is inevitable and constitutes
the first step in each investigation of cluster model systems.

Infrared (IR) spectroscopy of molecules makes all structural information of the
measured system accessible. The IR light-induced collective motions of the atoms
allow to conclude which atoms are connected and what is the appearance of the
molecular frame. However, this information is not directly available from the IR
spectrum. For several functional groups, so called characteristic IR bands are tab-
ulated, which help to identify the respective molecular sub-units. A more general
approach, however, is to set up model potentials (harmonic approximation) for the
nuclear motions and to perform a normal coordinate analysis. Needed parameters
for these potentials, so called force constants, can be derived with the aid of the
experimental frequencies. Alternatively, they can be obtained from ab initio cal-
culations. In such a way, computer simulations can be used to provide reference
spectra. If experiment and theoretical predictions are in agreement, the model is
confirmed and can be used to extract the structural information.

In this work, quantum mechanics (QM) is used to produce ab initio predictions of
IR and photoelectron (PE) spectra. Although QM is, in its formulation, physically
exact, several approximations are needed to get exploitable results for relevant sys-
tems. Hence, there is always an uncertainty connected with QM predictions. The
comparison with experimental IR and PE spectra provides a welcome reference,
which can be used to assess the quality of the approximations made. In return,
the successful reproduction of experimental findings proves the reliability of the QM
model. The confirmed model can, furthermore, easily be used to predict several
other properties of the investigated system.

Overall, in this work, theory is not an end in itself but works hand in hand with
experiment. The difficulty of extracting useful chemical information from experi-
mental data is removed with the help of QM calculations, while the experimental
data itself are the benchmark for theory. This concept is widely used in modern
chemistry and has successfully been applied here, too.

3



1. Introduction

4



Theoretical Foundation

The proper description of the peculiarities of small molecular systems containing
transition metals (TM) – in particular iron – is an integral part of this work. Hence,
in this chapter a concise discussion of elaborated quantum chemical methods and
approaches suited for this task is given. The most important feature of TM systems
is for sure their well-known multi-configurational character, particularly present in
systems containing metal centers that do not possess a half or completely filled
d shell. The first section, 2.1, therefore deals with different wave function approaches
to approximate the complicated electronic structure of TM complexes.

The second part deals with the coupling of electronic and nuclear degrees of
freedom (vibronic coupling) and the breakdown of the Born-Oppenheimer approx-
imation (BOA). This effect is not unique to TM complexes. In fact, it can occur
in almost any system where electronic energy levels are getting close due to nuclear
motion (e.g. a conical intersection, the Jahn-Teller effect etc.). There are, how-
ever, molecules that inherently exhibit vibronic coupling effects due to their highly
symmetric structure and their open shell electron configuration. Such a molecule is
FeO –

2 , which is formally a linear system (point group D∞h) with an odd number of
electrons. To capture the effects of the non-adiabatic behavior of this molecule, a
tailor-made model for the involved electronic and nuclear degrees of freedom needs
to be set up. This is done in Section 2.2, comprising a general discussion of the
Renner-Teller effect and the description of the specialized treatment necessary for
FeO−2 and FeO2.

2.1 Electronic Structure
The most challenging task in electron structure theory is the accurate estimation
of so-called correlation energy, i.e. the portion of the total electronic energy of a
system resulting from the explicitly correlated motion of two electrons. A part of this
statistically defined quantity can already be gained from a Slater determinant. It
incorporates the avoidance of two electrons of the same spin, called Fermi correlation.
Hence, in quantum chemistry the term correlation energy, in general, refers to the
difference in energy between the exact non-relativistic solution of the Schrödinger
equation and the Hartree-Fock limit, which uses a single Slater determinant as an

5



2. Theoretical Foundation

approximation to the exact wave function.
Formally, the correlation can be partitioned into two major but not orthogonal

components. First, there is the so called dynamic correlation which accounts for the
(short range) Coulomb interaction of two electrons. Second, the static (long range)
correlation originates from the multi-configurational nature of certain systems, that,
even at their equilibrium structure, can only be described with more than one Slater
determinant. The same situation arises in any molecular system when it undergoes
dissociation processes.

0 2 4 6 8 10

0
50
00
50
00

Energy / eV

FeO2

CO2
Singlets

Singlets

Triplets

Triplets
Quintets

...
...

...

Figure 2.1: Overview of energy levels of the ground and low excited states of
CO2 and FeO2 at their optimized equilibrium structures. Energies are given in eV
relative to the respective ground state. Computational details: CASSCF/cc-pVTZ
using D2h point group symmetry. Active spaces: CAS(11,8) and CAS(16,12) for
CO2 and FeO2, respectively. See Section 3.1.6 on page 29 for an explanation of the
labeling of active spaces.

The transition metal compounds investigated in this work do all show interme-
diate to strong static correlation effects due to the almost degenerate d states of
their metal centers. As an illustrative example of the consequences of these effects
the small, structurally similar molecules CO2 and FeO2 can be used. In Figure 2.1
energy diagrams of low-lying states of both molecules (CO2 in black, FeO2 in red)
are shown. The diagrams share the same energy axis and the energies themselves
are given relative to the respective ground state. Carbon dioxide has a distinct, well
separated singlet ground state (GS). Its first excited state (ES) can be found about
8 eV above the GS. In contrast, the iron dioxide molecule features a huge amount
of states already in a range of less than 5 eV above the triplet GS. Dynamic corre-
lation, which was not considered in Figure 2.1, will further stabilize certain states
relative to the GS and thus lead to even closer lying electronic energy levels. The
reason for the large number of close lying states is the large amount of possibilities
to distribute the valence electrons of iron among its nearly degenerate d orbitals:
removing an electron from such a d state and inserting it in another one that is
almost degenerate will only slightly affect the total energy of the system. Hence, all
these configurations have very similar energies.

From the computational point of view, a proper description of the static cor-
relation effects can only be assured with multi-configurational (MC) wave function
methods, which will be explained in the following section. Nevertheless, a subse-

6



2.1. Electronic Structure

quent correction of the obtained energies including dynamic correlation is needed.
In this work configuration interaction (CI) and perturbation theory (PT) were used
to this end and are discussed in Sections 2.1.2 and 2.1.3.

All MC methods are, however, computationally extremely expensive and can
thus only be applied to relatively small systems comprising one or two TM atoms
that have significant MC character. Still, there is the possibility to create a zeroth
order approximation to the leading configuration in a MC wave function of low spin
systems by using a broken symmetry (BS) Slater determinant. The properties of
such reference functions are detailed in Section 2.1.4. They, later on, can be used as a
starting point for single reference Kohn-Sham or post-Hartree-Fock calculations, [23]
which are not part of this discussion.

2.1.1 Multi-Configurational Wave Functions
The simplest ansatz to accommodate the MC character of a system in the wave
function model is to approximate the exact wave function Ψ as a superposition of
certain configurations. [24]

|Ψ〉 =
∑
n

Cn |ψn〉 =
∑
k

ck |φk〉 (2.1)

Here, ψn denote configuration state functions (CSF) which are spin adapted linear
combinations of Slater determinants φk. The Cn and ck are the respective weighting
factors.

This gives rise to the question, which configurations should be included in the
superposition (2.1)? In the standard configuration interaction (CI) procedure a
Hartree-Fock (HF) wave function is taken as a reference. The CI expansion is
commonly truncated after single and double substitution (CISD) in order to keep
the number of involved determinants at a feasible magnitude. Then, the Hamilton
operator is diagonalized in this determinantal basis, which is equivalent to variational
determination of the weights ck.

There is, however, a general problem in this CI expansion. Since it relies on
the HF orbitals, that are optimized to describe the respective state with a single
configuration, the expansion of the true MC wave function in this basis can be quite
inefficient. Rather, a bias towards the reference configuration can be observed –
particularly for non-equilibrium structures. [25]

Greater flexibility in the expansion can be gained by inclusion of higher substi-
tuted determinants, which is practically prohibitive as mentioned above. A solution
is the Multi-configuration Self Consistent Field (MCSCF) method, which, addition-
ally to the CI coefficients ck, optimize the set of orbitals that are the building blocks
of the expansion determinants. [25] The MCSCF wave function, therefore, has to be
varied in all orbital and configurational degrees of freedom, which makes it necessary
to differentiate the energy expectation value with respect to these parameters. It is
possible to calculate both, the electronic gradient and Hessian and, thus, sophisti-
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cated second order algorithms can be employed to perform the non-linear, redundant
optimization.

Redundancy in this context means that an optimal energy expectation value can
be obtained with two (or more) different sets of CI and orbital parameters. An
adequate choice of the internal reference state during the derivation of the working
equations projects out the dependency on the CI coefficients. Yet, some redun-
dancies, so called orbital rotations, remain and the user has to take care of them
individually.

The simultaneous optimization of CI and orbital coefficients is very cumbersome.
Thus, only rather short CI expansions can be handled. [25] Besides picking the CI
determinants manually based on deep insight into the studied systems and dedicated
experience, general schemes for choosing a determinantal subset for the CI expansion
do exist. The presumably best known of them is the complete active space (CAS)
formalism. [26] Instead of considering all one- and twofold substituted determinants,
three types of orbitals are defined. Inactive orbitals are doubly occupied in all
determinants. Analogously, virtual (or secondary) orbitals are always unoccupied.
Active orbitals, however, can have all possible occupations. Hence, the specification
of inactive, active and virtual orbitals together with the number of active electrons
constitute a set of determinants that corresponds to a full CI calculation within the
active space.

With presently available computational resources, it is possible to handle ac-
tive spaces of approximately 18 electrons in 18 orbitals employing algorithms for
the iterative diagonalization of the CAS-CI matrix. [27] In such a process, expansion
coefficients for several billions of determinants or a somewhat smaller number of
configurations have to be handled. Still, in most cases, this is not enough to cap-
ture both the static and dynamic correlation. The latter can be covered with an
additional CI or perturbation theory treatment taking the MC wave function as the
reference state. These so called multi-reference (MR) methods are the subject of
the following two sections.

It is possible to approximate the CI expansions for much larger active spaces
of up to 100 electrons in 100 orbitals by using a density matrix renormalization
group (DMRG) algorithm. [28,29] However, this approach introduces new uncertainties
and still leaves the need for a subsequent treatment of the dynamic correlation.
Therefore, it is not further discussed in this work.

The last aspect of MC wave function creation elucidated here is the possibility
of expanding more than one MC state in the same set of determinants. There
is, in general, no limitation to the number of states that can be obtained out of
the CI expansion. It is, however, necessary to make a compromise regarding the
underlying orbitals, which cannot be optimal for all states at the same time. Rather,
they are averaged over all considered states by defining the influence of each of
them by weighting factors. Consequently, the treatment of several MC states in one
calculation is called state-averaged (SA) in contrast to the state-specific (SS) version.
State-averaged wave functions are employed, for instance, when the electronic state

8



2.1. Electronic Structure

of interest is (quasi-)degenerate.

2.1.2 Multi-Reference Configuration Interaction
An approximation of the missing dynamic correlation energy starting from a MCSCF
calculation (Section 2.1.1) can be achieved with a CI expansion of the exact wave
function Ψ in a set of determinants relying on the MCSCF orbitals rather than the
HF orbitals. [30]

|Ψ〉 =
∑
i

C i |ψi〉+
∑
s

∑
a

Cs
a |ψas 〉+

∑
d

∑
ab

Cd
ab |ψabd 〉+ · · · (2.2)

In this equation ψ denotes the CSFs based on MCSCF orbitals. A systematic par-
titioning of the substituted configurations is introduced. The first sum runs over
all internal CSFs i – the states involving all possible electron substitutions among
the inactive and active orbitals. The determinantal space of the reference wave
function is thus a subset of the internal CSFs. The second term includes all states
s with a single electron removed from the inactive or active orbitals and inserted
into a virtual orbital a. The third term denotes the same for configurations d with
two removed electrons that are inserted in virtual orbitals a and b. This scheme
can be continued likewise. The configurations ψi are called internals and ψs, ψd,
. . . externals, respectively. [31]

As in single-reference configuration interaction, the coefficients C i, Cs
a, Cd

ab etc.
are variationally determined. The CI expansion is, in general, truncated after dou-
ble substitutions, giving rise to the method’s name: multi-reference configuration
interaction including singles and doubles, MRCISD, or for short, MRCI.

Several approaches exist to further reduce the vast amount of variational pa-
rameters. Commonly used is the internal contraction scheme applied either to all
levels of substitution or only to the doubles. Instead of optimizing the coefficients of
each CSF individually, the configurations are weighted with the CI coefficients from
the reference MCSCF calculation (giving the reference state) and then manipulated
as a whole. Substituted internally contracted states are, in general, non-orthogonal,
which has to be taken into account in further processing.

Regarding the general properties of MRCI, its most severe shortcoming, besides
its exponentially scaling computational cost, is the lack of size-extensiveness due
to the non-separability of the wave function parametrization, Eq. (2.2). [25] Hence,
the correlation energy does not grow with the number of correlated electrons and
vanishes relative to the reference energy with increasing system size. Thus, the
equal description of systems with different numbers of (correlated) electrons, e.g.
the reactants and products of a chemical reaction, is deteriorated. However, the
comparison of systems with constant composition, e.g. the electronic states of a
complex, is not directly affected.

To attenuate the effects of missing size-extensiveness several schemes exist. Widely-
used is the Davidson correction denoted +D (MRCI+D). The missing portion of
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2. Theoretical Foundation

correlation energy due to the truncated CI expansion is estimated via the quadru-
ples contribution by determining the weight c0 of the reference MCSCF state Ψref
in the internal part of the MRCI wave function ΨI

MRCI and then employing the
expression [32]

ED = (EMRCI − Eref)︸ ︷︷ ︸
Ecorr

·1− c
2
0

c2
0

with c0 =
〈
Ψref

∣∣∣ΨI
MRCI

〉
(2.3)

to yield the Davidson correction ED to the correlation energy.
Another approach was given by Pople and co-workers who build their estimate

not only on the quadruples but also higher contributions and incorporated an intrin-
sic dependence on the number of correlated electrons, N , in their expression (same
c0 as above): [33]

EP = Ecorr ·
(

(N2 + 2N tan2 2θ)1/2 −N
2(sec 2θ − 1) − 1

)
with θ = cos−1 c0 . (2.4)

For moderately correlated systems, i.e. c0 close to 1, the Pople correction behaves
very similarly to the Davidson correction but results in much larger correction terms
when c0 decreases. In contrast to the Davidson correction, EP is exactly zero for a
system of two correlated electrons (MRCISD is exact then) and can, in principle,
provide infinitely large correction energies for infinitely large systems to compensate
the vanishing MRCI correlation energy. However, the Pople correction approximates
a system of N correlated electrons as N/2 non-interacting systems of two electrons,
which reveals its limitations.

2.1.3 Multi-Reference Perturbation Theory
Assuming that the missing dynamic correlation effects require only a rather small
correction to the MCSCF wave function, it is tempting to estimate the respective
correlation energy correction via Rayleigh-Schrödinger perturbation theory (RSPT)
– in general up to second order (PT2). In doing so, the computationally expensive
MRCI procedure can be avoided. Furthermore, RSPT correlation energies are size-
extensive. This feature is, however, gained in exchange for the variational property
of being an upper bound to the exact correlation energy.

In practice it becomes obvious, that the final result of a RSPT calculation is
sensitively dependent on the reference state. In multi-reference treatment it is,
therefore, recommended to include some dynamic correlation effects already at the
MCSCF level – e.g. double shell orbitals2 for TM d states – in order to create a
more balanced reference state. [34]

To assure fast convergence of the multi-reference perturbation expansion in the
first place, it is necessary to prudently choose or construct the zeroth order Hamilto-
nian Ĥ0. It is desirable to have Ĥ0 in a form that transforms into the Møller-Plesset

2These are orbitals with the same shape as the reference orbitals but with higher principal
quantum number (e.g. 4d for 3d).
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(MP) Hamiltonian as the reference state reduces to a single configuration. More-
over, to be efficient it should be chosen in such a way that only singles and doubles
contributions are included in the first order wave function correction.

The most prominent representative that matches all aforementioned require-
ments is the complete active space perturbation theory of second order (CASPT2)
Hamiltonian. [35] It uses a combination of the Fock-Hamiltonian and certain pro-
jection operators to reorganize its matrix representation in order to provide both,
computational feasibility and reduction to the MP problem in the single reference
case. Its application reveals, however, two general deficiencies.

First, CASPT2 is not able to handle “accidentally” occurring degeneracies be-
tween the reference state and the singly and doubly substituted expansion states.
A singularity would arise in the expression for the first order wave function cor-
rection and thus deteriorate the second order energy. This phenomenon is know
as the intruder state problem. It can be attenuated by introducing an arbitrary
diagonal energy shift removing the singularity and keeping the second order energy
approximately unaffected. [36]

Second, high spin states are inherently overstabilized relative to the correspond-
ing low spin states. The more unpaired electrons exist, the stronger is the effect.
The reason for this behavior can be found in the action of the Fock-Hamiltonian F̂
on the active orbitals. Their energies correspond to neither ionization potentials (IP)
nor electron affinities (EA), adapting the Koopmans picture, but to weighted aver-
ages of both, depending on their (fractional) occupation numbers. When, however,
substitutions into or out of the active orbitals are considered, it would be desirable
to associate the energy contribution of such processes with the pure EA and IP,
respectively rather than with some average. Since the true energies cannot easily
be calculated, an artificial shift ε, called IPEA, is introduced to create an estimated
IP and an EA out of the averaged value F . [37]

(IP)i = Fii −
2−Dii

2 · ε (EA)i = Fii + Dii

2 · ε (2.5)

The respective prefactors depend on the diagonal elements of the one-particle density
matrix D. Indeed, this correction can improve the relative stabilities of high spin
with respect to low spin states. However, no general value for ε can be given, that
is valid for all kinds of systems. Hence, the IPEA shift is an entirely empirical
parameter.

Actually, there are endeavors to overcome some of the intrinsic problems of the
CASPT2 formalism. Most of them are based on a different choice of the zeroth
order Hamiltonian. Some examples are the quasi degenerate perturbation theory
(QDPT), [38] the hybrid method consisting of MRCI (for substitutions out of the
active space) and CASPT2, named CIPT2, [39] or the n-electron valence state per-
turbation theory (NEVPT2). [40] The latter is claimed to be free of intruder states
and thus should be superior to CASPT2.
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2.1.4 Broken Symmetry Wave Functions
Despite great improvements in both computational hardware and algorithms, it is
still not feasible to study larger systems than molecules or clusters comprising of
about 30 heavy atoms in total, at most two of them TM atoms, with the methods
described in Sections 2.1.2 and 2.1.3. Thus, it is inevitable to neglect a proper static
correlation treatment and rely on single reference methods.

A single determinant is often an adequate approximation to an open shell high
spin system, since those are usually dominated by a single configuration. This
is, however, turned into its opposite for low spin states of systems with almost
degenerate valence orbitals. They are, in general, inherently multi-configurational.
As a simplified example take two moderately separated iron atoms, both in oxidation
state +III (see Figure 2.2). The maximum high spin (HS) state of this system has a
total spin of S = 10/2 – corresponding to a ferromagnetic coupling between the metal
ions. Its low spin (LS) state is a singlet (S = 0) and results from antiferromagnetic
coupling. This LS state cannot be represented with a single determinant, as will be
elucidated in the following.

LS

HSFM

AFM

Fe Fe
+III +III

d5 d5

Figure 2.2: Simplified model system of two interacting iron ions. Each center
has a local d5 high spin configuration, but both can couple ferromagnetically or
antiferromagnetically, giving a global high spin or low spin state, respectively.

A proper wave function for the LS system would be an eigenfunction of the
Ŝ2 operator, with a corresponding eigenvalue of zero. A single Slater determinant
with this eigenvalue would, however, describe a closed shell system. The physical
truth of two antiferromagnetically coupled local high spin systems is not met; the
appropriate configuration state function is rather a linear combination of many Slater
determinants.

To construct an open shell low spin wave function as an approximation of the MC
solution, the following procedure can be used. Together with the open shell wave
function, an approximation to the energy of the low spin state is obtained. The
starting point is an unrestricted single reference wave function for the correspond-
ing HS solution of the system of interest. Certain delocalized molecular orbitals
are waived to form localized orbitals at the respective metal ions. Populating the
localized orbitals of one metal site with alpha (spin-up), those of the other with
beta (spin-down) electrons, results in local high spin centers and a global low spin
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configuration. Such setup can then be used as a starting guess in a subsequent SCF
procedure to yield a so called broken symmetry (BS) wave function approximating
the LS system. [41,42] The whole process of creating a BS wave function from a HS
reference is called spin flipping.

The term broken symmetry refers to the difference in the densities for alpha and
beta electrons. In nature, they are evenly distributed over the whole system. But
in the BS solution there is a spin polarization between the two centers and, hence,
a reduced symmetry in the spin density occurs. [41] As a consequence, the BS wave
function is not an eigenfunction of the Ŝ2 operator; its Ŝ2-expectation value lies in
between the eigenvalues of the pure HS and LS states. Decomposition of the BS
wave function shows, that it can be approximated as a linear combination of pure
spin states where the weighting factors are the Clebsch-Gordan coefficients. [42]

In the limit of non-interacting, i.e. infinitely far separated, fragments A and B,
the broken symmetry solution is exact. It is, hence, reasonable to rely on the BS
solution for weakly interacting fragments. Assuming also weak interactions between
the HS centers of (anti-)ferromagnetically coupled systems BS wave functions are,
in general, a good and affordable single reference approximation to them. The
respective coupling constant JAB of two interacting fragments3 can be estimated
using the BS wave function. Several schemes exist, which were developed for the
weakly or strongly interacting limits, or for general purpose. It is, however, hard
to evaluate their reliability in application, since the results strongly depend on the
used energy functional. [45]

Finally, when a JAB value is estimated, the energy of the pure (low) spin states
can be determined in the Heisenberg picture of spin couplings (“spin ladder”). It
neglects all other possible couplings between spin and angular momenta. [46] The
whole process of approximating the true low spin energy is called spin projection.
The last point is only given for completeness; spin projection is not used in this
work.

2.2 Nuclear Dynamics
The suitable starting point for non-relativistic, quantum mechanical nuclear motion
modeling is the time-independent molecular Schrödinger equation,(

T̂n + V̂n + T̂e + V̂e
)

Φ(r,R) = EΦ(r,R) . (2.6)

The kinetic and potential energy operators for nuclei (subscript n) and electrons
(subscript e) are denoted T̂ and V̂ , respectively. V̂e also includes the nuclear-electron
attraction. The total wave function is Φ, and depends on all electronic (r) and
nuclear (R) coordinates. To approach a solution for this problem, it is convenient
to first focus on the electronic motion and assume the nuclei to be fixed in space.
An appropriate wave function is then Φ(r,R) = Ψ(r; R)χ(R), which is a product of

3Cf. the Heisenberg Hamiltonian: Ĥ = −2
∑

A>B JABŜA · ŜB . [43,44]

13



2. Theoretical Foundation

an electronic part Ψ depending only parametrically on the nuclear positions, and a
nuclear part χ. Inserting this ansatz in Eq. (2.6) and neglecting the nuclear kinetic
leads to the electronic Schrödinger equation,

ĤeΨi(r; R) =
(
T̂e + V̂e + V̂n

)
Ψi(r; R) = EeΨi(r; R) , (2.7)

where the nuclear potential V̂n is already included, since it is a multiplicative oper-
ator that just shifts the electronic energy eigenvalues.

The electronic functions Ψi form an orthonormal set of eigenfunctions of the
operator Ĥe, that can be used as a basis to expand the total molecular wave function
in.

Φ(r,R) =
∑
i

ci(R) ·Ψi(r; R) (2.8)

The R-dependent expansion coefficients ci are immediately identified as the nuclear
wave functions χi. Substituting the expansion of Φ into Eq. (2.6) and integrating
over all electronic degrees of freedom creates a set of coupled equations,

(Tn + Ee)χ = Eχ . (2.9)

The coupling results from the nuclear kinetic energy matrix Tn, which is not diag-
onal, as the electronic potential matrix Ee is. The vector χ contains all the nuclear
wave functions χi.

Until this point, no approximation has been made. In the generally used Born-
Oppenheimer treatment, the off-diagonal elements of Tn are assumed to be small
relative to the diagonal and thus set to zero. The equations (2.9) decouple. In the
diabatic representation, a unitary transformation is applied to χ in such a way that
Tn becomes diagonal; simultaneously, Ee is transformed and then has off-diagonal
elements, that couple the formally adiabatic (diagonal) electronic potentials (Ee)ii.

2.2.1 The Renner-Teller Effect
A linear molecule consisting of N atoms has 3N − 5 vibrational degrees of freedom
(DF). The five subtracted motions are three translations of the molecule as a whole
and two unique rotations, that can approximately be separated from the internal
DF. The rotation around the figure axis is, however, not present and instead, there is
a degenerate bending mode. For the sake of simplicity from now on the discussion is
limited to triatomic molecules; all stated relations are, nevertheless, true for general
linear molecules.

Both degenerate bending modes (quantum number ν) can be excited simultane-
ously (superposition of the motions). An arbitrary phase angle of 90◦ between the
amplitudes of the modes results in a rotation of the whole molecule around the figure
axis (cf. Figure 2.3). Consequently, there is an angular momentum l = ν, ν−2, . . . , 1
or 0 that can be associated with this motion. [47] Instead of assuming two perpen-
dicular degenerate bending motions, it is also possible to regard the vibration as a
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bending in an arbitrarily rotated plane (the bending plane, cf. Figure 2.6), which
results from the adequate linear combination of both perpendicular modes. Then,
the rotation of this plane produces the vibrational angular momentum.

z

Qx cos(ωt) Qy cos(ωt)

Qx cos(ωt) + Qy cos(ωt + 90°)

Figure 2.3: A rotation around the figure axis results from the superposition of the
two degenerate bending modes of a triatomic molecule.

If the linear molecule has, in addition, an open shell electronic structure, i.e.
unpaired electrons, a coupling between the total orbital angular momentum Λ and
the vibrational angular momentum l arises.4 This implies a coupling of electronic
and nuclear motion. [48] A new quantum number K for the coupled vibronic angular
momentum has to be established, that defines the actual energy levels.

K = Λ + l (2.10)

In the case of heavy atoms with a significant amount of spin-orbit (SO) cou-
pling, the orbital angular momentum has to be replaced by the spin-orbit angular
momentum Ω = |Λ+Σ|. That means, first, total electron spin Σ and orbital motion
are coupled. Thereafter, coupling with the vibrational angular momentum is carried
out, leading to a new good quantum number: [47,49]

P = | ± Ω± l| . (2.11)

Upon bending in either direction, the symmetry of the system is lowered – the
initial D∞h or C∞v symmetry transforms to C2v or Cs, respectively. A splitting of the
initial electronic state into two states arises. It should be noted, that the splitting
is always into two states, regardless of the number of unpaired electrons, since it
is due to symmetry and the infinite point groups only possess twofold degenerate
irreducible representations. To illustrate the process, take the FeO−2 molecule in
its doublet ground state. The unpaired electron occupies a ∆ state in the linear

4Note, that both Λ and l quantum numbers are signed, because the motion around the figure
axis can occur in both directions.
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configuration (D∞h). This state is comprised of the two atomic 3d orbitals dxy
and dx2−y2 of iron. In the bent C2v structure, however, the dxy orbital is the main
component of a b1 state, and dx2−y2 belongs to an a1 orbital. Depending on the
occupied d state, the non-linear FeO –

2 is in a 2A1 or 2B1 electron configuration, and
the splitting is thus 2∆g → (2A1 or 2B1).

y

x

O2

α

A1

y

x

O2

α

B1

y

x

O2

α

A1

dy2−x2 dxy dxy

Figure 2.4: View along the figure axis (z direction) of FeO –
2 . The δ orbitals (dxy

and dy2−x2) of iron are sketched. The red line indicates the bending plane of the
molecule and its angle α relative to the xz plane. O2 marks the position of the
eclipsed oxygen atoms. Depending on the d orbital that is occupied, the electronic
configuration is either 2A1 or 2B1. However, when the bending plane rotates, a
continuous transition from one state to the other occurs.

180°

V+

V−
δ

Figure 2.5: Schematic depiction of the potential energy curves of the states 2A1
(V −) and 2B1 (V +) following the O-Fe-O bending angle δ.

There is no symmetry reason, why both states should be degenerate apart from a
180◦ bending angle, and so, in general, they are not. In Figure 2.4 the two relevant d
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orbitals of iron are depicted, which are identical in shape, but rotated by 45◦ around
the figure axis. Keeping the bending plane (red line) fixed, distortion of the linear
structure will result in different interactions of the charge densities of the considered
d states and the oxygen atoms. The emerging potential energy curves are shown
in Figure 2.5. In case of the 2A1 term, first a constructive interference between
the involved orbitals occurs, going along with a decrease in energy. For stronger
bending, however, the repulsion of oxygen charge densities eventually increases the
energy (potential curve V −, Figure 2.5). In contrast, the 2B1 configuration benefits
only little from the lowered bending angle but enters much sooner in the region of
destructive interference and respective increase in energy (potential curve V +).

When the bending plane is allowed to rotate around the figure axis, a continuous
transition from one case into the other emerges. Every 45◦ the potential curves V +

and V − smoothly swap their shapes. Hence, two ways of looking at the situation are
possible. First, keeping the bending plane fixed, favors one electronic state over the
other: two split potentials following the bending angle arise, which are degenerate
at 180◦. Second, while rotating the bending plane, the nuclei move in a continuously
changing electronic potential – actually the electronic state changes from 2A1 to 2B1
to 2A1 and so on. On average, the nuclei move equally in both potentials. The
latter illustrates again the breakdown of the BOA. The nuclear motions are strongly
coupled to the electronic states.

The phenomenon descibed above is called the Renner-Teller effect. [47] It is a
special case of the Jahn-Teller effect for linear molecules, where the symmetry of
a system is reduced and degeneracies (resulting from open shell electron configura-
tions) are lifted due to a gain in energy associated with this process. As mentioned
above, also spin-orbit effects can occur additionally. The Renner-Teller coupling
then involves each SO state rather than the pure electronic states, but still only a
splitting into two (lower symmetry) states is possible, which, in general, do not have
to be degenerate, but occasionally are. All resulting SO states have to be taken into
account in the case of spin-orbit vibronic coupling (SOVC), since they are usually
energetically close and thus interact.

2.2.2 Vibronic Coupling in 2∆g and 3∆g States
With the continuing restriction to triatomics (but without loss of generality), it
is useful to take the linear structure of the molecule as a reference, disregarding
whether one of the potentials V + or V − (cf. Figure 2.5) features a minimum away
from 180◦. Adopting the symmetry of the nuclear frame with cylindrical coordinates,
ρ, ϕ and z, the atoms thus are placed along the z-axis. The radius ρ is the bending
amplitude and ϕ the angle of the bending plane with respect to some fixed plane, e.g.
the xz-plane (cf. Figure 2.6). These coordinates are related to the two degenerate,
perpendicular bending normal modes Qx and Qy via

Qx + iQy = ρeiϕ ρ =
√
Q2
x +Q2

y tanϕ = Qy

Qx

. (2.12)
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B2

A

e–

φ
ϑ

α

α = ϑ – φ

ρ

Figure 2.6: Definition of the inner degrees of freedom in cylindrical coordinates
of a triatomic molecule AB2. The view is along the figure axis (z axis), ρ is the
bending amplitude, ϕ the angle of the bending plane and ϑ the angular part of the
unpaired electrons (both angles are relative to an arbitrary, fixed plane). B2 marks
the position of the eclipsed B atoms.

The vibrational wave function of the degenerate bending can be written as [48]

χ(ρ, ϕ) ≡ 〈ρ, ϕ|n, l〉 = Rn(ρ)eilϕ , (2.13)

where Rn is an arbitrary function in ρ, and n and l are the principle and angular vi-
brational quantum numbers. In a harmonic two-dimensional potential, this function
is the isotropic harmonic oscillator. From the electronic wave function all degrees of
freedom (DF) of paired electrons can be neglected, since their orbital angular mo-
menta add up to zero and, hence, do not couple with the nuclear motion. Only the
angular motion of the unpaired electrons is of interest. A convenient wave function,
therefore, is [48]

Ψ(r1, r2, . . . , ϑ) ≡ 〈ϑ|Λ〉 = ξ(r1, r2, . . .)eiΛϑ , (2.14)

where ξ is the part depending on all electronic DFs except the remaining orbital
angular momentum resulting from the unpaired electrons. This function is an eigen-
function of Ĥe and also adopts the cylindrical symmetry of the reference structure.
The angle ϑ can – in the case of a single unpaired electron – be interpreted classi-
cally as the azimuthal angle over the xz-plane of the odd electron orbiting around
the figure axis (see Figure 2.6). It is useful to additionally define the relative angle
α as the difference between ϑ and ϕ.

The procedure now is to construct diabatic basis functions, use them to build
the diabatic Hamiltonian matrix, and find expressions for the diagonal and coupling
elements as a function of the adiabatic (ab initio) potentials. The diabatic vibronic
states can simply be established as a product of |n, l〉 and |Λ〉,

〈ρ, ϕ, ϑ|n, l,Λ〉 = Rn(ρ)eilϕeiΛϑ . (2.15)
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The Hamilton operator for the nuclear motion is Ĥn = T̂n + Êe, cf. Eq. (2.9),
where the potential Êe can be further divided in an operator for the non-bending
motions of the molecule (V̂nb), the bending potential, depending on ρ only (V̂b), and
the Renner-Teller part (V̂RT):

Êe = V̂nb + V̂b + V̂RT . (2.16)

Certain assumptions are now possible concerning the vibronic coupling potential
V̂RT. It depends only on ρ and α = ϑ− ϕ, and it needs to be symmetric in α, since
rotations in both directions around the figure axis are equivalent. Thus, it can be
expanded in a Fourier series taking only the symmetric cos(kα) = 1

2(eikα + e−ikα)
terms into account. This series needs to be equal to a Taylor expansion of the
potential in the bending normal coordinates (Qx, Qy), Eq. (2.12). A comparison of
the respective terms of both expansions leads to the conclusion, that ρ has to have
the same exponent k as the corresponding exponential from the Fourier series, [50]

VRT = V0(ρ) + V1(ρ)
(
eiα + e−iα

)
+ V2(ρ)

(
e2iα + e−2iα

)
+ . . . , (2.17)

where Vk(ρ) is proportional to ρk and also contains the prefactor 1
2 of the exponential

representation of cosine.
It is now possible to set up the Hamiltonian Hn in the basis of the diabatic

states |n, l,Λ〉. Since ∆ electronic states are of interest, the value of orbital angular
momentum is Λ = ±2. Spin, at first, is not regarded. The matrix elements of Ĥn are
formed and integration is carried out only over ϑ, i.e. the electronic coordinate. Tn,
Vnb and Vb are diagonal; only VRT has non-zero off-diagonal elements and takes
the form

VRT = 2π
(

V0 V4e4iϕ

V4e−4iϕ V0

)
. (2.18)

From the expansion (2.17) only those terms survive, that exactly compensate the
ϑ-dependent exponential parts of |n, l,Λ = ±2〉 when integration is performed over
ϑ.

By diagonalization of VRT, assuming the other parts of Hn remain diagonal, the
adiabatic potentials V + and V − result as eigenvalues. The unperturbed potential
Vb can readily be added.

V + = Vb + V0 + V4 V − = Vb + V0 − V4 (2.19)

The latter expressions can be used to reconstruct the diabatic diagonal and cou-
pling potential, Vdiag and VVC, respectively, from the ab initio calculated adiabatic
potentials (V ±).

Vdiag ≡ (Vb + V0) = V + + V −

2 VVC ≡ V4 = V + − V −

2 (2.20)

All aforementioned steps are true for both 2∆g and 3∆g states, as long as spin-
orbit coupling is neglected. To include SO coupling in the considerations, a different
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set of diabatic basis functions has to be used, including explicit spin dependencies.
In the case of a doublet they read [49]

〈ρ, ϕ, ϑ, σ|n, l,Λ, Sz〉 = Rn(ρ)eilϕeiΛϑσ with σ ∈ {α, β} . (2.21)

The triplet is described with the spin functions

σ+1 = α1α2 σ0 = α1β2 + β1α2 σ−1 = β1β2 , (2.22)

which, analogously, have to be multiplied with the diabatic states, Eq. (2.15).
In a similar procedure as before, the two SOVC matrices Vd

RT and Vt
RT, for the

doublet and triplet, respectively, can be set up. [51–54]

Vd
RT = 2π


E 5

2
V1eiϕ V4e4iϕ 0

V1e−iϕ E 3
2

0 −V4e4iϕ

V4e−4iϕ 0 E 3
2

V1eiϕ

0 −V4e−4iϕ V1e−iϕ E 5
2

 (2.23)

Vt
RT = 2π



E3 V1eiϕ 0 V4e4iϕ 0 0
V1e−iϕ E2 V1eiϕ 0 V4e4iϕ 0

0 V1e−iϕ E1 0 0 V4e4iϕ

V4e−4iϕ 0 0 E1 −V1eiϕ 0
0 V4e−4iϕ 0 −V1e−iϕ E2 −V1eiϕ

0 0 V4e−4iϕ 0 −V1e−iϕ E3


(2.24)

Here, V0 is replaced by E with an index Ω = |Λ+Σ| (spin-orbit angular momentum),
that identifies the respective SO components. The relations between these energies
are

E 3
2

= V0 + ζ

2 E 5
2

= V0 −
ζ

2 (2.25)

E3 = V0 + ζ E2 = V0 E1 = V0 − ζ , (2.26)

where ζ is the spin-orbit splitting, which is, to good approximation, independent of
ρ. The linear terms V1eiϕ result from SO coupling, but are zero for symmetry reasons
in the cases of FeO –

2 and FeO2. By appropriate unitary transformation the matrices
take block diagonal form, and effectively reduce to the problem of Eq. (2.18), with
the distinction, that two different diagonal elements are present. The eigenvalues of
the matrices are

dV ±1,2 = V0 ±

√√√√(V4)2 +
(
ζ

2

)2

(2.27)

tV ±1,3 = V0 ±
√

(V4)2 + ζ2 tV ±2 = V0 ± V4 , (2.28)

where the right subscript identifies the respective diagonal block.
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Methods

In the following a comprehensive overview of all methods and models used in this
work is given; useful nomenclatures and notations are established, and new software
created within the scope of this work is introduced. All this is summarized under
Computational Details (Section 3.1). Furthermore, a short specification of the ex-
perimental setup and conditions can be found in Section 3.2. This information is
helpful to understand both, the composition of the investigated systems and the
reason for the remarkable general comparability of experimental and computational
findings.

3.1 Computational Details

3.1.1 Density Functional Calculations
By far the most results reported in this work rely on the use of density functional
theory (DFT). Since most of the studied molecules have unpaired valence electrons,
i.e. they are open shell systems, the unrestricted Kohn-Sham (UKS) ansatz was
used. The only exceptions are the pure aluminum oxide clusters and their hydrates,
which all are closed shell systems. This circumstance has been exploited by employ-
ing restricted Kohn-Sham (RKS) determinants. Most DFT calculations, including
energy single points, structure optimizations, harmonic frequency calculations and
molecular dynamics simulations, were done with the Turbomole program package.
The used versions are mapped to the investigated systems in Table 3.1.

For certain systems, anharmonic vibrational frequencies and IR intensities were
calculated with the Gaussian 16 program package [57]. Since the results of density
functional calculations in Gaussian slightly differ from the Turbomole numbers due
to varying algorithms, thresholds and implementation of the B3LYP functional,
prior to the frequency calculations structural re-optimizations were performed. It
was carefully checked that the structures did not change significantly and that the
absolute energies were comparable to those obtained with Turbomole.

To reduce the computational cost during the global energy minimum search
with the genetic algorithm (see Section 3.1.2) the exchange-correlation functional
BP86, [58,59] a generalized gradient approximation (GGA) functional, was used in con-
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Table 3.1: Mapping of the investigated systems to the employed Turbomole version
and respective references.

System Version Ref.
[Al3O4·nD2O]+, 7.1 55
(Al2O3)nFeO+

[Fe3O4·nH2O]+, 7.0 56
FeO2, FeO –

2 ,
Fe2O +

3 , Fe3O +
3 , Fe4O +

5 ,
Fe4O +

6 , Fe5O +
7

junction with the def2-SVP [60] (DZVP) basis sets. For the large system (Al2O3)5FeO+,
in addition, the resolution of the identity (RI-J) approximation to accelerate the
computation of the coulomb integrals was exploited. [61,62] The integration grid for
the density was m3 as defined in Turbomole. [63,64]

Re-optimizations and property determination of the obtained structures em-
ployed primarily the B3LYP [65–67] hybrid-GGA functional in case of pure aluminum
oxide compounds and hydrates, and the TPSSh [68] hybrid-meta-GGA in case of all
iron-containing clusters and hydrates. The former was chosen since it proved to
predict vibrational features that are in excellent agreement with experiment for var-
ious closed shell aluminum oxide clusters [17,69,70]. TPSSh, in turn, was performing
well in predicting thermochemical properties of small iron oxide and hydroxide sys-
tems. [71,72] Furthermore, the hybrids PBE0 [73] and BHLYP [65] as well as the GGA
functional PBE [74,75] were used to predict properties of the iron-containing systems.
Besides TPSSh, PBE0 is known to perform well when multi-referential TM systems
are studied. [76,77] Moreover, it has been found that anharmonic vibrational frequen-
cies calculated with PBE0 agree better with experiment than those obtained with
TPSSh. The RI-J approximation was not utilized in re-optimizations; as integration
grid m5 was chosen.

With regard to (an-)harmonic frequency calculations, the different adequacy of
TPSSh and PBE0 can be explained as follows. Pure GGAs tend to underestimate
both bond strengths and corresponding force constants, while plain Hartree-Fock
(HF) overbinds. [68] Adjustment of the amount of admixed Fock exchange to a given
GGA functional can, hence, improve its predictive power towards force constants.
The percentage of Fock exchange added in TPSSh (see Table 3.2) just compensates
the underbinding of TPSS and, at the same time, the slight blue-shift generally intro-
duced by the harmonic approximation. [68] Therefore, harmonic TPSSh frequencies
are – by advantageous error cancellation – comparable with experimental (intrinsi-
cally anharmonic) infra red (IR) measurements. Along the same line of argument
PBE0, which includes more Fock exchange than TPSSh, systematically overesti-
mates frequencies in the harmonic approximation but performs well in anharmonic
calculations (including molecular dynamics). A simple approach to correct both,
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the wrong force constants and the neglect of anharmonicities, is frequency scaling,
which is discussed in Section 3.1.4.

Table 3.2: Amount of incorporated Fock exchange in the density functionals used
in this study.

PBE TPSSh PBE0 B3LYP BHLYP
0% 10% 25% 20% 50%

The selection of the additional functionals is motivated by their different amounts
of admixed Fock exchange (Table 3.2). PBE, TPSSh and PBE0 span the range from
0 to 25% Fock exchange added to the PBE exchange-correlation functional, neglect-
ing the also added dependency on the second derivative of the density (kinetic energy
density) in TPSSh5. Analogously, BHLYP represents a counterpart to B3LYP with
a much higher percentage of Fock exchange.

Besides the global structure optimization with the genetic algorithm all density
functional calculations were performed with triple-zeta valence (TZV) basis sets in-
cluding two different kinds of polarization functions, denoted P and PP. In general,
the TZVP basis sets are sufficient for the investigated cationic systems. TZVPP
basis sets were used only to retain comparability with results from previous publi-
cations and for the anionic FeO –

2 (consequently also for FeO2). Table 3.3 lists the
utilized basis sets depending on the studied systems and the respective references.

Table 3.3: Basis sets used for the DFT calculations and respective references.

System Basis Set Ref.
[Al3O4·nD2O]+, def2-TZVPP 60,78
[Fe3O4·nH2O]+,
FeAl2O +

4
a,

FeO2, FeO –
2

(Al2O3)nFeO+, def2-TZVP 60
Fe2O +

3 , Fe3O +
3 , Fe4O +

5 ,
Fe4O +

6 , Fe5O +
7

a For this composition calculations with both def2-TZVP
and def2-TZVPP have been carried out.

If not stated otherwise, all reported structures are fully relaxed, local minima
on the respective potential energy surfaces (PES). Structures were optimized until
the energy change was smaller than 10−6 Eh and Cartesian gradients smaller than
10−4 Eh/a0. Stationary points were identified as local minima by checking that

5TPSSh is the hybrid functional to the GGA TPSS which is closely related to PBE but not
identical.
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the corresponding force constant matrices were positive semi-definite. Harmonic
vibrational frequencies and IR intensities were calculated in the double-harmonic
approximation. In order to create line shapes comparable to the experimentally
obtained spectra, the vibrational features were convoluted with Gaussians with a
full width at half maximum (FWHM) of 10 cm−1. For systems containing hydrogen
atoms, and thus O-H vibrations, a functional dependent scaling was applied for all
signals above a certain wavenumber value, see Section 3.1.4. For certain systems,
anharmonic vibrational spectra were created by Fourier transforming the autocorre-
lation function of the time dependent absolute dipole moment. The latter quantity
was obtained from molecular dynamics runs using the Leapfrog algorithm over a
total of 16000 steps and time step sizes of 1 fs for systems containing hydrogen and
2 fs otherwise.

Stable open shell wave functions were created from scratch by assuming the
highest reasonable spin multiplicity of the respective system. This means all oxygen
atoms were regarded as O2–, hydrogen atoms as H+, aluminum atoms as Al3+ and
the iron atoms in appropriate (preferably equal) oxidation states to produce a single
positive charge for the total system. Each Fe center was then supposed to be in a high
spin state and all Fe sites of a system coupled ferromagnetically. Such wave functions
are proper eigenfunctions of the Ŝ2 operator, conserve the spatial symmetry of the
nuclear frame, and are quite easy to converge. They are predominantly used in
this work, since properties predicted from them are expected to be reliable in the
limitations of DFT. It is, however, known that antiferromagnetic coupling between
metal sites can be favored in iron oxide clusters. [46,79,80] Hence, broken symmetry
wave functions were considered as approximations for the resulting low spin states.
Initial guesses for such states were created with a specialized Python script described
in Section 3.1.5.

Since the investigated systems comprise up to five iron atoms, each with up to
five unpaired electrons, ferromagnetic high spin states with a total of 25 unpaired
electrons and thus a spin of S = 25/2 are considered. The common nomenclature
for multiplets relying on latin numerals ranges only up to nine paramagnetic elec-
trons (S = 9/2) and names such a system a decuplet. The necessity for a naming
convention for systems with higher spin multiplicities arises. In the scope of this
work the n-tet notation is used, where n is replaced by the number of the term
2S + 1. This avoids intricate latin-like neologisms and facilitates quick comprehen-
sion. The system with S = 25/2 is e.g. named a 26-tet which would probably be a
vigintisextet otherwise. For multiplicities below ten, however, the commonly known
words (singlet, doublet, triplet etc.) are used.

3.1.2 Genetic Algorithm
The first step in the structural assignment protocol used in this study is the gen-
eration of low-energy isomers for a given composition. This was done by a global
energy minimization employing a genetic algorithm (GA) called DoDo. [69,81] In a
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nutshell, the GA adopts the survival of the fittest-concept from the biological the-
ory of evolution. An initial set of random structures is generated. All elements
of the set are structurally optimized and their fitness is determined depending on
their absolute energy. The N isomers with the lowest energies are selected to form
the current population; N is hence the population size. Out of the population in-
dividuals are picked, bisected, and the halves randomly recombined to create new
structures. They are structurally optimized and added to the total pool of struc-
tures. Selection from this pool and recombination is repeated until a predefined
number of structures is produced. During the recombination, structural mutation
can occur with a defined probability.

Except for the systems [Al3O4·nD2O]+ (n = 0 − 5) and FeO 0/–
2 all reported

structures were obtained from GA runs in the scope of this work. The total number
of created structures is reported for each system in Table 3.4 together with the num-
ber of structures necessary to reach convergence. The number of initial structures
and population size was always 30 and the mutation rate 1%. The dry aluminum
oxide cluster and corresponding hydrates stem from works by Asmis, Sauer and
co-workers and Grunow, respectively. [70,82] Their investigations also made use of the
DoDo GA for global energy minimization.

Table 3.4: Global energy minimum search with the DoDo genetic algorithm: num-
ber of structures created in total (#Total) and number of structures necessary to
reach the final (global) minimum (#Conv).

System #Total #Conv
Fe3O +

4 700 453
[Fe3O4·H2O]+ 700 622
[Fe3O4·2H2O]+ 900 645
[Fe3O4·3H2O]+ 900 827
[Fe3O4·4H2O]+ 900 644
(Al2O3)FeO+ 1200 762
(Al2O3)2FeO+ 1200 1101
(Al2O3)3FeO+ 1700 688
(Al2O3)4FeO+ 2000 1552
(Al2O3)5FeO+ 1700 1179
Fe2O +

3 900 598
Fe3O +

3 700 139
Fe4O +

5 900 482
Fe4O +

6 900 583
Fe5O +

7 900 70

He tag atoms (see Section 3.2) were not included in the GA runs but added
manually to the optimized low-energy structures. In the scope of this work exhaus-

25



3. Methods

tive tests carried out with Fe3O +
4 and FeAl2O +

4 revealed that the noble gas tags
preferentially attache to the metal sites.

3.1.3 Spatial Symmetry
Spatial symmetry of the investigated metal oxide compounds was, in general, only
exploited in WFT calculations (i.e. for FeAl2O +

4 and FeO –/0
2 ). All GA runs as

well as all BS calculations were done without symmetry constraints. After the re-
optimization of the isomers of interest in C1 their actual point group symmetries
were determined and re-calculations (structural relaxation, vibrational frequencies,
wave function stability) within the respective symmetry were done to confirm the
assumed point group. However, if not stated explicitly otherwise, the reported DFT
numbers result from calculations in C1.

Fe OO

x

yFe

OO

z

y

Figure 3.1: The investigated FeO2 structure in the fixed laboratory frame (coor-
dinate system) as it was used for all calculations.

The investigated CO2-like isomer of FeO –/0
2 has C2v symmetry when it is bent

and D∞h symmetry if it is linear. Hence, all DFT and WFT calculations were done
in C2v. Still, the used nomenclature of the ground and lower excited states depends
on the O-Fe-O bending angle. Furthermore, the identification of the states of the
bent molecule depend on its orientation in space. Thus, Figure 3.1 depicts the bent
structure in the fixed laboratory frame with labeled axes as it was considered in
this study. Following the convention, the principal axis is the z axis. The molecule
lies in the yz plane. Table 3.5 maps the relevant C2v states to the respective D∞h
states when the bending angle approaches 180◦. In Chapter 7 the D∞h labels are
used when the linear reference structure is addressed, otherwise the more general
C2v labels are applied.

Table 3.5: Mapping of the term symbols of FeO –/0
2 in its linear (D∞h) and bent

(C2v) structure. All degenerate states (Π, ∆, . . . ) split upon bending.

D∞h
2∆g

3∆g
3Σ+

g
4Πg

5Πg
6Σ+

g

C2v
2A1/2B1

3A1/3B1 23B1
4A2/4B2

5A2/5B2
6A1
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3.1.4 Scaling Factors
The harmonic approximation of the PES leads, in general, to a significant blue-
shift of stretching frequencies with dissociative character. This effect is particularly
prominent for the O-D and O-H stretching motions of the hydrated metal oxide
clusters [Al3O4·nD2O]+ and [Fe3O4·nH2O]+, respectively. A simple remedy is the
introduction of a scaling factor derived from comparison with experimental results,
which is applied to a certain wavenumber range (see e.g. refs. 83,84). It empirically
corrects for anharmonicities neglected by the approximation of the PES, but also
for methodical errors in the PES itself (e.g. wrong harmonic force constants). Both
errors can compensate each other, resulting in scaling factors close to 1.

Table 3.6: Derivation of the scaling factors f for O-D and O-H stretching modes
in [Al3O4·nD2O]+ and [Fe3O4·nH2O]+, respectively. As reference the (pseudo-)
decoupled O-H/D stretch (νd) from (heavy) water’s symmetric (νs) and antisym-
metric (νas) stretching modes is used. Wavenumbers are in cm−1. Scaling factors
are dimensionless.

Experiment [85] TPSSh B3LYP
H2O D2O H2O D2O

νas 3756.0 2788.0 3883.2 2866.0
νs 3657.0 2672.0 3779.4 2744.6
νd 3706.5 2730.0 3831.3 2805.3
f 0.9674 0.9732

Since the factor is intended to cure only the intrinsic error of O-H/D vibrations,
it is derived from the (pseudo-)decoupled O-H/D stretch mode of (heavy) water. Ta-
ble 3.6 shows the experimental and calculated symmetric and antisymmetric stretch
modes of H2O and D2O. Decoupling of the modes is achieved by forming the average
frequency. The scaling factor f is then the quotient of the experimental value and the
computational one. The obtained factors are in good agreement with global scaling
factors derived for large test sets of molecules containing various X-H bonds. [86,87]
Minor deviations, particularly for B3LYP, may result from the limitation to O-H
vibrations in the present study. Consistently, the scaling factors are only applied to
vibrations above 3000 cm−1 for systems containing H atoms and above 2000 cm−1

for those containing D atoms.

3.1.5 Broken Symmetry and Oxidation States
The spin flipping procedure (see Section 2.1.4) is, actually, nothing but a book
keeping task. It has to be assured that canonical and localized molecular orbitals
(CMO and LMO, respectively) can be properly identified and stay in the right order,
and that in the final BS wave function the right LMOs are populated with alpha or
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beta electrons. Moreover, in systems containing more than two TM centers, there
exist several possibilities to create BS solutions by flipping all electrons in d states
of one or the other center, or of more than one center at the same time. All those
possibilities lead, in general, to another BS solution and should therefore be taken
into account in order to find the most stable LS approximation.

This task could be done manually with the tools provided by Turbomole. How-
ever, there are e.g. already ten unique possibilities to pick one or two centers for
flipping in a system comprising four iron atoms, or 15 when there are five iron atoms.
Keeping in mind that this number has, in most cases, to be multiplied with the
number of relevant isomers for the respective composition, it becomes apparent that
automatization could be of great help. Hence, a Python script has been developed
to facilitate both, the analysis of a system of interest (estimation of oxidation states)
and the production of all relevant broken symmetry solutions. The script is called
lowspin and made available via github (https://github.com/mulerfab/lowspin).

In the following, the structure and functioning of the script is briefly described.
lowspin is designed to work with the modules of the Turbomole program package.
It uses the input and output files of Turbomole DFT calculations and interfaces the
programs dscf and ridft. The first step in the spin flipping procedure is always
a localization of the valence orbitals of the HS reference wave function. Hence,
lowspin instructs dscf/ridft to perform a Boys orbital localization [88] of all valence
orbitals (of TM and non-TM atoms). From those it picks all LMOs that can be
properly attributed to the TM centers of the system, for both, alpha and beta
electrons. The selection of an LMO depends on the value of the Mulliken charge
contribution for the TM center in the LMO. By default, deviations of up to 0.1
from the ideal value of 1.0 are accepted in the case of alpha shells, and of up to 0.4
for beta shells. The different thresholds reflect the fact that in most HS systems
that already have beta electrons in the d valence states (e.g. molecules comprising
Fe2+, d6) these electrons cannot be properly localized. This is a consequence of the
multi-configurational nature of such systems. Both thresholds can be adjusted by
the user.

From the number of alpha and beta electrons per TM center their formal oxida-
tion states are deduced and printed. This procedure for oxidation state assignment
is a special case of the localized orbital bonding analysis (LOBA) which was as-
sessed recently and performs satisfactorily for TM oxide ions. [89] Up to this point
the lowspin script has only analyzed the HS wave function. On user request, the
spin flipping is carried out subsequently. From the total number of present TM cen-
ters in the system the number of unique combinations is calculated describing the
configurations with lowest possible total spin. For instance, in Fe5O +

7 there are five
Fe centers which all are trivalent (d5) and form a 26-tet (S = 25/2) HS state. Flip-
ping all spins at one of the Fe centers results in a 16-tet (S = 15/2) state. Flipping
one more Fe center gives a sextet (S = 5/2) state. Flipping three of the Fe centers
results also in a sextet state, but with an excess of beta electrons which is avoided
per convention. Hence, the lowest possible spin state (assuming antiferromagneti-
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cally coupled local high spins) is a sextet. There are ten (from five chose two) unique
combinations of Fe centers that can be spin-flipped and, thus, ten potentially differ-
ent sextet states. BS solutions of intermediate spin states (like the 16-tet of Fe5O +

7 )
are neglected by lowspin to reduce computational efforts. Often, such ferrimagnetic
states turn out to be less stable than the (almost) antiferromagnetic LS states. [80]

In order to create a certain combination of spin-flipped TM sites, the localized
alpha valence orbitals are reordered and concatenated with the alpha core CMOs
to form the new set of alpha orbitals for the BS guess wave function. The new set
of beta orbitals is produced likewise, however, relying also on the alpha LMOs and
CMOs of the HS reference to ensure orthogonality of the new sets. The reordering
makes sure that alpha LMOs attributed to spin-flipped TM centers are unoccupied
in the BS guess, while the same orbitals appear as occupied beta LMOs. Finally,
the occupation numbers in the control file are adjusted. The procedure is repeated
for all the unique combinations of TM centers that can be spin-flipped.

3.1.6 Multi-Reference and Coupled Cluster Calculations
All pure wave function-based results included in this work, both, single- and multi-
referential, were obtained with the Molpro 2015.2 program package. [90] The used
methods are restricted open shell Hartree-Fock (ROHF), [91] coupled cluster with
single and double substitutions (CCSD) [92,93] as well as additional perturbative es-
timation of triple substitutions, CCSD(T), [94] complete active space self consistent
field (CASSCF), [95,96] restricted active space self consistent field (RASSCF), [97,98]
multi-reference configuration interaction with single and double substitutions and
additional Davidson or Pople correction (MRCI+D, MRCI+P), [31–33,99] complete
active space perturbation theory up to second order (CASPT2), [100] and n-electron
valence state perturbation theory up to second order (NEVPT2). [40,101,102] Molpro
has two different implementations of the open shell coupled cluster methods, one
called partially spin-restricted (RCCSD), the other one spin-unrestricted (UCCSD).
In the former, additional restrictions are made in order to render the linear part of
the wave function an eigenfunction of the Ŝ2 operator, [92] while the latter does not
have such restrictions. Both methods use an ROHF reference determinant.

The coupled cluster and multi-reference calculations performed for FeAl2O +
4 are

exclusively single points. The molecular structures were taken from the TPSSh/def2-
TZVPP optimizations of the sextet states, even for the quartet and doublet calcu-
lations. Hence, the reported numbers provide information only about the energetic
differences due to spin pairing, not due to possible, subsequent, structural relax-
ations. In contrast, all degrees of freedom in FeO2 and FeO –

2 were optimized using
numerical gradients as implemented in Molpro and the default convergence settings.
If not stated differently, the given relative energies, thus, include relaxation contri-
butions. Bending and stretching potentials were produced independently by sub-
sequent single point calculations along the internal degrees of freedom. Couplings
between these modes as well as the antisymmetric stretching mode were neglected.
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Both FeO2 and FeO –
2 must at least have C2v symmetry and, thus, the antisymmetric

stretching has no influence on the shape of the created Franck-Condon simulations
(see Section 3.1.7). To stabilize the CCSD(T) calculations for all investigated sys-
tems, shifts for singles and doubles of 0.2 Eh each were employed. In CASPT2
the recommended level shift of 0.1 Eh is always used to reduce the intruder state
problem [36] and the IPEA shift is set to 0.25 Eh. [37]

For FeO2 and FeO –
2 , an active space comprising twelve orbitals with 16 and 17

electrons in them, respectively, was chosen. These setups are noted CAS(16,12) and
CAS(17,12), where the first figure in parentheses is the number of active electrons
and the second the number of active orbitals. The selected orbitals are the 3d and
4s states of the iron atom and the 2p states of both oxygen atoms. All remaining
inactive and virtual orbitals were kept unfrozen during the SCF procedure.

The results for the two relevant isomers of FeAl2O +
4 were produced for a series

of active spaces with increasing size. The minimal CAS comprises only the five 3d
orbitals of the iron atom or four 3d orbitals and the singly occupied 2p state of the
terminal oxyl radical depending on the investigated isomer. The number of active
electrons is in both cases five and the setup is called CAS(5,5). By adding pairs of
a doubly occupied inactive orbital (in general of O 2p type) and an empty inactive
one of matching shape (double shell) [103] the active spaces CAS(7,7), CAS(9,9) and
CAS(11,11) are created. Additionally, a full valence active space, CAS(29,17)f, was
constructed including all 2p states of oxygen and the 3d states of iron. Since a lot of
doubly occupied active orbitals were present in this setup, unwanted orbital rotations
needed to be avoided by fixing all inactive orbitals at their initial shape (frozen core)
during the SCF procedure. This circumstance is reflected by the letter f in the label.
The frozen core orbitals were taken from the respective sextet calculation relying on
CAS(5,5).

In post-HF or post-CASSCF calculations substitutions out of low lying core
states were neglected to reduce the computational cost. Those are 1s2s2p of iron
and 1s of oxygen for FeO2 and FeO –

2 (throughout all WFT correlation calculations),
and 1s2s2p3s of iron, 1s2s2p of aluminum and 1s of oxygen for FeAl2O +

4 . The latter
selection is called core20, since in total 20 core orbitals are uncorrelated. To estimate
the influence of additional core-valence correlation, calculations with CAS(5,5) and
only 13 uncorrelated core orbitals (core13: 1s2s2p of iron, 1s2s of aluminum and
1s of oxygen) were carried out. Furthermore, to facilitate MRCI calculations with
a CAS(11,11) reference the number of uncorrelated orbitals needed to be enlarged
further, resulting in core24, where in addition to core20 also substitutions out of
the 2s orbitals of oxygen were neglected. An estimation of the MRCI results with
CAS(11,11) and core20 was produced by adding the difference between MRCI re-
sults relying on CAS(9,9) with core20 and core24 to the findings obtained with the
aforementioned setup.

Basis sets used for the calculations described in this subsection are listed in
Table 3.7 together with the respective references. Estimates for the complete basis
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Table 3.7: Basis sets used for the multi-reference and coupled cluster calculations
and respective references.

System Basis Set Ref.
FeAl2O +

4 cc-pwCVTZ 104–107
aug-cc-pwCVTZ 108
aug-cc-pwCVTZ-DK 109
aug-cc-pwCVQZ-DK 109

FeO2, FeO –
2 aug-cc-pVTZ-DK 104,108,109

aug-cc-pwCVTZ-DK 107
aug-cc-pVQZ-DK 104,108,109
aug-cc-pwCVQZ-DK 107
aug-cc-pV5Z-DKa 104,108,109
aug-cc-pwCV5Z-DKa 107

a Only for ROHF and subsequent RCCSD(T).

set (CBS) were calculated with the extrapolation formulas

Eref
X = ECBS + A exp(−1.63X) (3.1)

for the reference energy [110] and

Ecorr
X = ECBS + AX−3 (3.2)

for the correlation energy, [111] where ECBS is the estimated energy in the basis set
limit, X = 3, 4, 5 is the cardinal number of the basis set and A is a fitting param-
eter. Extrapolation using triple (X = 3) and quadruple (X = 4) zeta basis sets is
denoted CBS(T,Q), while CBS(Q,5) means extrapolation from quadruple and quin-
tuple (X = 5) zeta basis sets. The weighted core (wC) basis sets were used only for
iron in FeO2 and FeO –

2 . As a handy abbreviation the combination aug-cc-pVXZ for
oxygen and aug-cc-pwCVXZ for iron is labeled XZ in Chapter 7.

Scalar-relativistic effects were considered by using the Douglas-Kroll-Hess Hamil-
tonian of second order. [112,113] This was the default setup for calculations on FeO2
and FeO –

2 , but was used only with the CAS(5,5) reference for FeAl2O +
4 to find

an estimate of the general error in the results produced with bigger active spaces.
Spin-orbit couplings in FeO –/0

2 were estimated by calculating the matrix elements
of the Breit-Pauli Hamiltonian in the basis of the interacting electronic states and
subsequent diagonalization of this matrix. [114,115] The used basis states were MRCI
wave functions. [116]

3.1.7 Franck-Condon Simulations
In order to calculate excitation energies and corresponding spectral intensities in the
framework of the Franck-Condon (FC) approximation, a Python script was written
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to perform numerical evaluation and diagonalization of an (almost) arbitrary model
Hamiltonian set up in a predefined basis. The model Hamiltonian can, in principle,
include an unlimited amount of diabatic states and coupling elements and its size
is limited only by the ability of the employed machine to store and handle large
amounts of data, as well as the quality of the exploited algorithms to numerically,
i.e. iteratively, diagonalize enormous matrices.

Table 3.8: Available matrix elements in the Renner script. The one-dimensional
Gaussian is a function of r, the two-dimensional isotropic HO wave functions depend
on r and ϕ, where r is the radial and ϕ the angular displacement in the respective
1D/2D potential.

Basis function r0 r1 r2 r3 r4 r5 r6 r7 r8 re±iϕ

1D Gaussian 3 3 3 3 3 3 3 7 7 7

2D isotropic HO 3 7 3 7 3 7 3 7 3 3

The script named Renner (github: https://github.com/mulerfab/renner) cal-
culates matrix elements of the defined basis functions for the operators listed in
Table 3.8, creates matrices from them, multiplies them with the appropriate factors
and adds them up to form the desired Hamiltonian. Matrix element evaluation is
done analytically. So far, two basis sets are available: one-dimensional (1D), spa-
cially distributed Gaussians and two-dimensional (2D), isotropic harmonic oscillator
wave functions (HO). The program structure allows modular expansion of the usable
basis sets.

A user input file (see appendix p. 148 for an example) holds definitions of the
Hamiltonian and all appearing potential energy and coupling functions. Those have
to be one-dimensional and given in polynomial form. To produce FC simulations
at least two systems, i.e. Hamiltonians, have to be defined: one for the ground
state (GS) and one for the excited state (ES). It is, however, possible to define an
arbitrary number of excited states and combine the transitions from the GS into
them in one final spectrum. Expansion coefficients of the nuclear wave functions are
obtained as eigenvectors C of the Hamiltonians. Together with the metric S of the
used basis set they are used to calculate the FC factors F that are proportional to
the spectral intensity I: [47]

I ∝ (F)1j with F =
∣∣∣CT

ESSCGS

∣∣∣2 . (3.3)

Corresponding excitation energies are just the differences of the respective eigenval-
ues of both Hamiltonians.

In the Franck-Condon approximation, the electronic dipole transition matrix ele-
ment between the GS and ES, µ =

〈
ΨES

∣∣∣ ~̂r ∣∣∣ΨGS
〉
, where ~̂r is the position operator,

is set to unity. Actually, it is a function of the nuclear coordinates and the ap-
proximation holds only for flat dipole surfaces. Otherwise, a Herzberg-Teller-like
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expansion [117] of the latter in suitable coordinates is necessary. Basically, the frame-
work of the Renner script is suited to accommodate such an additional variable
factor which can also be handled as an polynomial potential. However, this has
not been done in the present work because the needed matrix elements µ between
wave functions with differing numbers of electrons (ionization process) are not avail-
able in the common ab initio electronic structure codes. Hence, the Herzberg-Teller
influence on the created FC simulations is not addressed.

The expansion of the bending and symmetric stretching modes of FeO –/0
2 was

done independently, i.e. without consideration of couplings between them. The
antisymmetric stretching mode was entirely neglected since both GS and ES have
at least C2v symmetry and transitions of this mode thus result always in a FC factor
of one. For the twofold degenerate bending mode, 2D isotropic HO functions were
used as basis, the symmetric stretching mode was expanded in 1D Gaussians. The
analytic form of the 2D isotropic HO functions is of great advantage for calculating
the needed coupling matrix elements (cf. Eqs. (2.23) & (2.24)). With the more
adaptive and more quickly convergent 1D Gaussian basis, rather short and easily
implementable expressions for the coupling terms cannot be found. Hence, 1D
Gaussians were only used for the stretching mode. A convergence check was done
for each model Hamiltonian: the number of basis functions was increased as long
as the lower 40% of the energy eigenvalues changed on average by not more than
10% of the value of the corresponding zero-point vibrational energy (ZPVE). This
assured that at least 40% of the approximated vibrational states are converged
and respective excitations are properly described. The total number of used basis
functions for each mode is given in Table A.18 in the appendix.

To produce polynomial approximations of the bending and stretching potentials,
linear model fits were done with the software Mathematica 12.0. [118] The model for
the bending modes contained monomials with even exponents from zero to eight
reflecting the inherent mirror symmetry of the potentials. For the stretching modes,
monomials with integer exponents from zero to six were included in the model.

3.2 Experiments

Although this is a purely theoretical and computational work, it is still useful to
have a short overview of the experimental methods that were used to obtain the
reference data of Chapters 4 to 7. A basic understanding of the employed experi-
mental techniques helps to interpret the resulting measurements and to find theo-
retical explanations for the observed phenomena. Two methods provided the data
that is interpreted and explained in this work: infrared photodissociation (IRPD)
spectroscopy and slow electron velocity map imaging (SEVI) photoelectron (PE)
spectroscopy. All shown IRPD (and IRMPD, vide infra) spectra were measured in
the group of Prof. Knut Asmis. The SEVI measurements were done in the group of
Prof. Daniel Neumark.
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3.2.1 Infrared Photodissociation Spectroscopy
Metal oxide clusters are created by laser ablation of a rotating pure or mixed metal
rod. The resulting plasma is led into a pulse of O2 seeded in helium and metal oxide
clusters are formed. To form hydrates, a flux of H2O/D2O in helium is mixed in.
The charged clusters are heated to room temperature in a helium filled ion guide
and then mass selected by a quadrupole mass-filter. Ions of the desired composition
are collected in a ring-electrode ion trap. The trap is filled with helium gas which
severs as a buffer to cool the ions by collisions (below 50 K) and finally leads to the
formation of ion-helium clusters. These attached He atoms are called tagging atoms
since they are only loosely bound to the metal oxide clusters. The trapped clusters
are released and focused to the extraction region of a time-of-flight (ToF) mass
spectrometer where they are irradiated with an intense infrared (IR) laser pulse.
Depending on the energy of the absorbed photons vibrational energy levels of the
clusters are excited. The motion of the clusters and the energy dissipation leads to
dissociation of the tagging atoms and thus to a change in the mass-to-charge ratio
of the ions. This process is monitored by the ToF mass spectrometer. By measuring
the ion intensity of the parent or photofragmented species in dependence on the
applied IR laser wavelength, an IR spectrum can be obtained. [119,120]

In the context of this work the biggest advantage of IRPD measurements is
the fact that almost isolated gas phase clusters in their electronic and vibrational
ground states are investigated. These conditions are extremely close to the ideal-
ized assumptions of the employed quantum chemical methods. The helium tagging
atoms have only insignificant influence on the quality of the recorded IR spectra. In
certain cases they lower the spatial symmetry of the clusters and lead to slight band
splittings. Due to the limited resolution of the quadrupole in the mass selection step
it is necessary to resort to special isotopes for certain cluster compositions in order
to avoid nearly identical mass-to-charge ratios. This was the case for the hydration
of Al3O +

4 where instead of H2O heavy water (D2O) was used. Furthermore, there are
cases of insufficient binding of He tagging atoms to the investigated clusters. Then,
infrared multiple photon dissociation (IRMPD) spectroscopy is used, which is very
similar to IRPD but relies on the fragmentation of the bare clusters by absorption
of multiple photons and records the ion intensity of a suited fragmentation prod-
uct or the intact cluster. This technique was employed for the clusters Al3O +

4 and
Fe3O +

4 hydrated with more than two water molecules.

3.2.2 SEVI Photoelectron Spectroscopy
Analogously to the creation of ions in the IRPD measurements, charged particles
– anions in the case of SEVI – are produced and then guided to a time-of-flight
mass selector. Anions with the desired mass-to-charge ratio are allowed to enter
the electron detachment region where they are irradiated with a pulse of a tunable
dye-laser. Ejected photoelectrons are extracted by an electric field and projected
onto a microchannel plate (MCP) coupled to a phosphor screen. [121] To enhance
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spatial resolution, ions of identical velocity are focused by an additional electric
field – a setup called velocity map imaging (VMI). [122] The MCP works as an array
of particle multipliers, single incident ions produce multiple ejected electrons that
hit the phosphor screen. The latter is scanned by a charge-coupled device camera.

The incident laser photons detach valence electrons of the particles in the ion
beam. These electrons have a certain amount of kinetic energy (eKE) depending on
their binding energy (eBE) and the energy of the laser photon (hν)

eKE = hν − eBE (3.4)

and form an expanding cloud around the hit particles. This three-dimensional cloud
is mapped coaxially on the two-dimensional detector. The original three-dimensional
distribution can be re-obtained by inverse Abel transformation. For a constant laser
frequency, the kinetic energy, and thus the velocity, of the ejected electrons depends
on the electronic and vibrational energy level of the formed neutral species. Since
the expanding electron cloud is directed to the detector the radial distribution on
the two-dimensional screen contains the information about the different electron
velocities. Slower electrons are detected closer to the center of the screen than
faster ones.

If the time needed to arrive the detector exceeds a certain value, electrons with a
proportionally high velocity are not observed. By tuning the strength of the electric
field for the extraction, only the slow electrons can be selected to be mapped on
the detector. Voltages between 100 and 350 V are used to this end. The detector
then collects electrons with kinetic energies of up to 20 meV. By repeating the
experiment with a respectively adjusted laser frequency, a large energy range for
photodetachment can be scanned by keeping the high resolution of the VMI setup,
which is in the eKE range better than 2 cm−1. [123]
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This chapter deals with the hydration of pure metal oxide clusters that are already
known in the literature and the structures of which have already been determined.
Pure in this context means that only one kind of metal is involved. For the inves-
tigation of small aluminum and iron oxide clusters, it is advantageous to eliminate
inherent complications due to ambiguous electronic structure. Hence, a closed shell
system seems to be most desirable. This demand is fulfilled in the case of alumina.
Its solid state sum formula is Al2O3 (Corundum) and it formally consists of Al3+
and O2– ions which have a closed shell electronic configuration. Thus, a model sys-
tem ought to rely on the building block (Al2O3). The used experimental techniques,
however, are only capable of manipulating charged particles. A charge needs to be
introduced without changing the closed shell characteristic of the system. This can
be done in two ways: either by adding the block (AlO)+ or the block (AlO) –

2 . The
latter one has been used in previous studies [17] and will not be discussed here. This
work focuses on the positively charged particle of the composition (Al2O3)AlO+.

Contrary, the investigated iron oxide cluster (Fe2O3)FeO+ does not possess a
closed shell configuration. The incorporated Fe ions are – as Al – formally trivalent.
Due to the even number of electrons in iron atoms, however, Fe3+ cannot be fully
diamagnetic. Rather, they must be regarded as high spin, i.e. paramagnetic, systems
with a half filled d valence shell (d5). This leads to a high spin (HS) open shell
system with a total spin of S = (15/2). Low spin (LS) configurations are possible
but computationally hard to handle as will be discussed in detail in the following
sections.

A simplification in notation will be used throughout the rest of this chapter to
address the different clusters by their composition. The formal notation emphasizing
the building blocks is discarded and the pure sum formula is used instead. Added
water molecules are written as a whole to keep track of the hydration process.
Respective systems are considered as complexes and thus their charge is attributed
to the complete molecule. Hence, the investigated ions in the following sections are
[Al3O4·nD2O]+ and [Fe3O4·nH2O]+.
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4.1 [Al3O4·nD2O]+

The structure of the bare Al3O +
4 cluster has been determined in a work by Asmis,

Sauer and co-workers. [70] It is a highly symmetric (C3v) six-membered ring of al-
ternating Al and O atoms with a central capping oxygen atom (cf. Figure 4.1, top
right). The hydration process of this ion was first investigated by Denis Grunow by
means of structure generation with a genetic algorithm and post-optimization at the
MP2 level. [82] Additionally, coupled cluster single point calculations with CCSD(T)
were done for the most stable isomers (see Table A.1).

In this work, all found structures were re-optimized with B3LYP and harmonic
vibration spectra were calculated. They are compared with the experimental IR-
PD/IRMPD spectra measured in the group of Knut Asmis.[P1] As can be seen from
Figure 4.1, for each hydration step one predicted isomer can be found with ex-
ceptionally good agreement between experimental and computational IR features.
Consequently, a proper assignment of the molecular structures to the compositions
[Al3O4·nD2O]+ is possible. Those isomers correspond, without exception, to the
global minimum of the respective potential energy surfaces, at both the B3LYP
and CCSD(T) level. A scaling factor of 0.9732 was applied for all calculated sig-
nals above 2000 cm−1 to account for anharmonicities and deficient harmonic force
constants in the O-D stretching modes. The derivation of the factor is detailed in
Section 3.1.4.

The first two water molecules adsorb dissociatively. The compact C3v structure
of Al3O +

4 is broken up and forms a flat C2v sheet-like structure with two terminal
OD groups after the uptake of the first D2O molecule. The structure opens even
further when the second water molecule adsorbs. The resulting Cs isomer features
a six-membered ring with three terminal OD groups at the Al centers. One vertex
of the ring is a bridging µ2-OD group. All aluminum atoms in both structures,
[Al3O4·D2O]+ and [Al3O4·2D2O]+, are threefold coordinated (approx. trigonal
planar).

The gas phase adsorption process of the first two water molecules to Al3O +
4 has

been studied by Kevin Schiefelbein. [124] From the performed transition structure
calculations on the B3LYP potential energy surface (PES) it can be seen that a
structural rearrangement is taking place after the molecular binding of D2O and
subsequent dissociation into a terminal and a neighboring µ2-OD group. It be-
comes apparent that threefold coordinated aluminum atoms favor a planar oxygen
surrounding. Even energetically most stable tetrahedral oxygen coordinations for
single Al sites are sacrificed to obtain an almost equal trigonal planar environment
for all three metal centers. Tetrahedral coordination geometries with one vacant
oxygen site are, hence, avoided.

Further hydration (third and fourth water molecule) leads to the formation of
exclusively fourfold coordinated aluminum atoms. While the most stable isomer of
[Al3O4·3D2O]+ has a highly symmetric C3 structure featuring the Al3O +

4 motif as
its core, addition of the fourth D2O creates a Cs structure including, besides terminal
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Figure 4.1: Measured and predicted IR spectra of the cluster Al3O +
4 hydrated

with up to four heavy water molecules, [Al3O4·nD2O]+. The experimental results
stem from photon dissociation (n = 0− 2) and multi-photon dissociation (n = 3, 4)
measurements. All simulated spectra are calculated at the B3LYP/def2-TZVPP
level; frequencies above 2000 cm−1 are scaled with a factor of 0.9732. The respective
structures (gray: aluminum, red: oxygen, white: hydrogen) are depicted on the right
labeled with their point group symmetry; bond lengths are given in pm.
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and bridging OD groups, a hydrogen bonded OD moiety.
Experimentally determined O-D stretching signals can be found between 2795

and 2810 cm−1 for terminal groups, and between 2650 and 2750 cm−1 for bridging
groups. The coordinated D2 tag for [Al3O4·D2O]+ vibrates at 2842 cm−1 (cf. Fig-
ure A.2). Since these vibrational regions are non-overlapping they can be used to
identify the nature of OD and OH groups in comparable but structurally unknown
systems such as nanoparticles or surfaces. A special case is the hydrogen bonded
OD group. With a very broad IR signature around 2350 cm−1, it is hard to discern
it experimentally.
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Figure 4.2: Regions of characteristic vibrational motions of the [Al3O4·nD2O]+
clusters as predicted from the B3LYP/def2-TZVPP calculations; frequencies above
2000 cm−1 are scaled with a factor of 0.9732. HB stands for hydrogen bonded.

Computational O-D stretching regions as well as wavenumber ranges for several
Al-O motions are summarized in Figure 4.2. Apart from the characteristic OD
modes, the most dominant signals in the finger print area (below 1200 cm−1) result
from Al-O(D) and µ2-O/µ2-O(D) stretch modes. The former can be found between
850 and 1030 cm−1. Motions of the bridging oxygen atoms span a rather large
range from 600 to 1100 cm−1 where µ2-O stretches, in general, can be found at
higher, µ2-O(D) and µ3-O modes at lower wavenumbers. This observation is a
consequence of the stronger Al-µ2-O bonds (shorter bond distances) compared with
the Al-µ2-O(D) bonds. This, in turn, can be regarded as an electrostatic effect:
formal addition of positively charged H+ ions to bridging oxygen atoms weakens the
attractive interactions with adjacent Al atoms. In accordance, for the system with
the shortest Al-O bonds, [Al3O4·2D2O]+, the most blue-shifted IR signature in the
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finger print region is observed.
To find a rationale for the structure formation of the water-free Al3O +

4 and
its hydrates, it is again convenient to adopt an electrostatic picture. Aluminum
atoms are regarded as fully oxidized, i.e. Al3+, oxygen atoms as fully reduced, O2–.
The atoms then arrange in such a way that opposite charges can compensate as
much as possible. For Al/O ratios close to one, this leads to trigonal planar oxygen
coordination of aluminum. With decreasing Al/O ratio tetrahedral coordination
environments become available. Only for a much larger number of oxygen atoms
compared to aluminum atoms do octahedral coordinations appear, as can be seen
from the work by Grunow. [82]

Each added water molecule dissociates upon adsorption and forms two OH–

groups. To this end, a proton is transferred to an already present O2– ion, as long as
those are available. The remaining OH– attaches to an under-coordinated aluminum
cation. The energetic advantage of two OH– groups with respect to one O2– ion and
one (neutral) H2O molecule is the larger number of negatively charged particles that
can effectively screen the cations by forming terminal or bridging moieties. Threefold
coordinated OH– groups, however, are energetically unfavorable. For Al3O +

4 the
saturation level is reached after addition of the forth water molecule. Any further
molecule can only adsorb as a whole, accompanied by a decrease in the number of
bridging groups.

4.2 [Fe3O4·nH2O]+

The structure of the bare Fe3O +
4 cluster (see Figure 4.3, top right) was first iden-

tified by Logemann et. al. [80] With a very similar combination of experimental and
theoretical techniques, as was used in this work, a six-membered ring isomer with a
capping oxygen atom was found to be the global minimum structure. This finding
was verified. Besides the B3LYP functional, however, the present study primarily
relies on TPSSh and PBE0 results.6

Both pure high spin (HS) and broken symmetry (BS) wave functions (cf. Sec-
tion 2.1.4) predict the C3v isomer, that is in perfect analogy to the Al3O +

4 ground
state (see Figure 4.4), to be the most stable structure for S = 15/2 and S = 5/2, re-
spectively. However, the energy difference between the HS and BS solution strongly
depends on the used density functional, as can be seen from Table A.2. TPSSh (10%
Fock exchange) favors the S = 5/2 wave function by 19 kJ/mol. With increasing
amount of incorporated Fock exchange the two spin states are getting closer in en-
ergy, and, eventually, BHLYP (50% Fock exchange) reverses the energetic order: the
HS state is more stable by 17 kJ/mol. This finding is general and holds true for all
further investigated, hydrated species. For the remainder of this section the broken

6All presented results of this section are subject of the planned publication [P4] entitled “Water
Adsorption on the Fe3O +

4 Gas Phase Cluster” by Asmis, K. R., Bischoff, F. A., Debnath, S.,
Fagiani, M. R., Gewinner, S., Müller, F., Sauer, J., Schöllkopf, W., and Song, X.
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symmetry solutions are referred to as (antiferromagnetic) low spin (LS) states for
which they serve as an approximation.

The geometry optimization of the LS structures does not lead to a qualitative
change; only minor distortions in the molecular frame appear. They are, however,
regarded as artefacts of the lowered symmetry and the spatially imbalanced wave
function. Hence, vibrational spectra are given always for the high spin isomers. As
for Al3O +

4 a scaling factor of 0.9674 is applied in the O-H stretching region above
3000 cm−1 (cf. Section 3.1.4).

Structural similarity between Al3O +
4 and Fe3O +

4 seems unsurprising since, in this
context, both Al and Fe can be regarded as formally trivalent cations – and thus
interchangeable. This perspective, however, completely neglects the electronic prop-
erties of the different metals and, thus, the nature of their interactions with oxygen.
The most impressive proof of their inequality can be found by an investigation of
the mixed oxide clusters (Al2O3)nFeO+, cf. especially the shape and properties of
FeAl2O +

4 , Figures 5.1 and 5.2, which will be discussed in the next chapter.
In contrast to aluminum, the valence states of iron atoms have d character. They

provide different possibilities for constructive interaction with adjacent oxygen p or-
bitals compared to the aluminum p states. Furthermore, in Fe-(III) the valence shell
is half filled (3d5) and not entirely empty as for Al-(III) (3p0). Both circumstances
cause the different bonding situation in the Fe-O cluster. The bonds are rather
covalent and less ionic, contrary to Al3O +

4 (cf. previous section).
As can be seen from Figure 4.4, Fe-O bonds are substantially longer than analo-

gous Al-O bonds and the Fe-O-Fe bond angles are wider than corresponding Al-O-Al
angles. Consequently, the metal centered bond angles are smaller in the iron clus-
ter. Both angles are closer to the ideal value of 109.5◦, that would be present in a
tetrahedral coordination, in the case of Fe3O +

4 . Due to the valence d states the iron
atoms are able to better adopt a fourfold coordination with one vacant site. Alu-
minum, in contrast, tends to compensate for the missing fourth ligand by flattening
out the coordination environment.

The structural motif of the water-free Fe3O +
4 cluster is retained upon hydration.

Respective isomers are, at the TPSSh level, always the most stable in high spin,
and, with one exception for [Fe3O4·H2O]+, also in broken symmetry low spin. This
is in clear disagreement with the Al clusters where the basic molecular frame is
continuously changing with each adsorbed water molecule. In general, the reaction
with water is less favorable compared to Al3O +

4 . An energy gain of 153 to 179 kJ/mol
per H2O is achieved, which corresponds to about half of the gain in the Al case
(274− 436 kJ/mol).

The IRPD spectrum of the bare cluster (Figure 4.3, top row) is dominated by two
features between 600 and 700 cm−1. They result from stretching motions of bridging
oxygen atoms (µ2-O). A smaller feature slightly above 500 cm−1 has its origin in
a µ3-O stretch mode. The adsorption of the first H2O produces a terminal and an
adjacent bridging OH group. Fe-O bonds of the protonated µ2-O atom are elongated,
while some other Fe-O bonds are shortened. New IR features emerge around 750 to
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Figure 4.3: Comparison of measured and calculated IR spectra of the clusters
[Fe3O4·nH2O]+. The measurements are IRPD (n = 0− 2) and IRMPD (n = 3, 4)
experiments. All simulated spectra are at the TPSSh/def2-TZVPP level; frequencies
above 3000 cm−1 are scaled by a factor of 0.9674. Marked with * are features that
broaden due to the rotation of terminal OH groups; † denotes peaks that might result
from the symmetric stretching mode of molecular H2O. Assigned isomers (dark blue:
iron, red: oxygen, white: hydrogen) are depicted on the right with their respective
label and point group symmetry; bond lengths are given in pm.
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Figure 4.4: Important structural properties of Al3O +
4 and Fe3O +

4 (gray: aluminum,
dark blue: iron, red: oxygen). While the frame motif is identical for both systems,
there are significant differences in the bond distances (given in pm) and the bond
angles.

800 cm−1 belonging to Fe-O(H) stretching and µ2-O-H in-plane bending motions.
In the region from 500 to 750 cm−1, two separate groups of features are found; the
gap between them is about 50 cm−1. The higher energy signals originate from µ2-O
stretches, the lower energy modes are dominated by µ2-O(H) and µ3-O stretches.
Above 3000 cm−1 two distinct signals can be seen, one corresponding to the terminal
O-H stretch (exp: 3685 cm−1, calc: 3696 cm−1), the other one to the µ2-O-H stretch
(exp: 3651 cm−1, calc: 3662 cm−1). The minor, unassigned, experimental feature
at 3625 cm−1 will be addressed later.

An obvious mismatch between IRPD and TPSSh spectra of [Fe3O4·H2O]+ is
the experimentally absent intense peak at 467 cm−1. In the harmonic approximation
it results from the bending of the terminal OH group. Rotation of the group leads
to another stable, but slightly higher (4 kJ/mol), minimum. The computational
spectrum of this rotamer (Figure A.9, red trace) is almost identical to the original
isomer, but the intense Fe-O-H bending peak now appears at 395 cm−1. Apparently,
the peak position strongly depends on the rotational angle of the group. It can, thus,
be assumed that rotation of the OH group during measurement will smear out the
experimental feature.

The anharmonic frequency calculation as well as a molecular dynamics simulation
(Figure 4.5) univocally show the absence of IR signatures in the range 400−500 cm−1.
Incorporation of anharmonicities in fact results in a substantial improvement of
the agreement between experimental and computational findings. The effect of
dynamically broadened bending features of terminal OH groups does appear in all
other hydrated species. Since origin and consequences of this effect are always the
same, it will not be further discussed hereinafter.

Adsorption of the second water molecule occurs similarly as for the first one: it
dissociates and forms both a further terminal and a bridging OH group. The two
terminal OH groups produce distinct peaks in the experiment (3704, 3690 cm−1)
and slightly closer lying features in the calculation (3707, 3701 cm−1). The µ2-O-H
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Figure 4.5: Several computed IR spectra of [Fe3O4·H2O]+ in comparison with
the experimental result (top most, black curve). The lower black lines show the
harmonic spectrum at the PBE0 and TPSSh level, respectively; red sticks represent
anharmonic PBE0 frequencies; the blue spectrum results from a molecular dynamic
simulation at the PBE0 level (pseudo-temperature: 1000 K, see footnote 7 on p.
46). Both anharmonic spectra prove that the intense feature at ca. 460 cm−1 in the
harmonic predictions (black *) vanishes/shifts due to rotation of the terminal OH
group (the red asterisk marks the anharmonic bending feature). The rotation mode
of the OH group appears below 300 cm−1.

stretches are almost degenerate (exp: 3660 cm−1, calc: 3670, 3669 cm−1). A further
increase of the gap in the finger print region (below 1000 cm−1) can be observed; it
spreads from approx. 600 to 700 cm−1.

While the first two hydrated clusters belong to the C1 point group, adsorption of
the third H2O restores the former C3v symmetry in [Fe3O4·3H2O]+. Due to the high
structural symmetry, the complexity of the IR spectrum is somewhat reduced. In
contrast to [Al3O4·3D2O]+ (C3 symmetry, cf. Figure 4.1), the terminal OH groups
are not tilted out of the mirror planes, which can be interpreted as a consequence
of the different bonding situation between iron and oxygen involving the transition
metal’s d states.

Determination of the global minimum structure of [Fe3O4·4H2O]+ is a delicate
task. From the genetic algorithm several energetically close lying isomers are known,
which have rather similar predicted IR signals in the OH stretching and the finger
print region (see Figure A.12). Remarkable is that four of the isomers feature a
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molecularly adsorbed H2O molecule – a fifth one even has two. A proper energetic
order of the isomers cannot be given. TPSSh and PBE0 favor 2-4a in high spin,
B3LYP predicts 2-4c (all water molecules dissociated). In low spin the order is
completely different for each functional. The only general statement is, that isomers
2-4a to 2-4d are in a range of about 10 kJ/mol for both HS and LS (see Table A.2).
2-4e and 2-4f in their high spin state, are substantially higher in energy. In low
spin, however, the gap to 2-4e vanishes.

Regarding the experimental spectrum of the fourfold hydrate of Fe3O +
4 , only

minor changes with respect to the result for [Fe3O4·3H2O]+ can be found. This
suggests a very similar structure, such as 2-4a or 2-4b. Out of these two, 2-4a is
assigned to the experiment since it is slightly more stable. The mentioned spectral
differences, hence, result from a lowering of the C3v symmetry to C1 and the addition
of some modes due to the adsorbed H2O molecule. A clear proof of the molecularly
attached water molecule would be the H-O-H bending feature at ∼1600 cm−1. The
IR signature in the region from 1400 to 1800 cm−1 in experiment is ambiguous
(see Figure A.12). The existence of a feature cannot be granted neither can the
opposite be stated. In the computational predictions the bending peak is of quite
low intensity.

To investigate the influence of anharmonicities on the position and intensity
of the hypothetical H2O bending feature as well as the effect of structural re-
organization of the low-energy isomers, MD simulations at two different pseudo-
temperatures7 were carried out with PBE0 (Figure A.13). Convincing agreement
with the experimental spectrum can be seen for the MD run at 600 K. As a con-
sequence of the comparatively weak interaction8 between the oxygen atom of water
and one of the iron atoms, the respective Fe-O bond distance fluctuates strongly
during the simulation. Occasionally, the H2O molecule even changes the Fe site to
which it is attached. In the MD spectrum, the bending signal, hence, is entirely in-
visible. A strong broadening of the experimental IR signature can, thus, be assumed
– even at very low physical temperatures.

Increase of the pseudo-temperature in the MD simulations leads to more fre-
quent transformations between the isomers and has its expression in the occurrence
of additional features in the regions from 600 to 700 cm−1 and above 800 cm−1

(cf. Figure A.13, 1000 K). Low barriers between the adjacent local minima can
be assumed. Concerning the determination of the global minimum and, thus, the
ground state structure it seems, in this case, inappropriate to pick simply one of the
mentioned isomers. The depicted and assigned structure (Figure 4.3, bottom right)
should, therefore, rather be seen as a probable representative of a set of closely-lying
isomers but not inevitably the true ground state structure.

The two OH stretching frequencies of gas phase water are experimentally deter-

7Note that the artificial temperature used in MD simulations differs from the real temperature
of the respective system, since quantum effects of the nuclear motion (ZPVE) are neglected.

8Adsorption energy: −70 kJ/mol; for all previous dissociative adsorptions the energy gain is
more than 160 kJ/mol.
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Figure 4.6: Regions of characteristic vibrational motions of the [Fe3O4·nH2O]+
clusters along the lines of Figure 4.2. The results are based on TPSSh/def2-TZVPP
calculations; frequencies above 3000 cm−1 have been scaled with a factor of 0.9674.

mined at 3657 cm−1 (symmetric) and 3756 cm−1 (antisymmetric). [85] The spac-
ing between the features is about 100 cm−1. Both signals are also present in
[Fe3O4·4H2O]+, but red-shifted by about 50 cm−1, at 3602 and 3710 cm−1 (calc:
3625 and 3729 cm−1), respectively. While the antisymmetric stretch is, in general,
superimposed with the terminal OH stretches, the symmetric stretching peak is
clearly separated from the other OH stretching features. From the computational
spectra of all investigated compositions and isomers (cf. Figures A.9 to A.12) it can
be seen that only the symmetric stretching of molecularly adsorbed H2O produces
an IR signature close to 3600 cm−1.

Similar, yet minor, features can also be found in the experimental spectra of the
clusters with one and three adsorbed water molecules at 3625 and 3595/3620 cm−1,
respectively. They may, as well, be interpreted as a result of molecularly adsorbed
H2O, notwithstanding that there is no perfect agreement between experimental and
computational peak positions. Another hint for the existence of the assumed molec-
ular water adsorption can be found by inspection of the determined structures of
[Fe3O4·nH2O]+, which suggest always the same adsorption mechanism: first, for-
mation of a molecular water adduct and then dissociation of H2O to form a terminal
OH group and an adjacent µ2-OH group. It is, thus, conceivable that for kinetic
or thermodynamic reasons a minor fraction of the measured [Fe3O4·nH2O]+ ions
is captured in the first step, i.e. before the dissociation happens. This assump-
tion seems reasonable since the energy gain upon water dissociation is quite low
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(14 − 58 kJ/mol, TPSSh) compared to Al3O +
4 (25 − 200 kJ/mol, B3LYP), espe-

cially for the first two adsorbed water molecules. However, the barrier height for
the dissociation still needs to be determined.

Two general trends can be seen from direct comparison of the experimental
spectra (Figure A.7). As already mentioned, there is the apparent formation of
a gap, i.e. a spectral region with no IR signature, that gets wider as more H2O
molecules adsorb to Fe3O +

4 . While the most intense features of the water-free clus-
ter are found between 600 and 700 cm−1, there is almost no peak in this range for
[Fe3O4·3H2O]+ and [Fe3O4·4H2O]+. Simultaneously – this is the second trend
–, the OH stretching features shift to higher wavenumbers. The latter effect is
rather subtle and can best be seen for the adsorption of the first and second water
molecule (IRPD measurements). The slightly stronger broadening of the experimen-
tal IRMPD features complicates the observation for the hydrates with three and four
water molecules. Analyzing, however, the respective computational wavenumbers
the trend appears more continuous: for each hydration step the highest feature
blue-shifts about 10 cm−1.

The reason for the gap formation lies in the successive transformation of bridg-
ing oxygen atoms to the µ2-OH groups concerted with the creation of terminal
OH moieties. The added hydrogen atom lowers the vibrational stretching frequen-
cies of µ2-O groups while new Fe-O(H) stretching features arise around and above
700 cm−1. From [Fe3O4·3H2O]+ on, there are no bridging oxygen atoms left; the
corresponding µ2-O stretches are gone. See Figure 4.6 for a comprehensive overview
of the spectral ranges (from TPSSh calculations) for the appearance of characteristic
vibrational modes of the investigated iron oxide hydrates.

Concerning the blue-shift of (µ2-)O-H peaks, it can be assumed that further
addition of electron acceptors such as OH groups, both, terminal and bridging, is
lowering the electron density at Fe centers and weakening Fe-O bonds which, in turn,
manifests in their elongation. At the same time, O-H bonds get slightly stronger
(but only indiscernibly shorter). From a chemical point of view, the electronega-
tivity of Fe3O +

4 decreases upon successive hydration; the Lewis acidity drops. This
explanation is in accordance with Pauling’s electrostatic valence rule [125] (see e.g.
ref. 126 for an application). With more terminal OH groups the average coordina-
tion number of the Fe centers increases (from 3.33 for [Fe3O4·1H2O]+ to 4.33 for
[Fe3O4·4H2O]+). Hence, the electrostatic bond strengths of both the terminal and
the bridging OH groups also increase while the Fe-O bonds weaken.

4.3 Summary

The investigation of the hydration process of Al3O +
4 and Fe3O +

4 revealed several dif-
ferences in characteristics of both clusters. Most important is the deviating bonding
situation. While the aluminum oxide cluster features strong ionic Al-O bonds, Fe-O
bonds are more covalent. In the water-free iron oxide cluster, the bond angles are
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closer to the ideal value of a tetrahedral coordination environment than they are in
Al3O +

4 . Adsorption of the first three water molecules takes place dissociatively for
both systems. However, only for Fe3O +

4 the six-membered ring motif of the water-
free molecule remains intact. The fourth H2O molecule most likely adsorbs without
dissociation, while it is transformed in a new terminal and a bridging OH group in
the case of Al3O +

4 .
The affinity of both clusters towards water is quantified in Table 4.1. The energy

for the adsorption reaction

[M3O4· (n− 1)H2O]+ + H2O [M3O4·nH2O]+ (4.1)

is labeled ∆E and divided by n, the number of adsorbed water molecules, to give the
mean adsorption energy, ∆E/n. Moreover, the energy gain from the dissociation of
a molecularly adsorbed water molecule, following the reaction

[M3O4· (n− 1)H2O(diss)·H2O(mol)]+ [M3O4·nH2O(diss)]+ (4.2)

is reported as ∆Ediss.

Table 4.1: Mean water adsorption energies, ∆E/n, and dissociation energies of a
coordinated water molecule, ∆Ediss, for the clusters [M3O4·nH2O]+. All numbers
are given in kJ/mol.

M n = 1 2 3 4
Fea ∆E/n −163 −174 −182 −154

∆Ediss −14 −36 −58 4
Ala ∆E/n −410 −331 −325 −269

∆Ediss −172 −61 −132 −11
Alb ∆E/n −436 −353 −330 −274

∆Ediss −200 −69 −139 −25
a TPSSh/def2-TZVPP.
b B3LYP/def2-TZVPP.

The mean water adsorption energy of Al3O +
4 is much higher than that of its iron

counterpart. It exceeds almost always twice the value of the latter. However, there
is a significant drop of the energy for the adsorption of the fourth H2O molecule.
This might be due to the breakup of the highly symmetric C3/C3v structure of the
respective threefold hydrate. Also the dissociation energy ∆Ediss is much smaller for
the iron oxide cluster. Only the molecular adsorption of the fourth water molecule
at Al3O +

4 is associated with a comparably low energy gain. Overall, the affinity
towards water of the alumina cluster is much higher than for the iron oxide system.
Dissociation of adsorbed water molecules occurs until all available µ2-O sites are
transformed to bridging OH groups. Al3O +

4 has a high Lewis acidity. In contrast, the
hydration of Fe3O +

4 does not provide as much energy. The existence of molecularly
adsorbed water is likely. The iron oxide cluster has a lower Lewis acidity.
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(Al2O3)nFeO+ Clusters

In the course of structure analysis and revelation of differences in binding of the
mono-metallic ions Al3O +

4 and Fe3O +
4 , the question arises which influence an impu-

rity of one of the metals in an oxide cluster of the other metal has. For the sake of
simplicity, this study focuses on the introduction of one iron atom into a homologous
series of aluminum oxide clusters and waives the process of hydration. The chosen
series are the closed shell ions (Al2O3)1–4AlO+ that were subject of a similar inves-
tigation [70] resulting in reliable structure assignments. The introduced iron atom
is assumed to be in its formal oxidation state +III (configuration 3d54s0) and can,
thus, replace a trivalent Al3+. There are, however, three spin states possible in a d5

configuration: sextet, quartet and doublet. In general, the high spin sextet state is
the most stable and is, hence, exclusively regarded for the bigger systems (n > 2).9

In Figure 5.1, all findings for (Al2O3)nFeO+ are summarized and a comparison
of the identified structures with their pure aluminum analogs is given. The most
remarkable differences can be found for the members n = 1 and n = 2 where the
structural motif of the assigned global minimum isomers of pure and mixed oxide
clusters strongly deviate. The reasons and implications will be discussed in the
following sections. The later homologs (n = 3, 4), however, show almost identical
structural properties as their corresponding pure analogs.

5.1 FeAl2O+
4

The smallest cluster, FeAl2O +
4 , is, contrary to Al3O +

4 and Fe3O +
4 , not a six-membered

ring with a capping central oxygen atom, but a flat, open structure with a terminal
radical group (–O ) located at an Al atom.[P2] Hence, the iron atom is formally re-
duced to its oxidation state +II (d6). It is only twofold coordinated with an acute
O-Fe-O bond angle of 89◦. The two dominating IR features, that can be seen in
experiment and computational prediction, originate from a µ2-O stretching (exp:
1004 cm−1, calc: 988 cm−1) and the motion of the terminal oxygen atom (exp:

9The clusters (Al2O3)2–5FeO+ are subject of the planned publication [P3] entitled “Infrared
Photodissociation Spectroscopy of [(Al2O3)nFeO]+ with n = 2 − 5: Influence of Fe-Impurities on
Structure and Other Properties” by Asmis, K. R., Bischoff, F. A., Debnath, S., Jorewitz, M.,
Müller, F., Sauer, J., and Stückrath, J. B.
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Figure 5.1: Assignment of computed IR spectra and respective structures (gray:
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52



5.1. FeAl2O +
4

953 cm−1, calc: 935 cm−1). The former mode is characteristic for AlO cluster com-
pounds with short Al-O bonds (≤ 170 pm) where µ2-O stretches appear around
1000 cm−1. [17,70] The latter is comparable with the assigned radical-like terminal
oxygen atom motion in Al2O –

4 (Al-O bond length: 168 pm, BHLYP) [127] and has
to be distinguished from common (non-radical) terminal oxygen groups, that, in
general, have shorter Al-O bond distances (≤ 165 pm) and produce IR features at
much higher wavenumbers (> 1000 cm−1).

400 500 600 700 800 900 1000 1100 1200

wavenumber / cm-1

3-1a
0 kJ/mol

47 kJ/mol

107 kJ/mol

3-1b
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152 kJ/mol
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σ IR
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Figure 5.2: Comparison of the calculated spectra of the four most stable isomers of
the composition FeAl2O +

4 (gray: aluminum, dark blue: iron, red: oxygen) with the
experimental IRPD result. Relative energies are given in kJ/mol at the TPSSh/def2-
TZVPP level including ZPVE.

A variety of possible low-energy isomers was generated by the genetic algorithm.
The most stable of them are depicted in Figure 5.2 together with their labels, com-
putational spectra and the measured IRPD spectrum. In the experiment, up to
three He tagging atoms were present, which were found to have vanishing influence
on the predicted spectra (cf. Figure A.14). Only isomer 3-1b shows an IR spec-
trum comparable with the experimental one. It can be concluded, that its structural
frame is the true ground state of FeAl2O +

4 . Regarding the energetic order, however,
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isomer 3-1a is, at the TPSSh level (incl. ZPVE), almost 50 kJ/mol more stable.
This discrepancy is also present for several other DFT methods as well as CCSD(T),
see Table 5.1. Only BHLYP and CCSD predict a global energy minimum at 3-1b.
The qualitative order of the other investigated isomers does not change throughout
the different methods.

Table 5.1: Relative energies in kJ/mol of selected isomers of the composition
FeAl2O +

4 . DFT calculations employed the def2-TZVPP basis sets and the structures
were re-optimized. Coupled cluster energies result from single point calculations on
the TPSSh structures. They used ROHF reference functions and rely on the cc-
pwCVTZ basis sets. ZPVE is not included. See Figure 5.2 for isomer labels.

Iso Mult PBE PBE0 TPSSh B3LYP BHLYP CCSD CCSD(T)
3-1a 6 0 0 0 0 58 28 0

4 23 65 32 52 85 — —
2 88 159 66 134 345 — —

3-1b 6 93 27 51 16 0 0 14
4 96 39 51 29 12 — —
2 173 140 128 126 143 — —

3-1c 6 — 117 110 96 191 149 104
4 — 121 92 91 190 — —
2 — 190 168 160 251 — —

3-1d 6 — 191 156 167 225 280 183
4 — 189 160 168 223 — —
2 — 229 163 186 301 — —

It is an unusual situation that by experimental evidence the structure of a
molecule is unambiguously identified but the majority of the density functional
methods as well as the very reliable coupled cluster method CCSD(T) univocally
predict a different motif. A significant hint to unravel the underlying insufficiency
in the description of the electronic structure by the aforementioned methods is given
by the qualitatively correct BHLYP energies. Apparently, the high fraction of added
Fock exchange and the resulting strong electron localization stabilizes isomer 3-1b
over 3-1a. The same effect can be observed for a simple Hartree-Fock wave function
(both UHF and ROHF). Analysis of the respective spin densities reveals an unpaired
electron at the terminal oxygen atom and rather four than five unpaired electrons
at the iron. The transition metal ion is reduced (d5 → d6) while an oxygen radical
is formed.

As can be seen from Table 5.1 the amount of admixed Fock exchange sensi-
tively determines the relative stabilities of 3-1a and 3-1b. Without Fock exchange
(PBE) the ring isomer 3-1a is almost 100 kJ/mol more stable while the increase
to 25% Fock exchange (PBE0) decreases the gap to 3-1b to ∼30 kJ/mol. The
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same trend is present for B3LYP (20%) and BHLYP (50%) where a stabilization of
about 75 kJ/mol for 3-1b is observed. Regarding the wave function methods, HF
(not listed in the table) and CCSD favor 3-1b by 142 and 28 kJ/mol, respectively,
while CCSD(T) over-stabilizes 3-1a. This discrepancy at the best affordable single-
reference wave function level calls for an improvement of the reference function by
multiconfigurational methods.

Table 5.2: Relative energies in kJ/mol of the isomers 3-1a and 3-1b of
FeAl2O +

4 calculated with several multi-reference wave function methods. The spec-
ifications of the reference active space are given in parentheses below the method’s
names. All calculations used the cc-pwCVTZ basis sets. See Figure 5.2 for isomer
labels.

Iso Mult MRCI+D CASPT2 NEVPT2
(9,9) (11,11)a (29,17)f (9,9) (29,17)f (9,9) (11,11)

3-1a 6 65 56 44 0 0 40 83
4 176 166 125 108 51 114 157
2 213 — 186 182 142 104 149

3-1b 6 0 0 1 16 20 0 0
4 0 0 0 16 20 0 0
2 178b — 166 194b 184 137b 129

a Extrapolation from MRCI(11,11) with core24 using the energy differences from MRCI(9,9)
with core20 and core24.

b State-averaged CASSCF reference orbitals.

Table 5.2 lists all important multi-reference results. Additional numbers, in-
cluding CASSCF relative energies and post-CASSCF results for other active space
sizes can be found in the appendix (Tables A.3 and A.7 to A.9). Furthermore,
estimations for methodical errors (Tables A.4 to A.6) are given, comprising the in-
fluence of bigger basis sets and additional relativistic effects incorporated by usage
of the Douglas-Kroll-Hess Hamiltonian at the MRCI+D/CAS(5,5) level. It was
found that the uncertainties of the MRCI+D and NEVPT2 numbers are ±13.4 and
±14.0 kJ/mol, respectively, which is significantly smaller than the predicted differ-
ence in relative energy between 3-1a and 3-1b. Hence, the uncertainties cannot
change the qualitative results. The error estimates are supposed to be also valid for
the larger active spaces.

Pure CASSCF reference wave functions with different active spaces always pre-
dict the radical 3-1b as the global minimum. Addition of dynamic correlation via
Møller-Plesset-like perturbation theory (CASPT2) reverses the energetic order and
favors 3-1a. Only the perturbational treatment with a more sophisticated zeroth
order Hamiltonian (NEVPT2) restores the former ordering that is confirmed by the
high accuracy MRCI+D results. Beyond that, all methods agree on the finding that

55



5. (Al2O3)nFeO+ Clusters

the sextet and quartet states of 3-1b are almost degenerate10 and that, in general,
the remaining low spin states of both isomers are much higher in energy.

Table 5.3: Schematic representation of possible electronic configurations in isomer
3-1b of FeAl2O +

4 . Only the iron and the terminal oxygen atom are regarded. The
configurations II, III and V represent the dominant contribution in the reported
multi-reference wave functions. Besides the spin multiplicities (Mult.), the rela-
tive energies (∆E) in kJ/mol of the states with the given configurations as leading
determinant (weights c2

0) from MRCI on CAS(9,9) are listed.

I II III IV V VI VII
O2– �� O – � � � � � �

Fe3+

�

Fe2+

� � �
� � � � � �
� � � � � � ��
� � � �� �� � ��
� �� �� �� �� �� ��

Mult. 6 6 4 4 2 2 2
∆E — 0 0 183 178 246 —
c2

0 — 0.807 0.494 0.760 0.571 0.413 —

The electronic configurations of both quasi-degenerate states (sextet and quartet
of 3-1b) are indicated in Table 5.3 with the labels II and III. While the oxygen
radical electron is ferromagnetically coupled with the d6 high spin iron atom in
the sextet, antiferromagnetic coupling is present in the quartet. The coupling is
extremely small due to the rather large distance of the two coupled centers. Low
spin configurations with local spin pairing at iron (IV, V and VII) are destabilized
relative to those with iron in a paramagnetic high spin state. Spin flipping, however,
in the d orbitals is also not favorable. Although, configuration VI is energetically
not close to V it is still strongly interacting, especially in calculations with larger
active spaces. This leads to the necessity of a state-averaged reference wave function
for the doublets of 3-1b. CI expansions containing VII as a prominent configuration
seem to be most unlikely; they were not found in this investigation.

In the context of structure assignment, the question arises why 3-1b is the most
stable isomer of FeAl2O +

4 at all. Both Al3O +
4 and Fe3O +

4 feature the highly symmet-
ric six-membered ring motif with a capping central oxygen atom (see Sections 4.1
and 4.2). From a cursory perspective Al3+ and Fe3+ seem to be equivalent, trivalent
ions. But as was mentioned in the beginning of the previous section their electronic
structure and, thus, bonding behavior is quite distinct. The strongly ionic Al-O

10The energy difference is smaller than 1 kJ/mol and, thus, becomes zero in the reported num-
bers. Depending on the method and CAS size it is between 5 and 26 cm−1 (0.06 and 0.32 kJ/mol).
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bonds favor a tetrahedral oxygen environment for Al. This is possible when enough
oxygen atoms are present. Otherwise, a trigonal planar oxygen arrangement is en-
ergetically favorable when less than four anions are available to surround each Al3+.
Coordinations with less than three ligands, i.e. vacant coordination sites result in
destabilization.

Actually, the ring motif is, from this point of view, only the least unfavorable
compromise for Al3O +

4 . All other possible isomers (see Figure A.1) feature at least
one highly under-coordinated Al atom. The ring motif, however, provides three
direct oxygen neighbors for each Al center but, at the same time, forces the metal
atoms in a tetrahedral coordination with one vacant site. This could be partially
compensated by opening the ring producing the flat motif with a terminal oxygen
atom similar to 3-1b (1-0c in Figure A.1). While two Al ions would gain a three-
fold planar oxygen coordination the third one would be highly under-coordinated
(either tetrahedrally with two vacant sites or octahedrally with four vacancies). The
used DFT methods predict this isomer to be more than 100 kJ/mol less stable (cf.
Table A.1) compared to the ring (1-0a). This is because of the formal reduction of
the twofold coordinated Al atom due to the missing third electron acceptor.

Since the Fe-O bonds are more covalent there is no need to symmetrically screen
positive iron ions by oxygen anions. Furthermore, Fe centers can compensate the
lack of bonding partners by delocalizing electrons in d states instead of forming
bonds. Although, simple lines of argument to explain the energetic order of the
isomers of Fe3O +

4 cannot be given as for Al3O +
4 , mainly because of the complicated

electronic structure of the former, it might still be plausible to assume a stabilizing
effect due to substitution of the under-coordinated Al atom of isomer 1-0c by an
Fe atom. This replacement apparently removes the main reason for the unfavorable
energetic situation of 1-0c: while it needs a lot of energy to reduce aluminum from
+III to +II, it can easily be done for iron. It retains the energy gain by relaxation
of tensions at the Al atoms when opening the ring 3-1a and, in consequence, 3-1b
constitutes the global minimum isomer of FeAl2O +

4 .
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Figure 5.3: Schematic representation of isomers 3-1b and 3-1d with formal charges
assigned to the atoms. The radical character of the terminal oxygen atom can be
quenched by the iron atom in isomer 3-1d, leading to a formal oxidation of iron and
formation of a double bond.

Based on these relations the energetic order of the remaining isomers 3-1c and
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5. (Al2O3)nFeO+ Clusters

3-1d can be explained straight. Both include a twofold coordinated Al ion render-
ing them unfavorable. 3-1c also features, however, a tetrahedrally surrounded Al
center partly stabilizing the isomer. A similar structure exists where the Fe atom
is at the fourfold coordinated position and both Al centers are under-coordinated.
Although, this isomer is higher in symmetry, it is energetically unfavorable (more
than 200 kJ/mol above 3-1c). Regarding 3-1d, an analogous electronic structure
as for 3-1b can be assumed (cf. Figure 5.3). The electron affinity of the terminal
oxygen atom is not sufficient to abstract the third valence electron of the twofold
coordinated Al atom leaving it in the unstable +II oxidation state. But another
effect is observable, that is characteristic for iron: the radical character of the ter-
minal oxygen is partly quenched by a formal oxidation of the transition metal (+III
→ +IV). In a less ionic picture, electron density is re-located to produce an Fe-O
double bond. Since both the occurrence of an iron-(IV) site and an oxygen radical
are energetically unfavorable the system tends to form a 1.5-fold bond rather than
a proper double bond.

5.2 FeAl4O+
7

Going on to FeAl4O +
7 a structural motif is found that is already known from

Al5O +
7 where it is, however, assumed to have only a minor contribution to the

experimental spectrum. [70] The isomer contains the general frame of FeAl2O +
4 (3-

1b), or 1-0c of Al3O +
4 , rather than the six-membered ring motif (1-0a, 2-0a) which

only appears in the later homologs. Its basic frame has C2 symmetry with three
unique metal sites of which one is occupied with iron. The symmetry, thus, reduces
to C1. In accordance with previous findings, the structure with Al filling the tetra-
hedrally oxygen coordinated metal position is more stable than having iron in this
place (cf. Figure A.15).

The agreement between the IRPD spectrum and its computational counterpart
is satisfying over the whole measured spectral range except for the distinctive double
peak at 983/993 cm−1 that is not reproduced by the calculation (see Figure 5.4).
Only one mode at 981 cm−1 is predicted to originate – as the three other intense
signals at 934, 907 and 815 cm−1 (exp: 936, 911 and 823 cm−1) – mainly from µ2-O
stretching motions. There is a closely related isomer (3-2b, Figures 5.5 and A.15)
lying only a few kJ/mol higher in energy (TPSSh: 5 kJ/mol, PBE0: 8 kJ/mol, incl.
ZPVE). Interconversion seems conceivable even at low temperatures since only a
slight modification of bond angles and distances is needed and an additional Al-O
bond is formed/broken.

MD simulations on the PBE0 PES, however, show, that 3-2b is only an inter-
mediate between 3-2a1 and its enantiomer, and is, hence, only present for short
time periods (cf. Figure A.19). Its vibrational features, although distinguishable
from those of 3-2a1, do contribute only slightly to the MD spectrum (Figure 5.4,
blue traces) and can, thus, not explain the double peak. Nevertheless, a second,

58



5.2. FeAl4O +
7

400 500 600 700 800 900 1000 1100 1200

wavenumber / cm-1

MD 700K

MD 400K

3-2a
1

3-2b

σ
IR

P
D

Figure 5.4: Influence of the inclusion of anharmonic effects on the computed IR
spectrum of FeAl4O +

7 . From the MD simulations (blue, cf. footnote 7 on p. 46)
it can be concluded that the double peak at 983/993 cm−1 in the experiment (top
most, black trace) results from anharmonicities. None of the harmonic spectra
of 3-2a1 and 3-2b (lower black traces) can explain all the experimental features.
The respective anharmonic spectra are given as red sticks. The result for 3-2a1
reproduces almost all measured signals including the double peak around 990 cm−1,
although not with matching intensities. Contributions of 3-2b cannot be ruled out
but are expected to be minor.

smaller feature, 11 cm−1 lower than the dominant one (988/1000 cm−1 at 400 K,
978/989 cm−1 at 700 K), emerges, giving rise to the assumption that an anharmonic
coupling might be the origin of the doublet. Several, almost invisible overtones and
combination bands in proximity to the dominant signal (987 cm−1) are predicted by
an anharmonic frequency calculation at the PBE0 level (Figure 5.4, red sticks) of
which one with somewhat increased intensity appears at 975 cm−1 (with 10% of the
intensity of the dominant signal). It is a combined excitation of a µ2-O stretching
mode (harm: 786 cm−1, anharm: 768 cm−1) together with a framework deforma-
tion mode (harm: 212 cm−1, anharm: 207 cm−1). This transition could borrow
intensity in a Fermi resonance-like coupling and, consequently, be the origin of the
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Figure 5.5: Isomerization of FeAl4O +
7 from its global minimum structure (3-2a1)

to a Cs intermediate (3-2b) onward to the enantiomer of the global minimum (3-
2a∗1). The intermediate is 5 kJ/mol (TPSSh), or 8 kJ/mol (PBE0) higher in energy
than the global minimum.

experimentally found double feature.

5.3 (Al2O3)3–5FeO+

The next homolog, FeAl6O +
10, has a rather irregular shape, that is very similar to

the determined structure of Al7O +
10. Due to C1 symmetry, seven isomers sharing

the same basic frame exist differing only in the metal site occupied by iron (cf.
Figure A.16, not all seven are shown). Without exception those isomers with Fe at
a threefold coordination site are more stable than those where the transition metal
is replacing a fourfold coordinated Al. Furthermore, not all Al-Fe swaps lead to new
stable isomers. The cluster frame is rather adapting to the characteristic preferences
of the two different metal atoms during structure optimization, i.e. iron-oxygen
bonds are cleaved in favor of new Al-O bonds to gain the aforementioned oxygen
surroundings.

Further increase of the cluster size, and hence proceeding dilution of the iron
impurity, yields again a global minimum isomer for FeAl8O +

13 with an identical struc-
tural frame as Al9O +

13 – a Cs symmetric, conical shape comprising the six-membered
ring motif of [Al3O4]+/[Fe3O4]+ as inner core. The energy differences between iso-
mers with same basic frame but variant Fe positions are continuously getting smaller
(approx. 50−95 kJ/mol, 25−75 kJ/mol, 10−20 kJ/mol for n = 2, 3, 4, respectively),
cf. Figures A.15 to A.17. This trend is clearly a consequence of the decreasing, dis-
torting influence of the iron atom, the greater structural flexibility going along with
an increased number of tetrahedrally coordinated Al atoms, and, finally, the onset
of formation of bulk-like structures known from amorphous alumina.

The latter point is most dominant in the last investigated homolog, FeAl10O +
16.

Actually, the experimental spectrum is assigned to a 2:3 mixture of isomers 3-5a
and 3-5b (see Figure A.18). Both have more fourfold than threefold coordinated Al
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centers. Their energetic order sensitively depends on the used density functional;
TPSSh favors 3-5a by 10 kJ/mol, B3LYP stabilizes 3-5b, predicting it 24 kJ/mol
more stable than 3-5a. The assignment in Figure 5.1 therefore primarily relies
on the calculated spectral features. Comparison with Al11O +

16 is not possible since
the structure is not identified yet. There is, however, an experimental spectrum
which is very similar to the one of FeAl10O +

16 corroborating the assumption that the
structures are very similar, too.

5.4 Summary
The investigation of the mixed oxide clusters (Al2O3)nFeO+ has shown, that the
incorporation of an iron atom in the pure aluminum oxide clusters only has an in-
fluence on the structure and chemical properties of the smaller systems (n = 1, 2).
The larger ones, however, show the same structural motifs as the corresponding
aluminum oxide clusters. There, iron as a trivalent ion replaces an aluminum cen-
ter. Apart from the somewhat longer Fe-O bonds, the other structural features are
retained.

For the second smallest cluster, FeAl4O +
7 , a structure was identified that also

occurs for Al5O +
7 , but only has a small contribution to the measured IR spectrum

and is therefore only present with low abundance. However, iron doping has the
greatest influence on Al3O +

4 . Contrary to expectations, FeAl2O +
4 does not have the

already known six-membered ring motif. Instead, a flat ladder-like isomer with a
terminal oxygen atom is formed. The iron atom is present in reduced form as +II
(d6), while the terminal oxygen is oxidized to a radical (oxidation state −I).

Remarkably, the IR spectrum predicted with DFT, which explains the experi-
ment, does not belong to the isomer with the lowest energy. Only MR methods were
able to resolve this contradiction. All used single reference methods except for BH-
LYP and CCSD favor the ring isomer. The case shows how much a single iron atom
can complicate the electron structure of oxide clusters rendering it a challenging
task for theory.
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Iron Oxide Clusters

While the electronic structure of iron oxide clusters containing only pure trivalent
metal ions (d5 configuration) allows a rather straightforward interpretation of elec-
tron and spin densities, formal addition or removal of a single electron to/from an
Fe center dramatically changes the situation. In general, the hole or excess electron
is not properly localized and, as a consequence, non-integer oxidation states of the
metal atoms can be found or intra-molecular redox reactions (e.g. synproportiona-
tion) may occur.

The current chapter deals with some examples of small iron oxide clusters with
and without electron deficiency or excess where trivalent iron is regarded as the
reference point. Structural and chemical properties of such systems are still in the
main focus of the investigation. The clear identification of the experimentally mea-
sured minimum-energy isomers is, however, complicated by the ambiguous electronic
structure and/or competing oxidation states of the involved atoms.

First, Section 6.1 addresses a cluster with equally oxidized iron atoms. Formally,
it is related to the cluster from Section 4.2, since they are successive members of the
same homologous series ((Fe2O3)FeO+). Section 6.2 is about Fe2O +

3 , the smallest
member of the homologous series (Fe2O3) +

n . With increasing size (n → ∞) the
members form cluster models of pure Hematite. For small n, however, the impurity
of a single Fe-(IV) ion in each molecule manifestly influences the properties of the
respective species. In the third section (6.3) the cluster Fe3O +

3 is discussed, a system
formally built up from one trivalent and two divalent Fe centers – or: a single Fe-(III)
amongst Fe-(II). Finally, the clusters Fe4O +

5 and Fe4O +
6 are the topic of Section 6.4.

The former of the two comprises a single divalent Fe ion while the rest is formally
trivalent, and is in this respect the counterpart of Fe3O +

3 . The latter is the successor
of Fe2O +

3 in the homologous series (Fe2O3) +
n , i.e. one tetravalent and three trivalent

Fe centers are its building blocks.

6.1 Fe5O+
7

This section, dedicated to the cluster Fe5O +
7 , is intended to give a brief overview

of the implications of broken symmetry (BS) solutions to the DFT Hamiltonian
for iron-oxide clusters. In consideration are relative stability, structure, and vi-
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brational frequencies. Furthermore, the influence of the amount of Fock exchange
added to the used energy functionals on those aforementioned properties is exam-
ined. Fe5O +

7 serves as a representative case study; observations discussed in the
following can be generalized to other pure iron-oxide clusters containing more than
one Fe atom, especially those in this chapter. The first structural assignment of the
cluster was given by Logemann et al., [80] comparing a measured IR spectrum with
B3LYP spectra. Their results represent a steady reference point in the subsequent
discussion.

Just like Fe3O +
4 , Fe5O +

7 is a member of the homologous series (Fe2O3)nFeO+.
Hence, both clusters share the property that all contained Fe ions are formally
trivalent. Assuming all Fe centers of Fe5O +

7 in a ferromagnetically coupled state
gives a maximum high spin (HS) configuration with S = 25/2 (26-tet). An approx-
imation to the most stable antiferromagnetic state is created by inverting the spins
of all electrons at two iron centers (spin flipping) resulting in the S = 5/2 (sextet)
broken symmetry state. These states will again be referred to as low spin (LS) states
in the following. Logemann et al. found that such a low spin structure is the global
minimum on the B3LYP potential energy surface (PES) of Fe5O +

7 .
In this investigation, the three exchange functionals PBE, TPSSh, and PBE0

were used. They incorporate an increasing amount of Fock exchange: 0%, 10% and
25%, respectively. The general expectation is that more Fock exchange will lead to
a shortening of bonds due to stronger electron localization, and, consequently, to a
blue shift of IR features. For clarity, the discussion is restricted to the most stable
HS isomer (8a) from the genetic algorithm of this work and two of the low-energy
structures (LS, B3LYP) studied by Logemann (8d and 8k), see Figure 6.1. The
isomer labeling follows the energetic order of the HS structures found in the present
study. An overview of the whole structural diversity of those isomers is given in the
appendix, Figure A.20 on page 135.

Since the states with the maximum spin multiplicity can be properly described
by a single determinant, they form the starting point of this investigation. These HS
(S = 25/2) species always have low relative energies compared to states with smaller
spin multiplicities (cf. also Logemann et al. [80]) and – depending on the amount of
Fock exchange – can even be the global electronic minimum (e.g. Fe3O +

4 on the
BHLYP PES, cf. Table A.2, n = 0). Table 6.1 shows the relative energies of the
three selected, representative isomers of Fe5O +

7 . In high spin, 8a is predicted to
be the global minimum structure independent of the used functional. 8d and 8k
are approx. 15 − 20 and 45 − 60 kJ/mol, respectively, less stable. No trend of the
relative stabilities with respect to the amount of Fock exchange in the functionals
is observable.

Corresponding vibrational spectra are depicted in Figure 6.2, left-hand side. All
three functionals predict very similar IR signatures for each of the isomers. The
only significant difference is the expected blue shift of the features with increasing
percentage of admixed Fock exchange. The relative positions and intensities of
peaks, however, stay the same. The underlying high spin wave functions with S =
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Figure 6.1: Structures of the isomers 8a, 8d and 8k of Fe5O +
7 (dark blue: iron,

red: oxygen). The numbering of the Fe centers (blue numbers) and changes of
bond distances in pm (black numbers) going from high spin to low spin states at
the TPSSh level are indicated. Point group symmetries of the high spin species are
given in parentheses.

Table 6.1: Relative stabilities of the isomers of Fe5O +
7 in kJ/mol including ZPVE

for different spin multiplicities. Basis set: def2-TZVP. See Figure 6.1 for isomer
labels.

Iso Mult Fesfa PBE TPSSh PBE0
8a 26 — 269 135 84

6 1, 3 82 52 43
8d 26 — 285 155 100

6 1, 2 0 0 0
8k 26 — 316 199 145

6 2, 3 −5 21 28
6 1, 4 22 51 51

a Labels of spin-flipped Fe centers, i.e. iron atoms
where all electrons in d states have beta-spin; blue
numbers in Figure 6.1.

25/2 are proper eigenfunctions of the Ŝ2 operator and, hence, the spatial symmetry
of the clusters is reflected in the symmetry of the wave functions. Equivalent Fe-
O bonds consequently have (almost) the same bond distances and bond strengths
(force constants). Thus, the vibrational spectra of HS species also reflect the spatial
symmetry of the clusters.

Still, none of the computed spectra matches all experimentally found signals.
Especially the intensities of simulated features at and below 600 cm−1 do not fit
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Figure 6.2: Measured IRPD spectrum of Fe5O +
7 in comparison with computational

spectra of several low-energy isomers in their respective high spin state (S = 25/2)
on the left, and in the denoted low spin state (S = 5/2) on the right. The employed
density functionals incorporate different amounts of Fock-exchange (PBE: 0%, blue;
TPSSh: 10%, red; PBE0: 25%, black) and TPSSh additionally relies on the second
derivative of the density. Basis set: def2-TZVP.

the experiment, neither do those in the spectra of the remaining isomers (see Fig-
ure A.20), except for 8h and 8i. The latter, however, have each a relative stability
of about +60 kJ/mol with TPSSh and +80 kJ/mol with PBE0 and miss other char-
acteristic features of the experimental spectrum. In general, peaks above 750 cm−1

result from stretching motions of µ2-O atoms with rather large bond angles (> 120◦)
forming wider loops in the cluster frame; those below 750 cm−1 can be assigned via
the ranges given in Figure 4.6 (µ2-O with angles below 120◦ and µ3-O). Particularly
the motions of threefold coordinated oxygen atoms appear below 600 cm−1 and are,
hence, present in all of the isomers except 8k – but with much lower intensities than
µ2-O modes.

To create the antiferromagnetic states of Fe5O +
7 with the lowest possible spin

multiplicity – keeping local high spin configurations at each Fe center – spin flipping
is required at two metal atoms. Simple combinatorics give ten different possibilities
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to pick two Fe atoms out of five. The number of unique combinations, however,
can be lower due to spatial symmetry. The respective broken symmetry solutions
differ, in general, in their relative energies. The quantity of the differences is mostly
affected by the distances between ferromagnetically and antiferromagnetically cou-
pled metal centers – or in other words: by the sequence of spin-up and spin-down Fe
atoms. Energetically favored are configurations where spin-up centers are oxygen
bridged with spin-down centers and vice versa. Higher energies can be found for
configurations with spin-flipped Fe atoms directly connected via bridging oxygen
atoms (Table A.10, p. 134).

Besides the varying relative energies, a rather high diversity in the positions
of vibrational features can be found in LS species compared to their isomorphic
HS counterparts. This observation can be explained by the lowered wave function
symmetry (C1) and the resulting irregular electron density distribution inherent in
broken symmetry wave functions. As a consequence slight distortions in the bond
distances occur, see Figure 6.1, that reduce also the spatial symmetry of the isomers.
Changed bond distances are a result of stronger or weaker bonds, and those give
also rise to shifted IR features. 8k is an exception: in its most stable LS state two
iron atoms are spin-flipped that are in symmetry equivalent positions. Hence, the
spatial symmetry is conserved.

As an illustrative example for the extent of this phenomenon, computational
spectra for all unique broken symmetry solutions of isomer 8d are given in the
appendix in Figure A.21. All these LS states have almost identical structures that
could not be distinguished by the naked eye. Still, their IR features reflect the
differences in Fe-O bond lengths.

Computational spectra for the most stable low spin states of 8a, 8d and 8k are
shown in Figure 6.2. It is remarkable that – besides the blue-shift of all features
– the general distribution of the positions and intensities of the IR signals strongly
varies with increasing admixture of Fock exchange. Apparently, electron localiza-
tion sensitively affects the binding properties between iron and oxygen in broken
symmetry wave functions. It is hard to find a rationale for the shifts of certain
features. The shortening or elongation of particular Fe-O bonds in LS states seems
unpredictable. There is, however, a general trend to form shorter bonds as can be
seen from Table 6.2. The averaged bond lengths of the low spin isomers are about
2 − 4 pm shorter than those of the high spin states. On the other hand, standard
deviations are slightly increasing, except for 8k. This is most likely a consequence
of the lowered and maintained spatial symmetry, respectively.

A proper assignment of the experimental spectrum of Fe5O +
7 based on the com-

putational spectra of high and low spin states of 8a, 8d and 8k is complicated. The
ostensibly best agreement is found for the LS state of 8d with TPSSh confirming
the assignment by Logemann et al. done with B3LYP. This species is also the global
energy-minimum on the TPSSh and PBE0 PES, but not on the PBE energy surface
(cf. Table 6.1). There is, however, a noticeable similarity between experiment and
the HS and LS TPSSh spectra of 8a, which is the most stable high spin isomer.
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Table 6.2: Mean bond distances µ and standard deviations σ in pm of the isomers
8a, 8d and 8k of Fe5O +

7 . The numbers result from optimized structures at the
TPSSh/def-TZVP level.

8a 8d 8k
HS LS HS LS HS LS

µ 187.5 185.5 184.8 181.9 182.1 178.5
σ 7.9 8.9 6.2 7.3 5.0 3.4

The example of Fe5O +
7 reveals the general challenges that arise when broken

symmetry wave functions are used to approximate low spin states of transition metal
containing systems. Wide varieties of results can be produced that are both non-
physical and non-predictable. The removal of symmetry restrictions for the electron
density and the forced spin polarization make the wave functions uninterpretable
while they still are valid solutions to the respective Hamilton operator. Hence,
information obtained from such models have to be handled with care.

Another dimension of this problem was not addressed so far: BS wave functions
are not always unique, i.e. they depend on the provided starting guess for the
density. Numerous local minima exist on the SCF coefficient surface, since the
idealized picture of pure local HS centers is deteriorated by the presence of spin
polarized oxygen atoms. The simplified approach of flipping spins only at Fe centers
is insufficient, if the interaction between iron and oxygen atoms gets too strong. [46]
BS wave functions can only capture a fraction of the arising effects. Moreover,
also non-collinear spin configurations exist (relativistic effect), that can be low in
energy. [80] All this gives rise to an additional methodical error of the (non-relativistic)
BS results that has to be added to the already existing uncertainty of the used
functional. An adequate treatment of the low spin states of Fe5O +

7 and similar iron
oxide clusters is only possible employing approximate multi-reference methods such
as DMRG-NEVPT2, which is beyond the scope of this work.

6.2 Fe2O+
3

The five-atom cation Fe2O +
3 is the smallest system investigated in this chapter and

the second smallest in this work. With two iron centers it has already the ability
to form electronic low spin configurations with antiferromagnetically coupled metal
atoms in local high spin states. Those low spin configurations, however, are not
addressed in this work, since the electronic structure of the corresponding ferromag-
netic high spin states – the starting point for any broken symmetry calculation – is
not properly known as will be illustrated in the following.

The first structural assignment deduced from relative DFT energies and ex-
perimental collision induced dissociation (CID) data was given by Castleman and
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co-workers. [128] They claim Fe2O +
3 consists of a four-membered ring with alternat-

ing iron and oxygen atoms and a terminal oxygen moiety bound to one of the Fe
centers, similar to isomers 4a or 4a* (Figure 6.3) from the present investigation.
As indications for the assignment, the quite low dissociation energy to detach a sin-
gle oxygen atom and the finding of the same structure for Fe2O +

3 are given. [128,129]
Furthermore, the used density functional, PBE, predicts this isomer to be the most
stable one among the manually designed structures.

Besides Castleman, several others investigated iron oxide clusters of the compo-
sition Fe2O3 but occasionally with different charges. Both, Schwarz and Armentrout
conducted experimental CID studies of Fe2O +

3 . [130,131] While Schwarz and co-workers
supposed a five-membered ring isomer containing a peroxo group (cf. 4c, Figure 6.3),
Armentrout and co-workers followed the argumentation by Castleman. It is impor-
tant to note that all three, Schwarz, Castleman, and Armentrout, agree on the
experimental finding that O2 detachment from Fe2O +

3 is the most favored fragmen-
tation channel upon collision with noble gas atoms. [128,130,131] Only then oxygen
atom removal follows, yet with a comparable dissociation energy (3.00 and 3.86 eV,
respectively). [131] Another assignment of the cation was given by Misaizu and co-
workers based on the collision cross section in ion mobility mass spectrometry. The
best matching structure is again the four-membered ring with a terminal oxygen
atom. [132] Super- and peroxide species were not taken into account in any of the
above mentioned studies.

Sierka and co-workers carried out a comprehensive theoretical study on (Fe2O3)1–5
using the B3LYP density functional and also found a four-membered ring with a
terminal oxygen site for Fe2O +

3 . [15] Later on, the finding was verified by Gutsev
and co-workers at the BPW91 level. [133] In an earlier study, employing PBE, Reddy
and Khanna assigned a trigonal bipyramidal structure to Fe2O3 similar to 4e in
Figure 6.3. As mentioned above, the anionic system Fe2O –

3 was investigated by
Castleman and co-workers resulting in the four-membered ring motif with a ter-
minal oxygen atom. [129] Of some interest are also the results for ligand-stabilized
twofold positively charged cores, [(Fe2O3)L2]2+, that were experimentally investi-
gated by Que, Jr. and co-workers. [134,135] A five-membered ring with a peroxo unit
(similar to 4c in Figure 6.3) was found for these systems, which serve as models for
methane monooxygenase. However, direct comparison is limited, since all measure-
ments were carried out in solution (liquid or frozen) and the ligands may have an
influence on the electronic structure of the iron-oxygen core that is hard to predict.

In contrast to the majority of the aforementioned studies the present investi-
gation is based on structures obtained from global optimization by a genetic algo-
rithm. The six most stable isomers of Fe2O +

3 are shown in Figure 6.3. They can
be grouped in three categories: first, isomers with terminal iron or oxygen moieties
(4a, 4a*, 4b), second, isomers with peroxo or superoxo groups (4b, 4c, 4d), and
third, isomers without characteristic moieties (4e). These categories are useful for
the interpretation of the experimental IR spectrum and will be addressed later on.

Assuming all oxygen atoms are fully reduced (oxidation state −II), one of the

69



6. Iron Oxide Clusters

iron sites has to be in a formal +III (d5) and the other in a +IV (d4) oxidation state.
With ferromagnetic coupling between the Fe centers this leads to a maximum high
spin configuration of S = 9/2 (decatet). There is, however, the possibility that an
oxo O2– ion is oxidized to O – while Fe-(IV) is reduced to Fe-(III). Then, the highest
possible spin state is S = 11/2 (12-tet). Oxygen radical formation at the DFT level
is promoted by certain structural features, particularly a terminal oxygen atom or
symmetry equivalent iron atoms that tend to be in the same oxidation state (+III
or +II).

4a (CS) 4b (C2v) 4c (C2v) 4d (C2v) 4e (C2v)4a* (C2v)

Figure 6.3: Low energy structures of Fe2O +
3 from TPSSh/def2-TZVP re-

optimization (dark blue: iron, red: oxygen). Isomers 4a* and 4e are 12-tets, all
other structures are decuplets (10-tets).

Table 6.3: Relative stabilities of the isomers of Fe2O +
3 in kJ/mol including ZPVE.

Basis set: def2-TZVP. See Figure 6.3 for isomer labels.

Iso Mult PBE TPSSh PBE0
4a 10 0 0 0
4a* 12 129 71 24
4b 10 110 42 −30
4c 10 86 43 −29
4d 10 79 44 −1
4e 12 91 36 2

The relative stabilities11 (Table 6.3) of the isomers strongly depend on the
amount of Fock exchange incorporated in the used density functional as was already
discussed in Sections 5.1 and 6.1. With increasing percentage of Fock exchange, iso-
mers containing oxygen radicals and/or peroxo/superoxo groups are energetically
favored. Isomer 4a, the four-membered ring with a terminal oxygen atom (see Fig-
ure 6.3), in its decatet state is set as reference point since its structural motif was
assigned to the Fe2O –/0/+

3 species by most of the previous studies and it is the global
minimum structure on the PBE and TPSSh potential energy surfaces. 4a is a pla-
nar molecule with CS point group symmetry. The terminal Fe-O bond is bent to
one side of the four-membered ring (µ2-O–Fe–O angles: 107◦ and 167◦) and has a

11BHLYP results are not included in the further discussion since they are qualitatively equivalent
to the PBE0 findings.
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bond length of 160 pm (TPSSh). From the spin population it can be deduced that
the twofold coordinated Fe atom has an oxidation state of +III while the other has
+IV. The short Fe-O bond distance suggests a double bond.

When the total spin is increased by one to form the 12-tet, 4a slightly changes
its shape resulting in the C2v isomer 4a*. The high alpha-spin excess is realized
by oxidation of the terminal O site (radical formation) and corresponding reduc-
tion of the threefold coordinated Fe-(IV) center to its +III oxidation state (d4 →
d5). Consequently the Fe-O double bond is weakened and elongated to 182 pm
(TPSSh). This isomer is throughout the least stable one. However, the gap to 4a
is constantly decreasing with increasing amount of Fock exchange as was the case
for 3-1a and 3-1b of FeAl2O +

4 : stronger electron localization favors radical systems
(cf. Section 5.1).

Table 6.4: Bond distances d (in pm) and stretching frequencies ν (in cm−1) of
terminal Fe-O (or O-Fe) and O-O bonds in low energy isomers of Fe2O +

3 . In the
IRPD spectrum of this cluster distinct features at approx. 667 cm−1 and 864 cm−1

can be found. The employed density functionals have different admixtures of Fock
exchange (PBE: 0%, TPSSh: 10%, PBE0: 25%). Basis set: def2-TZVP. See also
Table A.11 on page 139 for an assessment of the used functionals regarding superoxo
and peroxo species. See Figure 6.3 for isomer labels.

Iso Mult Method dFeO dOO νFeO νOO

4a 10 PBE 161 — 900 —
TPSSh 160 — 923 —
PBE0 159 — 958 —

12 PBE 182 — 607 —
TPSSh 182 — 665 —
PBE0 181 — 705 —

4b 10 PBE 171 136 725 1042
TPSSh 169 135 914 1106
PBE0 168 132 939 1204

4c 10 PBE — 139 — 891
TPSSh — 134 — 1066
PBE0 — 131 — 1233

4d 10 PBE — 145 — 886
TPSSh — 146 — 890
PBE0 — 144 — 944

Introduction of an oxygen-oxygen bond is accompanied by partial reduction of
the metal centers. Formally, three cases are conceivable: physisorbed molecular
oxygen (O2), a superoxo group (O –

2 ) and a peroxo group (O 2–
2 ). The first case cannot

be observed among the low-energy isomers: O-O distances are always significantly
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longer (see dOO in Table 6.4) than in molecular oxygen (experimental value: 121 pm,
which is satisfactorily reproduced by all used functionals, see Table A.11, p. 139).
This bond elongation is a consequence of the gradual reduction of the O2 unit which
involves the occupation of its anti-bonding π-states. Assuming a superoxo and an
oxo group are formed from the three oxygen atoms, the two iron atoms have to
be divalent ions to make a singly positive Fe2O +

3 cluster. For the peroxo group a
divalent and a trivalent metal ion have to be created. If those metal centers are
in symmetry equivalent positions they synproportionate to two Fe2.5+ ions or the
Fe-(III) center is reduced by oxidizing the oxo group to an O – radical.

At the PBE0 level the species 4b and 4c are the global energy minimum followed
by isomer 4d while they are predicted to have intermediate stability by PBE and
TPSSh. 4c and 4d are both ring-like structures comprising µ2-O bridged Fe centers
that are end-on bound to the O2 unit in the former case, and side-on in the latter.
4b has a rather linear frame with a terminal Fe site on the one end and a side-on O2
group on the other. The remaining isomer 4e forms a distorted double-tetrahedron
with all oxygen atoms in a central plane and iron atoms at the tips above and below.

200 400 600 800 1000 1200

wavenumber / cm-1

4a

4c

4d

σ IR
PD PBE

TPSSh
PBE0

Figure 6.4: Comparison of the experimental (IRPD) and relevant computational
spectra of Fe2O +

3 .

With the information gathered so far, an interpretation of the IRPD spectrum of
Fe2O +

3 can be ventured. The experimental result is shown in Figure 6.4 together with
the computational predictions for the isomers 4a, 4c and 4d. Calculated spectra for
the other isomers can be found in Figure A.22 in the appendix. The measurement
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features two distinct signals around 667 and 864 cm−1, and potentially a broadened
band around 485 cm−1. Low-frequency modes can be found below 260 cm−1. The
most interesting IR signature is the peak at 864 cm−1 since it is about 100 cm−1

beyond the general limit for vibrational features of iron oxide clusters. This suggests
the presence of a particular group that was not present in the other investigated pure
FeO systems. The latter almost exclusively comprise bridging µ2- and µ3-O moieties
which, hence, can be ruled out as origin of the peak.

Out of the three categories introduced above, only the first two contain charac-
teristic groups apart from bridging oxygen sites. Hence, category three and with
it isomer 4e does not need to be considered anymore (cf. the spectrum of 4e in
Figure A.22, p. 137). The other two categories, however, offer each a possible expla-
nation for the respective IR feature: either the signal results from a terminal Fe-O
(or O-Fe) motion or from a stretching O2 (peroxo or superoxo) moiety. In Figure 6.4
computational spectra of the most promising isomers are shown calculated at the
PBE, TPSSh and PBE0 level. While the features of 4a only have the expected
slight blue-shift with increasing amount of Fock exchange, the changes for 4c and
4d are rather irregular. The three functionals agree on the electronic structure of
4a but there are substantial differences in the oxidation states of the metal centers
and O2 groups among them for 4c and 4d.

Just from the number of intense vibrational features, isomer 4a is not very likely
the origin of the experimental spectrum. There are at least four predicted peaks
in the region between 400 and 1000 cm−1; the most intense one is close to the
supposed broad band at 485 cm−1 (Figure 6.4). Furthermore, from Table 6.4, it can
be seen that – disregarding the functional – 4a has a too high, 4a* a too low Fe-O
stretching frequency. Apparently, the Fe-O single bond (4a*) is too weak and the
Fe-O double bond (4a) too strong to give the band at 864 cm−1. Anharmonicities
were included for 4a at the PBE0 level (see Figure A.22, black bars) and did not
change the outcome significantly.

A proper declaration of the oxidation state of the O2 unit in 4c and 4d is difficult.
First, the adequacy of the used functionals to predict O-O distances and stretching
frequencies has to be investigated. Out of a tiny test set of the molecular systems O2,
NaO2, BaO2 and H2O2 (see Table A.11) TPSSh and PBE0 give similar mean absolute
errors (MAE) of < 1.5 pm for the bond distances compared to the experimental
values; PBE is slightly worse (MAE ∼2 pm). The stretching frequencies, however,
are best met by the PBE results with an MAE of about 26 cm−1 while TPSSh and
PBE0 are at least doubling this value. The experimental O-O distance and frequency
for a superoxo group are 133 pm and 1094 cm−1, respectively. For a peroxo group
they are 149 pm and 755 cm−1, respectively. Note, that hydrogen peroxide has
deviating values: 145 pm and 878 cm−1. Hence, 4d is closer to a peroxide (see
Table 6.4). Isomer 4c, however, is ambiguous: its vibrational frequency is close to
the one of 4d but its bond distance is substantially shorter tending to the value of
a superoxide.

Regarding the computational spectra of the five-membered ring 4c (Figure 6.4),
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the influence of admixed Fock exchange becomes apparent: while PBE predicts the
O-O stretching motion at approx. 890 cm−1, it is shifted more than 300 cm−1 to
the blue with PBE0. This effect is absent for 4d. There, it is rather the intensity of
the peaks that changes with the functionals. Both, 4c and 4d show intense features
around 670 cm−1 and 890 cm−1 at the PBE level matching the experimental findings
(667 cm−1 and 864 cm−1). The former peak results from the symmetric stretching
motion of the µ2-O atom. Going to lower wavenumbers, the next intense signal (4c:
∼490 cm−1, 4d: ∼450 cm−1) is assigned to the anti-symmetric counterpart of this
motion. With TPSSh and PBE0, those motions are much closer in energy for 4c.
Apart from the much higher computational intensity, the anti-symmetric stretching
mode could be assigned to the broad experimental signal around 485 cm−1.

Overall, the structural determination of Fe2O +
3 is rather a deduction than a

proper identification. Still, there is justified doubt about the previous assignment to
4a by Castleman and co-workers. Species containing O2 moieties do not just form
stable minima on the PES but can even be the global minimum-energy structures
depending on the used density functional (amount of Fock exchange). Furthermore,
they provide possible explanations for the found IRPD signature and are in agree-
ment with the CID results, that O2 loss is the main dissociation channel of Fe2O +

3 .
On the other hand, several aspects remain unclear. First of all, only high spin
systems were investigated in the present study. The influence of antiferromagnetic
coupling between the metal centers is not estimated. The proper description requires
a more sophisticated multi-reference treatment. Such could, second, also account
for the delicate electronic structure of the interaction between iron sites and the O2
unit that are both highly redox-active. From the experimental side, measurements
with isotopically labeled oxygen (18O) could provide useful information about the
presence of an O2 unit and its binding situation.

6.3 Fe3O+
3

The highly exothermic (about 600 kJ/mol, TPSSh) process of adding a single iron
atom to the Fe2O +

3 cation leads to the next cluster of interest, Fe3O +
3 . In contrast

to Fe2O +
3 , it comprises Fe centers in rather low oxidation states (formally 2× FeII,

1× FeIII) and is, hence, expected to be less prone to form oxyl radicals or super-
/peroxides. An assignment of the structure in the narrower sense has only been
done by Misaizu and co-workers so far. [132] There are, however, several pure compu-
tational studies predicting potential low-energy isomers for Fe3O –/0/+

3 . [133,136–139] All
investigations agree on a six-membered ring motif with alternating Fe and O atoms
as the most stable structure.

The most stable structures from the global optimization by the genetic algorithm
are shown in Figure 6.5. Isomers 5a, 5b and 5c are very similar. While 5a is
completely flat, 5b has down-tilted oxygen sites. 5c has an additional Fe-O bond
and is slightly flexed perpendicular to it; its general framework resembles the one of
3-1b of FeAl2O +

4 but without the terminal oxygen atom. Furthermore, there are a
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narrow, cage-like structure (5d) formally derived from 4d of Fe2O +
3 , and two four-

membered rings with either a terminal O-Fe or Fe-O unit (5e and 5f, respectively).
With the exception of 5e, all isomers comprise two symmetry equivalent iron atoms
that are in general twofold coordinated by oxygen.

5a (C2v) 5b (CS) 5c (CS) 5d (C2v) 5e (CS) 5f (C1)

Figure 6.5: Most stable low-energy isomers of Fe3O +
3 (dark blue: iron, red: oxygen)

optimized at the TPSSh/def2-TZVP level.

As was described in the previous sections, the oxidation states of the metal atoms
mostly depend on the amount of Fock exchange added to the density functional.
PBE0 results in densities that suggest proper valencies; the symmetry equivalent Fe
centers are divalent and the remaining one trivalent (in 5e the twofold coordinated
Fe is trivalent). This is, however, not true for 5b and 5d where the symmetry
equivalent Fe atoms are entangled and share an electron. This leads to an oxidation
state of +2.5 for the entangled Fe sites and +II for the remaining metal atom. Such
configurations are the general case for PBE and TPSSh results. Integer oxidation
states (as with PBE0) are only obtained for 5c at the TPSSh level (the structure is
not a stable minimum on the PBE potential energy surface). PBE strongly tends
to delocalize the beta-spin valence electrons of iron over the d states of all three Fe
centers aligning their oxidation states.

Table 6.5: Relative stabilities of the isomers of Fe3O +
3 in kJ/mol including ZPVE.

Basis set: def2-TZVP. See Figure 6.5 for isomer labels.

Iso Mult PBE TPSSh PBE0
5a 14 0 0 0
5b 14 −16 3 15
5c 14 — 33 22
5d 14 109 79 105
5e 14 148 133 132

12 99 107 130
5f 14 206 167 164

12 159 — 173

From Table 6.5, it can be seen that the related isomers 5a, 5b and 5c are
much more stable than the other ones, irrespective of the used functional. PBE
favors the curved six-membered (5b) ring over the flat one (5a). Its tendency to
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equally distribute the valence electrons over the d states of Fe centers with similar
coordination environments results in structures of higher spacial symmetry: 5a is in
D3h instead of C2v and 5b has C3v symmetry instead of CS. The effect of symmetry-
lowering in favor of electron localization induced by an increasing amount of admixed
Fock exchange is already known. [140] Hence, the structural differences between PBE
and TPSSh/PBE0 are not surprising. Another structural difference can be found for
5e. While PBE and TPSSh produce the depicted (Figure 6.5) cluster with a bent
terminal O-Fe group (CS), PBE0 predicts a straight bond and thus a flat molecule
(C2v). In this case, however, the higher symmetry does not lead to an alignment of
the oxidation states of the metal sites.

There is a 12-tet state (S = 11/2) for each of the isomers 5e and 5f that
is comparable in energy or even more stable than the respective high spin 14-tet
state (S = 13/2). For 5e, it constitutes from a local spin pairing at the twofold
coordinated Fe center; in 5f, however, an antiferromagnetic radical at the terminal O
site is formed at the PBE0 level and all Fe centers are consequently in a +II oxidation
state. PBE predicts local spin pairing also for 5f. Still, in the following discussion
of the vibrational features the isomers 5d, 5e and 5f are neglected, since they
are at least 80 kJ/mol above the global minimum six-membered ring independent
from the DFT functional. Their computational spectra are shown in the appendix,
Figure A.24. The ring motif, in turn, has also been found as most stable structure
of Fe3O +

3 by Yang (PW91) [139], and Misaizu (B3LYP) [132], confirming the present
results and the restriction to the ring-like isomers 5a, 5b and 5c.

200 400 600 800 1000 1200

wavenumber / cm-1

5a

5c
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PD PBE

TPSSh
PBE0

Figure 6.6: Comparison of the experimental IRPD spectrum of Fe3O +
3 and relevant

computational predictions. Isomer 5c does not represent a minimum at the PBE
potential energy surface.

The experimental IRPD spectrum of Fe3O +
3 is shown in Figure 6.6. It does not
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contain sharp features except three peaks below 350 cm−1. There is a rather broad
band between 750 and 950 cm−1 that could form a single or multiple close lying
features. However, its location above 800 cm−1 is remarkable, since, in general, iron
oxide clusters do not have IR signatures in this region. The only exceptions are
terminal Fe-O and O-O stretching modes, as they were discussed in the previous
section. Those are not present in the low-energy isomers of Fe3O +

3 . Hence, the
agreement between theory and experiment is dissatisfying. The computational re-
sults for 5b are pretty similar to those of 5a (see Figure A.24, p. 140) and thus
not shown here. Predicted features of 5a and 5c are sparse. The two most intense
peaks result from µ2-O stretching modes. 5c additionally has a minor feature in
between originating from the µ3-O motion.

The omitted isomer 5f, which does have a terminal Fe-O group, indeed features
IR intensity around 900 cm−1 but can, apart from that, not explain the experimen-
tal findings. It is notable that the isomers 5a, 5b and 5c are easily interconvertible
and may exist in a dynamic equilibrium. The resulting IR spectrum would be a
superposition of the spectra of the respective species. Still, this does not increase
the agreement with experiment, since the variation of peak positions among those
isomers is little. Moreover, the effect of anharmonicities is negligible. It was inves-
tigated at the PBE0 level for 5a and 5c (see black bars in Figure A.24) and mainly
results in a slight red-shift (at most 20 cm−1) of all features. The influence of the
He tagging atoms on the vibrational wavenumbers is, as for all iron oxide clusters,
negligible (see Figure A.25).

In the current stage, none of the present DFT models provide a comprehen-
sive assignment of the ground state isomer of Fe3O +

3 . From simple structural and,
correspondingly, energetic considerations the six-membered ring motif seems most
reasonable. Terminal groups and radicals are absent, and sterical strain is mini-
mized. The electronic structure of this highly symmetric system is, however, del-
icate. As can be seen from the PBE results the symmetry significantly increases,
when all valence electrons of the Fe centers are delocalized (formal oxidation state of
+2.33). In contrast, (partial) localization, as found from TPSSh and PBE0, creates
more integral oxidation numbers but inevitably distorts the spatial structure. This
gives rise to the question to which degree the system can be approximated with a
single-reference wave function and which structural (and hence vibrational) impli-
cations would result from a proper multi-referential treatment. As was mentioned
in Section 6.1, adequate MR calculations are, however, already too demanding for
Fe3O +

3 with the currently available computational resources, even if only its high
spin state is considered. On the other hand, also the improvement of the experimen-
tal setup and measurement might provide additional indications that could serve as
a starting point for further theoretical efforts.
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6.4 Fe4O+
5 and Fe4O+

6

The clusters Fe4O +
5 and Fe4O +

6 formally consist of three trivalent Fe atoms (d5) and
a single Fe-(II) (d6) site in the former case, or a single Fe-(IV) (d4) center in the
latter. Consequently, both have the same spin multiplicity in the ferromagnetic high
spin state: 20-tet (S = 19/2). Fe4O +

6 is the second member of the homologous series
[(Fe2O3)n]+ and, hence, related to Fe2O +

3 (Section 6.2). The average oxidation state
of its Fe centers is, however, with +3.25 closer to the ideal value of +III in Fe3O +

4 or
Fe5O +

7 than it is in the smaller homolog (+3.5). Hence, the electron deficit is
correspondingly reduced. Fe4O +

5 , in contrast, is just as Fe3O +
3 rather electron rich

compared to the pure trivalent Fe sites of the iron oxide clusters of Sections 4.2
and 6.1 ((Fe2O3)1–2FeO+). Its average oxidation number for Fe is +2.75.

6a (CS) 6c (C2) 6d (C1)6b (CS)

1

2

4

3

Figure 6.7: Most stable isomers of Fe4O +
5 (dark blue: iron, red: oxygen) optimized

at the TPSSh/def2-TZVP level.

The study by Misaizu and co-workers, mentioned in the previous sections, is the
first, which assigns two very similar structures (both comparable to 6a in Figure 6.7)
to Fe4O +

5 based on ion mobility mass spectrometry and B3LYP calculations. [132] Lo-
gemann et al. confirmed the assignment by means of IR dissociation spectroscopy
in comparison with B3LYP spectra. [80] In the same publication, the authors also
addressed the Fe4O +

6 cluster. The study is based on IRPD spectra from a pre-
vious work by Kirilyuk and co-workers in which the first structural assignment of
Fe4O +

6 is given. [141] Accordingly, the most stable isomer is an adamantane-like cage
structure (cf. 7d in Figure 6.8), isomorphous to phosphorus trioxide (P4O6). He
and co-workers, as well as Sierka and co-workers, found the same structural frame
for neutral Fe4O6 in a computational study of systematically increasing iron ox-
ide clusters. [15,142] All three, Kirilyuk, He, and Sierka, however, state that there is
another energetic close lying non-cage isomer (cf. 7a in Figure 6.8) for both, the
cationic and neutral species. The latter is even energetically favored and more stable
than the adamantane-like isomer at the CCSD(T) level. [142] For the anionic clusters
Fe4O –

5 and Fe4O –
6 Shiroishi and co-workers predicted the same structures as Misaizu

(cf. 6a) and Logemann/Kirilyuk (cf. 7d), respectively. [137]
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7a (C2) 7b (CS) 7c (CS)
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7d (CS)

Figure 6.8: Most stable isomers of Fe4O +
6 (dark blue: iron, red: oxygen) optimized

at the TPSSh/def2-TZVP level.

The most stable isomers for Fe4O +
5 are shown in Figure 6.7; their respective

relative energies (including ZPVE) can be found in Table 6.6. Broken symmetry
low spin (S = 1/2) states were calculated only for 6a. Two unique possibilities exist
to create the doublet state: either by flipping Fe centers directly connected via a
µ2-O site or by flipping Fe centers at opposite sides of the molecule (Fe# 1 & 2 or
1 & 4, respectively, see Figure 6.7). Isomer 6b, the most stable HS isomer at the
TPSSh potential energy surface, is only a saddle point at the PBE0 level. The same
is true for 6a and 6d at the PBE level. The LS states of 6a are energetically favored
but their corresponding HS state moves closer to them when the amount of added
Fock exchange in the functionals increases. The same trend can be seen for the two
LS states alone: while they are separated by 43 kJ/mol at the PBE level, the gap
decreases to only 13 kJ/mol using PBE0. The configuration with an alternating
sequence of spin-flipped and non-flipped Fe centers, separated by oxygen bridges, is
the most stable one in agreement with the findings for Fe5O +

7 .

Table 6.6: Relative stabilities of the isomers of Fe4O +
5 in kJ/mol including ZPVE.

Basis set: def2-TZVP. See Figure 6.7 for isomer labels.

Iso Mult Fesfa PBE TPSSh PBE0
6a 20 — — 77 41

2 1, 2 43 27 13
2 1, 4 0 0 0

6b 20 — 155 73 —
6c 20 — 185 93 91
6d 20 — — 111 86
a Labels of spin-flipped Fe centers, i.e. iron atoms
where all electrons in d states have beta-spin; blue
numbers in Figure 6.7.
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Isomer 6a is the structure previously assigned to Fe4O +
5 by both Misaizu and

Logemann. Its predicted IR spectra (see Figure 6.9 for HS structures, Figure 6.10
for LS structures) indeed reproduce most of the experimentally measured features,
especially at the TPSSh level. Experimental signals around and above 750 cm−1

result from stretching modes of µ2-O sites connected to the twofold coordinated Fe
center. The intense peaks below 650 cm−1, in turn, originate from the remaining
µ2-O stretches. IR signatures between 450 and 540 cm−1 arise due to µ3-O motions.
These observations are in qualitative agreement with the ranges given in Figure 4.6,
p. 47. The minor feature at 680 cm−1 and the shoulder at 697 cm−1, however, are
almost absent in the HS spectrum of 6a. In fact, there is a mode with an associated
wavenumber of 676 cm−1 and 698 cm−1 for TPSSh and PBE0, respectively. But
it has a relative intensity close to zero. In the LS spectra it gains some intensity
and, hence, can be properly seen. Also the consideration of anharmonicities does
improve the agreement of the HS PBE0 spectrum with the experimental results,
while it deteriorates the similarity in the case of TPSSh (see Figure A.26). All used
density functionals agree that the twofold coordinated Fe atom (#1, Figure 6.7) is
the divalent one while all others are in a +III oxidation state.

From the two LS structures (Figure 6.10) the one with Fe centers #1 and #2
spin-flipped results in spectra that match the experimental findings slightly better,
both at the TPSSh and PBE0 level. This system, however, is less stable than the
other LS isomer. Again, it has to be noted, that broken symmetry solutions are only
crude approximations for the true wave functions of low spin systems. Deviations of
the LS spectra with respect to the corresponding HS results can simply arise due to
the physically inappropriate properties of BS wave functions (cf. Section 6.1). Still,
in the case of Fe4O +

5 the HS and LS spectra of 6a are in reasonable agreement and
the assignment to this isomer seems justified.

Among the low-energy isomers of Fe4O +
6 7a and 7d are the ones considered as

possible ground states in the previous studies by Logemann/Kirilyuk. [80,141] In its
high spin state, 7a is the most stable structure, unanimously predicted by all used
functionals (see Table 6.7). 7d is between 36 and 51 kJ/mol higher in energy. The
picture changes when the respective broken symmetry low spin states are taken into
account: in the doublet state 7d makes the global minimum structure. This finding
is in agreement with the results of Logemann at the B3LYP level.

Even in HS, only isomer 7c fully adopts the highest possible spatial symmetry
suggested by its structural frame. The others remain in less symmetrical sub-groups
of C2h in the case of 7a, C2v for 7b and Td for 7d. This is due to the fact that one
Fe center is tetravalent while all others are trivalent. In contrast to the findings for
5a of Fe3O +

3 , even PBE predicts a localized electron hole for the isomers of Fe4O +
6 ,

while it tends to completely delocalize the valence electrons of the Fe atoms in the
smaller system. The tetravalent Fe site is localized at one of the fourfold coordinated
positions in 7a, 7b, and 7c. In 7d, all Fe positions are indistinguishable and equally
favored in this respect. The Fe-(IV) center forms slightly shorter Fe-O bonds and
lies in the mirror plane or on the rotation axis of the cluster.
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Figure 6.9: Experimental IRPD spectrum of Fe4O +
5 (top row) and computational

spectra of several low-energy isomers (dark blue: iron, red: oxygen) in their high
spin (S = 19/2) state. Isomers 6a and 6d do not represent minima at the PBE
potential energy surface, while the same applies to 6b at the PBE0 level.

Since the deviations from the high symmetry structures are so small, only two
and one energetically unique doublet states exist for 7a and 7d, respectively. LS
states of 7b and 7c are not investigated in this study. The great stability of 7dmight
result from the arrangement of the Fe centers with large Fe-Fe distances (around
300 pm, TPSSh) compared to those in the LS of 7a (about 270 pm, TPSSh). Thus,
unfavorable ferromagnetic couplings between neighboring Fe centers are reduced.
The doublet states of 7a lie energetically closer than those of 6a, but are also
approaching each other with increasing amount of Fock exchange in the employed
functionals. Favored is again the configuration with an alternating sequence of spin-
up and spin-down Fe sites. It is a general trend that greater admixtures of Fock
exchange lead to closer lying high and low spin states. This can be observed for all
iron oxide systems investigated in the present work. In the Heisenberg picture this
means, that the effective coupling constants J between the Fe centers have smaller
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Figure 6.10: Experimental IRPD spectrum of Fe4O +
5 (top row) and computational

spectra of the two unique low spin (S = 1/2) states of isomer 6a. The spin-flipped
Fe centers are indicated next to the isomer label. The numbering of the Fe atoms
is given in blue at the depicted structure.

absolute values and, hence, the splitting between spin states is reduced.
In Figure 6.11 the computational spectra of the HS isomers of Fe4O +

6 are com-
pared with the corresponding IRPD spectrum. The best agreement is found for
7a. Also the spectra of the two unique doublet states of 7a (Figure 6.12) are in
good agreement with the experiment. They provide a very similar line shape with
slightly redistributed IR intensities. Based on this assignment, the experimental
signals between 570 and 780 cm−1 originate from µ2-O stretching motions, while the
peak at 490 cm−1 is associated with a simultaneous motion of the µ3-O sites. See
also Figure A.27 for a comparison of the harmonic and anharmonic PBE0 spectrum
of 7a with the experimental finding.

Kirilyuk and co-workers, and later Logemann et al., however, assigned isomer
7d in its doublet state to Fe4O +

6 . Indeed, the respective spectrum has a line shape
similar to the experimental one. At the same time prominent deviations to the cor-
responding HS spectrum exist, mostly resulting from intensity redistributions but
also from shifts of the relative positions of certain peaks. Since an unambiguous
assignment of the modes of the HS and LS system is hard to achieve due to recom-
bination of the atomic motions upon change of the electronic structure, a mapping
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6.4. Fe4O +
5 and Fe4O +

6

Table 6.7: Relative stabilities of the isomers of Fe4O +
6 in kJ/mol including ZPVE.

Basis set: def2-TZVP. See Figure 6.8 for isomer labels.

Iso Mult Fesfa PBE TPSSh PBE0
7a 20 — 96 78 49

2 1, 2 0 52 46
2 1, 3 32 65 53

7b 20 — 140 121 91
7c 20 — 142 124 92
7d 20 — 142 128 85

2 1, 2 (−102)b 0 0
a Labels of spin-flipped Fe centers, i.e. iron atoms where
all electrons in d states have beta-spin; blue numbers
in Figure 6.8.

b Unstable structure containing one imaginary fre-
quency.

of the peaks of the HS spectrum to those of the LS spectrum cannot be given. In
absence of any other building block all signals result from different combinations
of µ2-O motions. The two close lying peaks at 737/728 cm−1 (TPSSh) stem from
simultaneous motions of the four O atoms that are not in the mirror plane, while the
rest of the intense features can be attributed to rather solitary stretching modes of a
single or two neighboring O centers. Amongst them the peaks at 648 and 438 cm−1

correspond to motions of the O site lying in the mirror plane and connected to the
tetravalent Fe center.

Summarizing, a final structural assignment of Fe4O +
6 based on the available ex-

perimental and computational data seems presumptuous. Both, 7a and 7d exhibit
matching calculated IR features for the high and low spin state in case of 7a, and for
the LS state only in case of 7d. The former isomer forms the global minimum when
only proper HS wave functions are considered, while the latter is most stable relying
on broken symmetry calculations. It seems counterintuitive that a structure with
four equivalently coordinated Fe sites (7d) should be more suited to accommodate
a highly oxidized Fe-(IV) together with three trivalent Fe atoms. In 7a, two Fe sites
exist that are fourfold coordinated. In an ionic picture, the higher oxygen coordi-
nation can better compensate for the excessive charge of Fe4+ and, hence, stabilize
the system. However, quantum mechanical effects, especially exchange interactions,
are not taken into account in this consideration. They can stabilize certain electron
configurations in an unexpected way when it comes to (anti-)ferromagnetic coupling.
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Figure 6.11: Experimental IRPD spectrum of Fe4O +
6 (top row) and computational

spectra of several low energy isomers (dark blue: iron, red: oxygen) in their high
spin (S = 19/2) state.

6.5 Summary

The reported results represent the first structure determination based on the assign-
ment of calculated to measured IR spectra for Fe2O +

3 and Fe3O +
3 . Clear evidence

for the presence of an O-O unit (superoxo or peroxo group) in the former cluster was
found. The two isomers proposed as ground state structure (4c & 4d) are therefore
of a different shape than the previously identified motif (4a). [128,131,132] By means
of the mere DFT energies no statement about the most stable isomer is possible,
since the amount of Fock exchange in the used functionals sensitively influences the
energetic order. Only MR calculations would be able to provide reliable results re-
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Figure 6.12: Experimental IRPD spectrum of Fe4O +
6 (top row) and computational

spectra of several low spin (S = 1/2) states. The spin-flipped Fe centers are indicated
next to the isomer label. The numbering of the Fe atoms is given in blue at the
depicted structures.

garding the energetics. With two iron atoms in the cluster, these calculations are
challenging but affordable. From the experimental point of view measurements with
isotopic labeled oxygen (18O) could confirm the existence of the O-O unit.

A safe assignment of a structure to Fe3O +
3 was not possible using DFT. However,

the six-membered ring motif, which was also suggested in previous works, [132,139]
appears to be the most probable based on the results found here. MR calculations
to determine the energetic order of the isomers are probably no longer feasible for
Fe3O +

3 . However, since all used functionals unanimously predict the ring isomer as
the most stable one anyway, a molecular dynamics simulation might be more useful.
It would provide information about the origin of the broad IR band between 700
and 900 cm−1 visible in the IRPD measurement.
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6. Iron Oxide Clusters

The clusters Fe4O +
5 , Fe4O +

6 and Fe5O +
7 have already been examined in a study

by Logemann et al. and identified by assigning calculated B3LYP spectra to IRMPD
measurements. [80] Their results can only be clearly confirmed for Fe4O +

5 (6a). Am-
biguities exist for the other two clusters. The use of different density functionals
(different amount of Fock exchange) but also the different arrangement of spin-
flipped centers in the BS wave functions lead to spectra of different isomers with
more or less matching features. Therefore in the present work two possible isomers
each for Fe4O +

6 (7a & 7d) and Fe5O +
7 (8a & 8d) are assigned.

For all systems discussed in this chapter, measurements of the magnetic mo-
ments (e.g. by neutron diffraction) would be of great advantage. They would serve
as a reference point for estimating the quality of BS wave functions and density
functionals.
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The Iron Dioxide Anion

Slightly detached from the previous discussion, this chapter focuses on the small
iron oxide molecule FeO2 and its anion, FeO –

2 . Just as for the even smaller diatomic
system FeO and its cat- and anions, [143–151] a lot of experimental and theoretical
studies already exist, investigating the nature of FeO +/0/–

2 . [71,152–161] One of the rea-
sons for the broad computational interest in the iron dioxide molecule might be its
size in combination with its challenging electronic structure. The former allows the
application of sophisticated multi-reference (MR) and coupled cluster (CC) meth-
ods, while the latter makes their utilization unavoidable to obtain qualitative and
quantitative insights into the complex properties of FeO2. By means of such detailed
information, the complicated vibronic structure of the high-resolution slow electron
velocity map imaging (SEVI) photoelectron (PE) spectrum of FeO –

2 by Dan Neu-
mark and co-workers (Figure 7.1) can be elucidated, which is the declared aim of
the present considerations.12

In Section 7.1 the adequate description of the electronic and geometrical struc-
tures of several low-energy spin states of both FeO2 and FeO –

2 is discussed. With
the properly identified ground state of the anion and knowledge of the lowest elec-
tronic states of the neutral, the energetically low-lying ionization processes can be
identified. The first two of them, called bands X and A, were measured resolv-
ing the involved vibrational transitions. The complex structure of the progressions,
that is observable due to the high resolution of the SEVI measurements, requires
a much more detailed theoretical consideration than has been done before in order
to explain the older low-resolution PE spectrum by Wang and co-workers. [161] This
is the subject of Section 7.2. Influences of vibronic coupling through the Renner-
Teller (RT) effect as well as additional level splittings due to spin-orbit coupling on
the nuclear motion are discussed and Franck-Condon (FC) simulations including all
these effects are reported.

12The results of this section are subject of the planned publication [P5] entitled “The Vibronic
Structure of the Iron Dioxide Molecule and its Anion” by Bischoff, F. A., Kim, J. B., Müller, F.,
Neumark, D., Sauer, J., and Weichmann, M. L.
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Figure 7.1: Slow electron velocity map imaging (SEVI) photoelectron spectrum of
FeO –

2 . Electronic transitions with (a) lowest energy (band X) and (b) second lowest
energy (band A) are shown with three different resolutions: coarsest in red, medium
in blue and finest in black. The dashed vertical lines mark the onset of bands X and
A, respectively, and hence the ionization energies. The abscissa shows the electron
binding energy (eBE).

7.1 Electronic Structure and Ionization Energy
In general, three structural isomers are conceivable for the composition FeO2. First,
there is a end-on molecular adduct of O2 on the Fe atom or ion. Second, the O2 unit
can also be bound in a symmetrical side-on way to the Fe center. Third, a bent or
linear O-Fe-O configuration with two terminal oxygen atoms, or an inserted Fe site
in-between the O2 unit, can emerge. All three motifs were taken into consideration
in former experimental and computational investigations, not only for the neutral
FeO2, but also for its cat- and anion. [71,148,152,156] For all three species, the inserted
OFeO motif was found to be most stable. However, the side-on Fe(O2) isomer is
close by in energy, especially for the cation. Maier et al. were able show that the
IR spectrum of FeO +

2 can be explained by the coexistence of the inserted and the
side-on isomer. [71]

The present study focuses exclusively on the inserted isomer since there is no
doubt in the literature that it forms the global minimum structure of FeO –

2 . The
much more controversially discussed question is, which electronic state is most stable
and which O-Fe-O bond angle the molecule has. [160,161] Hence, an overview of the
relative energies of low-lying states of both FeO –

2 and FeO2 relying on various meth-
ods is given in Table 7.1. All reported energies stem from structurally optimized
molecules either at the same level as the energy determination or using the same
method but a smaller basis set (cf. footnotes of Table 7.1). Since all structures are
relaxed the relative energies of the states of FeO2 can be interpreted as adiabatic
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7.1. Electronic Structure and Ionization Energy

Table 7.1: Relative energies (eV) of the relaxed, most stable states of FeO –
2 and

FeO2 (in C2v). Experimental adiabatic electron detachment energies (ADE) are 2.36
and 3.31 eV for the bands X and A, respectively. Reported MRCI results include
Davidson correction (+D), numbers with Pople correction (+P) are in parentheses.

System State TPSSha PBE0a RHFb RCCc CASd RASe MRCIf

FeO –
2

2A1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0.00)
2B1 0.02 0.01 0.00 0.00 0.00 — 0.00 (0.00)
4A2 −0.10 −0.45 −1.63 0.13 — — —
4B2 −0.23 −0.52 −1.66 0.13 0.07 — 0.30 (0.33)

24A2 −0.21 −0.51 −1.72 0.18 0.19 — 0.48 (0.51)
24B2 −0.09 −0.44 −1.69 0.19 — — —

6A1 0.06 −0.55 −4.14 0.18 0.33 — 0.25 (0.31)
FeO2

3A1 2.05 2.12 2.80 2.54 0.63 1.21 1.93 (2.01)
3B1 2.04 2.11 2.78 2.53 0.63 — 1.93 (2.01)

23B1 3.46 3.43 4.02 3.27 1.42 1.75 2.86 (2.94)
23A1 4.73 4.57 4.00 5.14 2.75 — 4.37 (4.46)

3B2 2.61 2.63 3.33 3.39 1.40 — 2.74 (2.82)
3A2 2.81 2.79 3.32 3.47 1.51 — 2.82 (2.91)
5A2 2.94 2.66 1.36 3.42 0.96 — 2.61 (2.73)
5B2 2.05 1.89 0.99 2.84 0.78 — 2.12 (2.23)

a Basis set: def2-TZVPP.
b ROHF/QZ//RCCSD(T)/QZ.
c RCCSD(T)/CBS(Q,5)//RCCSD(T)/QZ; reference function: ROHF.
d CASSCF/TZ//MRCI/TZ; active orbitals: 3d4s of Fe, 2p of O.
e RASSCF/TZ//MRCI/TZ; RAS1: empty, RAS2: 3d4s of Fe, 2p of O, RAS3: 3p of O.
f MRCI+D(+P)/CBS(T,Q)//MRCI/TZ; reference function: CAS(17,12) or CAS(16,12).

ionization energies (with 2A1 of FeO –
2 as initial state). The experimental reference

values for the bands X and A are 2.36 and 3.31 eV, respectively. [153,154]

Regarding the density functional results for FeO –
2 , both TPSSh and PBE0 over-

stabilize the mid and high spin states. It seems that, with increasing amount of
added Fock exchange, the 6A1 state gets lower in energy compared to the other
states. And indeed, the sextet is massively favored when plain Hartree-Fock (RHF)
without correlation treatment is used. Zhou and co-workers have reported the rela-
tive energies of low-lying states of FeO –

2 using several density functionals. [160] Their
results confirm the findings of the present study: almost all used functionals predict
a quartet or sextet state as the global minimum of FeO –

2 .
This picture changes, however, either by employing a multi-configurational wave

function (CASSCF) or by adding the CCSD(T) correlation energy to the RHF ref-
erence. Both methods predict the two doublets A1 and B1 as degenerate ground
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7. The Iron Dioxide Anion

states and the quartets and sextet as less stable, albeit close by in energy. The
subsequent estimation of the dynamic correlation energy for the CASSCF results by
means of MRCI+D (numbers with Pople correction in parentheses) does not change
the quality of the finding. Still, it emphasizes the fact that the doublets are the
ground state by enlarging the energetic gap to the quartets/sextet. All this is in
agreement with the outcome of the works by Zhou and co-workers, and Hendrickx
and co-workers. [160,161] Both groups found a degenerate 2A1/2B1 ground state using
plain MRCI/TZ and RASPT2/ANO-RCC, respectively. The latter authors, how-
ever, also report CASPT2/ANO-RCC numbers from which the sextet is identified
as most stable. Due to the inherent tendency of the CASPT2/RASPT2 approaches
to overstabilize high spin states, [37] MR perturbation methods are not used in the
present study.

A very similar behavior as for the anion can be observed for DFT and RHF when
the neutral FeO2 is investigated. While TPSSh, PBE0, and RHF predict the states
3A1 and 3B1 to be almost degenerate, only TPSSh identifies them as the ground
state – together with the quintet 5B2. This quintet state is – just as the sextet state
of the anion – favored by PBE0 and RHF. Coupled cluster as well as CASSCF and
MRCI concordantly result in a triplet ground state. To what extent the states 3A1
and 3B1 are degenerate depends on the bending angle of the molecule and will be
discussed in the next section.

It is against the chemical intuition – and the findings for the other iron oxide
compounds investigated in this work – that a low spin configuration is most sta-
ble. Iron is formally trivalent in the inserted anion, and tetravalent in the neutral
species assuming purely ionic sites. Since O2– is a rather weak ligand, a high spin
configuration should be favorable. However, the bonding in FeO –/0

2 is less ionic and
more covalent; molecular orbitals are strongly delocalized over the entire molecule.
Hence, the formal oxidation states do not translate into partial charges as it was the
case in the other investigated systems. In this respect FeO –/0

2 is comparable to CO2
with two strong covalent double bonds and a polarized but not ionic central atom.

Assuming a doublet ground state of FeO –
2 valence electron detachment leads

to singlet or triplet states of FeO2. It has been shown before that the former are
much higher in energy than all other investigated states with higher spin multiplic-
ities. [159,162] Hence, excitations into triplet states are expected to be causative for
bands X and A. The transition with the lowest excitation energy is from 2A1/2B1
into 3A1/3B1 and corresponds to the measured band X, while the transition into the
state 23B1 is identified as band A. Excitations into the triplets 3A2 and 3B2 are not
simple electron detachments but require subsequent reorganization of the electronic
configurations (cf. Table A.13, p. 145). They are, hence, not taken into account
here.

In their study, Hendrickx and co-workers came to the same conclusion. They
report adiabatic electron detachment energies (ADE) of 2.52 and 3.69 eV for the ex-
citations into the triplets 3B1 and 23B1 at the RCCSD(T)/5Z level, respectively. [161]
These numbers are in good agreement with those reported in Table 7.1 for the same
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method but at the basis set limit (see Table A.12, p. 144, for the basis set de-
pendence of the relative energies). The deviation of about 0.4 eV for the higher
ADE might result from the fact that the authors were unable to properly relax
the structure of the 23B1 state and used the geometry parameters of the 3B1 state
instead.

Compared to experiment, the present study provides ADEs that do not differ by
more than 0.17 eV at the coupled cluster level: the first adiabatic ionization energy
is measured at 2.36 eV and RCCSD(T) predicts 2.53 eV; the second transition is
experimentally found at 3.31 eV and predicted with 3.27 eV. In qualitative agreement
but much worse in quantity are the MRCI+D(+P) results at the basis set limit (see
also Table A.12). The ADEs are underestimated by about 0.45 and 0.35 eV relying
on the Davidson and Pople corrected results, respectively. The main reason for
these quite large deviations lies in the insufficient CASSCF reference energies. At
this level, the two ADEs are only 0.63 and 1.32 eV. Apparently, dynamic correlation
plays an important role in the proper, quantitative description of both, the initial
and final states and, thus, MRCI extensively corrects the energy gaps in the expected
direction by doubling (band A) and even tripling (band X) the excitation energies.
For comparison: the RHF reference energies are 2.78 and 4.02 eV for bands X and
A, respectively, and have to be reduced by one fifth at the most by RCCSD(T).

An improvement of the multi-configurational reference function can be provided
by enlarging the active space and including the 3p orbitals of the oxygen atoms (their
so called double shell). Hendrickx and co-workers did this in a RASSCF calcula-
tion allowing only single, double and triple substitutions into the otherwise empty
double shell orbitals. These wave functions were used as references for a subsequent
perturbational estimation of the dynamic correlation energy, RASPT2. They re-
ported 2.18 and 3.08 eV for the two transitions of interest [161] – the deviation to the
experimental result is thus about 0.2 eV. In the present study, the plain RASSCF
numbers, including only single and double substitutions into the double shell states,
are reported in Table 7.1. The first ionization energy is already doubled at this level
compared to CASSCF and, hence, much closer to the measured value. But MRCI
calculations are not feasible with these RAS references due to the enormous amount
of required configuration state functions.

In anticipation of the discussion in the following section, Table 7.2 lists the verti-
cal ionization energies, or vertical electron detachment energies (VDE), of FeO –

2 within
the linear 2∆g state as initial state. The measured VDE and ADE for the transition
into the 3∆g state are almost identical, implying that both FeO –

2 and FeO2 have very
similar structures in their ground states. This observation is properly reproduced by
all employed computational methods: predicted energy values for vertical ionization
are close to the ADEs in Table 7.1. The required energy for the vertical ionization
process making up band A (final 3Σ+

g state) is experimentally determined to be
about 0.2 eV larger than the corresponding ADE (3.49 and 3.31 eV, respectively).
This shift is best reproduced by MRCI with either correction schemes (Davidson:
0.24 eV, Pople: 0.25 eV). But also the DFT methods are qualitatively right. Only
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Table 7.2: Vertical ionization energies (eV) of the linear (D∞h) 2∆g state of
FeO –

2 into final states of FeO2. MRCI results are given with Davidson correction
(+D), results with Pople correction (+P) are in parentheses.

Final TPSSha PBE0a RCCb MRCIc Exp.d
3∆g (3A1/3B1) 2.10 2.17 2.58 1.96 (2.05) 2.38

3Σ+
g (23B1) 3.91 3.72 3.26 3.10 (3.19) 3.49

a Basis set: def2-TZVPP.
b RCCSD(T)/CBS(Q,5)//RCCSD(T)/QZ; reference function: ROHF.
c MRCI+D(+P)/CBS(T,Q)//MRCI/TZ; reference function: CAS(17,12)
or CAS(16,12).

d Extracted from Figure 7.1.

RCCSD(T) predicts virtually identical adiabatic and vertical ionization energies.
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Figure 7.2: Potential energy functions (PEF) of several low-lying electronic states
of (a) FeO –

2 and (b) FeO2 following the O-Fe-O angle (bond distance fixed at equi-
librium for linear structure). The PEFs were calculated at the MS-MRCI/TZ level
with a state-averaged CASSCF reference wave function.

An overview of all low-energy states of FeO2 and its anion is given at the multi-
state (MS) MRCI level via potential energy functions (PEF) along the bending angle
in Figure 7.2. A similar picture for FeO –

2 was given by Zhou and co-workers at a
comparable computational level. [160] Regarding the anion (Figure 7.2a), the most
prominent observation is that there are five close lying electronic states within a
range of only 5000 cm−1 (about 0.62 eV) at the linear arrangement. The three
4Πg states split upon bending and strongly interact, as becomes evident by the
avoided crossings. Also the 2∆g ground state splits away from a bending angle of
180◦. But the effect is so subtle that it cannot be seen at the MS-MRCI level.
Since the reference CAS orbitals are optimized as equally weighted average over all
non-degenerate states the resulting MRCI energies lack the fineness of state-specific
calculations.
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The splitting and formation of new potential minima away from the linear O-
Fe-O angle are a result of vibronic coupling, the so called Renner-Teller effect (see
Section 2.2.1). The interplay of vibronic coupling and interaction of close lying
electronic states causes complex adiabatic PEFs, particularly for the quartet states.
As long as they are interacting, those states have to be treated collectively. This is
impossible with single-reference methods and, hence, the respective numbers given
for the quartets in Table 7.1 are only rough approximations to the proper adiabatic
states. Furthermore, even the multi-reference method MRCI can only capture the
lowest quartet state within each irreducible representation as long as a state-specific
calculation is performed. Hence, the MRCI energies for certain quartet states are
missing in Table 7.1.

Table 7.3: Structural parameters of the most relevant states of FeO –
2 and FeO2.

Relaxed Fe-O bond distances (in pm) are given for the equilibrium position (deq)
and for the linear structure (dlin). The equilibrium O-Fe-O bond angle αeq is given
in degrees.

System State TPSSha RCCb MRCIc

deq dlin αeq deq dlin αeq deq dlin αeq

FeO –
2

2A1 161 163 147 162 163 153 163 163 180
2B1 161 163 151 162 163 155 163 163 180

FeO2
3A1 158 160 144 159 161 149 162 162 159
3B1 158 160 142 159 161 146 161 162 158

23B1 159 165 126 —d —d —d 163 166 141
a Basis set: def2-TZVPP.
b RCCSD(T)/QZ; reference function: ROHF.
c MRCI/TZ; reference function: CAS(17,12) or CAS(16,12).
d Optimization not possible, instable wave function.

There is, however, another important information that can be extracted from
Figure 7.2a: no second doublet state exists that is energetically close to the ground
state and interacting with it. Consequently, the doublet 2∆g, or more precisely its
components 2A1 and 2B1, can be treated separately from all other electronic states.
Depending on the method, different bending angles αeq for the two doublet states are
calculated (Table 7.3). The single-reference methods TPSSh and RCCSD(T) predict
a rather pronounced deviation from a linear arrangement of the nuclei (αeq ≈ 150◦)
while the MRCI PEF has a minimum at 180◦. It has to be noted that the latter
are plain MRCI results without any quadruples correction. Added Davidson or
Pople terms lead to the emergence of a very shallow double-well potential with a
saddle point at 180◦ and, hence, slightly bent (about 175◦) structures (cf. νbend
in Table 7.4). The Fe-O bond distances at the equilibrium and linear structure,
deq and dlin, have very similar values throughout the methods and do only change
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insignificantly during bending. They range from 161 to 163 pm implying that the
oxygen atoms form double bonds with the Fe center.

A related but less complicated situation as for FeO –
2 is present in Figure 7.2b

showing the PEFs of the low-energy states of FeO2. Only two states (each twofold
degenerate) appear within 6000 cm−1 for the linear reference structure. A third
non-degenerate state is getting close at medium bending angles. Both degenerate
states show clear splitting due to the Renner-Teller effect but other interactions such
as avoided crossings are absent. The 3∆g ground state (and its components 3A1 and
3B1) is (are) sufficiently separated from other triplet states. Similar to the anion
TPSSh and RCCSD(T) calculations result in slightly stronger bent structures than
MRCI (Table 7.3). However, even the latter method predicts a noticeable deviation
of the O-Fe-O angle from 180◦. All predicted bond angles match the experimental
value of 150 ± 10◦ by Andrews and co-workers. [156] The bond distances are almost
unaffected when the molecule is bent (cf. deq and dlin) and lie in a range of 158 to
162 pm. They are slightly shorter than those of the anion.

In contrast to the ground state, the first excited triplet, 3Σ+
g (23B1), is non-

degenerate and can thus not split. Still, it is inherently bent with an angle of 126 to
141◦, relying on TPSSh and MRCI. RCCSD(T) results are not available because the
wave function is not stable due to large deviations between the reference and coupled
cluster energy. The bond distances have a stronger dependence on the bending angle
(up to 6 pm) and are somewhat longer than those of the ground states of both, FeO2
and FeO –

2 .

7.2 Vibronic and Spin-Orbit Coupling

After the relevant states of FeO –/0
2 and their general structural properties are es-

tablished, it is possible to illuminate the more hidden peculiarities of both systems.
Therefore, the high resolution SEVI photoelectron (PE) spectrum of FeO –

2 (Fig-
ure 7.1) is used. It contains not only the vertical and adiabatic electron detachment
energies (ionization potentials) but also a lot of information about the nuclear mo-
tion and thus the geometric structure of the neutral daughter species FeO2. By
simulating the PE spectrum with a so called Franck-Condon (FC) analysis these
hidden information can be extracted: a proper agreement between experiment and
simulation ensures that the underlying assumptions, i.e. PEFs, wave functions and
energy levels, are correct and indirectly confirms the computational predictions.

The first attempt to explain the PE spectrum of FeO –
2 was given by Hendrickx

and co-workers who produced harmonic FC simulations for several possible tran-
sitions with doublet and quartet initial states and employing the BP86 density
functional as well as RCCSD(T) for the most promising states to obtain harmonic
vibrational frequencies. [161] In their approach, they neglected anharmonicities of the
vibrations, coupling between modes, vibronic couplings (VC) and spin-orbit (SO)
coupling. Still, their results were sufficient to identify the transitions 3∆g ← 2∆g
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and 3Σ+
g ← 2∆g as the origins of bands X and A, respectively. The authors relied on

the first published PE spectrum of FeO –
2 , measured in the group of Wang, that has a

rather low resolution (comparable with the red trace in Figure 7.1). [153] Hence, they
did not know about the complex, vibrational structure visible in the SEVI spectrum.
Neither do their simulations provide any hints that could serve as an explanation of
the latter.

In the present work anharmonicities, vibronic and spin-orbit couplings are con-
sidered in the FC analysis of the earlier determined transitions. Herzberg-Teller
couplings, i.e. the dependence of transition dipole elements on the nuclear motion,
are, however, still neglected due to the missing ability of the used codes to calculate
such quantities for the ionization process. Furthermore, the influence of rovibronic
couplings is not investigated since it is believed that the effects are very small. The
following discussion focuses on the implications of potential splitting due to the mo-
tion of unpaired electrons and their spins on the number and intensity of signals
in FC simulations. A detailed analysis of the effects of anharmonicities and mode
couplings as well as a comparison to the harmonic approach have been given in a
former work of this author. [162]

As was described in detail in Section 2.2.2, SO effects and RT-VC are two phe-
nomena that can be treated separately. Figure 7.3 schematically shows the influence
of both effects on an otherwise unaffected (but anharmonic) one-dimensional PEF
(light gray curve, panels a and b). The depiction is representative for the bending
potentials of the ground states of FeO –

2 (left column) and FeO2 (right column). In
each system, the bending mode couples two electronic states that are degenerate in
the linear arrangement of the nuclei. When vibrating, the two molecules are thus
never in the A1 or B1 state alone but in both at the same time. In other words: the
nuclear wave function of the bending mode spreads over a two-dimensional space
although the bending motion itself is one-dimensional. The second dimension of
motion is the rotation of the bending plane of the vibrating molecule around its
figure axis.

The vibronic coupling manifests in a repulsion of the two states (A1 and B1)
that goes with ρ4 where ρ is the dimension-less bending coordinate and ρ = 0
denotes the linear structure of the molecule. It is less pronounced in FeO –

2 but of
medium strength in FeO2. Both, the anion and the neutral species show double-
well potentials for the bending. The height of the central barrier, however, strongly
depends on the used method for the calculation of the adiabatic PEFs. As was
reported above (Table 7.3), TPSSh and RCCSD(T) predict a bent anion while MRCI
does not. All methods agree on a bent FeO2, though. In general, the barrier height
is greater for the neutral species than for the anion.

SO coupling splits the potential of the 2∆g state (FeO –
2 ) into two components,

this of the 3∆g state (FeO2) into three (Figure 7.3c & d). The coupling constants are
ζ = 825 cm−1 and ζ = 423 cm−1, respectively, calculated at the SO-MRCI/TZ level.
The splittings are almost constant over the investigated bending range (deviation
< 50 cm−1), hence the dependence of ζ on ρ is neglected. The SO-MRCI splittings
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Figure 7.3: Schematic representation of the potential energy functions (PEF)
following the bending motion of FeO 0/–

2 (abscissa: bending amplitude ρ). The zero
marks the linear configuration. Panels (a), (c) and (e) show the PEFs for the
2∆g ground state of FeO –

2 with Renner-Teller splitting (in light gray the average
potential), spin-orbit splitting and both simultaneous effects, respectively. Panels
(b), (d) and (f) are the analogous depictions for the 3∆g state of FeO2.

96



7.2. Vibronic and Spin-Orbit Coupling

were also used for the TPSSh and RCCSD(T) considerations in an a priori manner.

0

3Σg
+

23B1

Figure 7.4: Schematic representation of the potential energy functions (PEF)
following the bending motion of the 3Σ+

g state of FeO2 (abscissa: bending amplitude
ρ). No splitting occurs through spin-orbit coupling and the Renner-Teller effect is
absent.

The simultaneous operation of SO and vibronic coupling is shown in Figure 7.3e
& f. For the anion (panel e) the difference to pure SO splitting (panel c) is minor:
at larger displacements, the upper and lower potential are pushed apart by the
RT effect. The same can be seen for FeO2 (panel f), but additionally the central
SO component splits similarly to the pure RT case (panel b). For both systems,
the upper and lower components are degenerate but do not split since they do not
interact and there is no coupling term between them, cf. Eqs. (2.23) and (2.24) (p.
20).

Since the second relevant state of FeO2, 3Σ+
g , has a total angular momentum of

Λ = 0, no splittings occur due to RT or SO coupling. A schematic curve for the
respective PEF along the bending mode is depicted in Figure 7.4. All available ab
initio results agree on a smaller O-Fe-O bond angle (minimum at larger ρ) and a
higher barrier of the double-well potential.

The quantitative PEFs for the bending and symmetric stretching modes are given
in polynomial form in the appendix (Tables A.14 to A.17). The stretching poten-
tials are not further discussed since they are not subject of any unexpected effects.
Characteristic quantities for both modes, calculated at the TPSSh, RCCSD(T) and
MRCI+D/+P level, are reported in Table 7.4. Assuming a linear reference struc-
ture, the harmonic vibrational frequencies (ν̃bend and ν̃stre) are listed for the three
relevant states together with the RT coefficient labeled VC. All bending frequen-
cies are imaginary implying a non-linear structure for both FeO –

2 and FeO2. The
magnitude of the negative curvature of the 2∆g state is, however, markedly small
for MRCI with respective quadruple corrections reflecting the fact that the O-Fe-O
angle is close to 180◦, as was discussed above. The stretching frequencies of the ∆
states lie above 800 cm−1, that of the Σ state is close to 730 cm−1. The deviation
between the methods is 40 cm−1 at the most. While TPSSh gives VC coefficients of
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7. The Iron Dioxide Anion

Table 7.4: Selected properties of the anharmonic potential energy functions at the
linear reference structure. The vibronic coupling parameter (VC) is the coefficient
of the ρ4 term in VVC (see Eq. (2.20) on p. 19). All numbers are in cm−1.

State Method ν̃bend ν̃stre VC
2∆g TPSSh/TZ 124i 836 65.42

RCCSD(T)/QZ 100i 834 19.87
MRCI+D/TZ 17i 848 20.54
MRCI+P/TZ 26i 851 21.45

3∆g TPSSh/TZ 155i 859 −53.14
RCCSD(T)/QZ 119i 860 −68.75
MRCI+D/TZ 92i 814 −65.25
MRCI+P/TZ 95i 819 −65.52

3Σ+
g TPSSh/TZ 201i 733 —

RCCSD(T)/QZ —a —a —
MRCI+D/TZ 134i 731 —
MRCI+P/TZ 137i 734 —

a Instable wave function.

comparable magnitude for the ground states of both, the anion and the neutral, the
wave function methods agree on a three times smaller RT effect in the 2∆g than in
the 3∆g state. All methods predict a negative sign for the VC coefficient in FeO2,
which means that the upper and lower potential are swapped in the triplet compared
to the doublet (cf. Figure 7.3a & b).

Figure 7.5 gives an overview of the FC simulations for the transition 3∆g ← 2∆g

based on PEFs calculated with TPSSh, RCCSD(T) and MRCI+D/+P, and includ-
ing different coupling effects. The left column shows simulations that consider only
the influence of SO coupling. The photodetachment of an electron out of the 2∆ 5

2ground state of FeO –
2 results in the superposition of three identical bending progres-

sions with a frequency of about 180, 140 and 100 cm−1 for TPSSh, RCCSD(T) and
MRCI+D/+P, respectively. The three progressions are offset by about 400 cm−1

relative to the origin of the respective predecessor. These shifts result from the SO
splitting of the 3∆g state of FeO2: three independent transitions are possible ending
in the 3∆3, 3∆2 or 3∆1 state, respectively. All three rely on the same averaged adia-
batic PEFs and have the same vibrational bending progression, which results from a
slight change in the bond angle upon electron detachment (cf. Table 7.3). In the FC
approximation the electronic transition dipole moment is set to one, hence all three
progressions have the same relative intensities. But this does not need to be the case
in the real system and a re-normalization of each progression could be necessary to
match the experiment. This is done later on. In absence of SO splitting the three
progressions would coincide and effectively only one feature would be visible.

Besides the prominent but rather short bending progression, for each of the three
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Figure 7.5: Franck-Condon (FC) simulations of the transition 3∆g ← 2∆g (band
X) relying on bending and stretching potentials from TPSSh (top row), RCCSD(T)
(second row), MRCI+D (third row) and MRCI+P (bottom row) and including dif-
ferent combinations of spin-orbit (SO) and Renner-Teller (RT) splitting: SO effects
in both states (left column), SO for both and RT for the 2∆g state (middle column)
as well as SO and RT for both states (right column). All FC progressions are given
on a relative energy axis where the first feature is set to zero.
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SO transitions further minor signals can be seen. They result from the simultaneous
excitation of the symmetric stretching vibration due to the Fe-O bond contraction.
The corresponding frequency is about 800 cm−1 (cf. Table 7.4) leading to an overlap
of certain signals. The single-reference methods TPSSh and RCCSD(T) agree on
bending progressions with a sudden onset, i.e. the first peak of each progression is
the most intense one. This reflects the small change of the O-Fe-O bond angle of
only 5 to 10◦ (see Table 7.3). The MRCI calculations predict a bigger difference of
about 15 to 20◦ and thus, the second signal is the most intense one in the bending
progressions.

The inclusion of RT splitting for the 2∆g ground state of FeO –
2 shows almost

no effect on the FC simulations (Figure 7.5, central column). Due to the large SO
splitting of this state (825 cm−1) the change of the PEFs by means of the weak VC
is negligible (cf. Figure 7.3c & e). The SO interaction quenches the RT coupling;
the nuclear wave function of the ground state spreads in good approximation only
on the 2∆ 5

2
SO component and is not affected by the 2∆ 3

2
potential. However, when

RT coupling is also included for the 3∆g state of FeO2 (Figure 7.5, right column) the
progression belonging to the transition into the 3∆2 SO component (central feature)
changes its appearance. Spectral intensity is redistributed and new signals emerge.
In a simplified picture, the transition in the RT split 3∆g state excites the bending
vibration of both RT components at the same time. Actually, the vibrational energy
level cannot be properly assigned to one or the other component.
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Figure 7.6: Comparison of the low- (red) and mid- (blue) resolution SEVI photo
electron spectra of FeO –

2 (band X) with the FC simulations (black sticks) based on
(a) RCCSD(T) and (b) MRCI+D potentials. The first feature of each FC simulation
was shifted to match the respective experimental feature and the intensities of all
features resulting from a transition into the same spin-orbit component of 3∆g were
re-normalized to adopt the experimental electron signal. See also Figure A.28 for a
comparison with the high resolution SEVI spectrum.
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The FC simulations based on TPSSh and RCCSD(T) PEFs are very similar,
and so are those resulting from the MRCI+D and MRCI+P calculations. Hence,
Figure 7.6 shows a comparison of the experimental SEVI spectrum with the com-
putational findings based on RCCSD(T) and MRCI+D, respectively. The high res-
olution curve is left out for clarity and the three components of the computational
spectrum (transition into 3∆3, 3∆2 and 3∆1) are re-normalized each to match the
measured intensities. The most prominent features in the SEVI spectrum are three
double peaks with a spacing of about 400 cm−1 between the groups and ∼140 cm−1

within a group. They can be assigned to the first two vibrational levels of each of
the three SO components of the 3∆g state. In the experimental spectrum, the two
peaks of each doublet have almost the same intensity. This is, however, not the
case for the simulations. Furthermore, the spacing of the double peaks (∼140 cm−1)
is only met by RCCSD(T) but not by MRCI+D (∼100 cm−1). The value of the
latter is still very close. In consideration of the sensitivity of the signal positions
and intensities of FC simulations on slight alterations of the underlying PEFs, it is
easily conceivable that minor numerical refinements of the potentials result in both,
an alignment of the intensities and a matching spacing between the peaks.

Signals emerging due to RT splitting and excitation of the stretching mode have
either low intensity or coincide (almost) with more intense peaks of the dominant
bending progressions. Hence, they do not contribute to the general appearance of
band X of the PE spectrum of FeO –

2 . A proper assignment of all features measured
with the highest resolution in the SEVI experiment is not possible with the present
FC simulations (see Figure A.28, p. 145). Interfering effects, that are maybe nec-
essary to explain the full complexity of the spectrum, are photodetachment out of
a vibrationally excited state of FeO –

2 (temperature effect) and further splitting of
the energy levels by means of rovibronic coupling. The latter effect is, however,
expected to be rather insignificant due to very close lying rotational energy levels.
From this investigation it can be concluded that the most important contribution
to the detailed structure of the PE spectrum of FeO –

2 results from SO coupling and
a minor influence can be attributed to the RT splitting in the ground state of FeO2.

In an analogous way as for band X, the transition 3Σ+
g ← 2∆g was analyzed as

origin of band A. Respective FC simulations are shown in Figure 7.7 relying on the
available PEFs of TPSSh, MRCI+D and MRCI+P. While the TPSSh result features
a dominant and broad bending progression (bending frequency: ∼230 cm−1) due to
the bond angle change of about 20 to 25◦, the MRCI methods predict a shorter
progression that is re-appearing three times due to the simultaneous excitation of
the stretching mode (frequency: ∼730 cm−1). The excited bending vibration is
strongly anharmonic, the spacing between the signals reduces from 165 to only
115 cm−1. By electron detachment the bond angle decreases by about 40◦ at the
MRCI level (see Table 7.3). As was mentioned above splittings of the 3Σ+

g potential
due to VC or SO coupling cannot occur.

In the experimental band A of the PE spectrum of FeO –
2 , a broad (about

3000 cm−1) vibrational progression with a frequency of almost 200 cm−1 and a very
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Figure 7.7: Franck-Condon (FC) simulations of the transition 3Σ+
g ← 2∆g (band A)

relying on bending and stretching potentials from TPSSh (left), MRCI+D (middle)
and MRCI+P (right) and including Renner-Teller (RT) splitting for the 2∆g state.
All FC progressions are given on a relative energy axis where the first feature is set
to zero.
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Figure 7.8: Comparison of band A of the low- (red) and mid- (blue) resolution
SEVI photo electron spectra of FeO –

2 with the FC simulations (black sticks) based
on (a) TPSSh and (b) MRCI+D potentials. The first feature of each FC simulation
was shifted to match the respective experimental feature.
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7.3. Summary

little anharmonicity can be seen. The overlay of the measurement and the TPSSh
and MRCI+D FC simulations (Figure 7.8) highlights the better agreement between
the TPSSh results and the SEVI spectrum. The main reason for the different ap-
pearances of the FC simulations lies in the steepness of the double-well potential
of the 3Σ+

g state (cf. ν̃bend in Table 7.4). The barrier height has a value of about
3000 cm−1 relative to the minima for the TPSSh PEF but only about 900 cm−1 at
the MRCI+D/+P level. On the one hand, this leads to the strong anharmonicity of
the MRCI+D/+P bending mode. On the other, the position probability distribution
of the nuclei is shifted towards the center of the double-well (tunnel effect) result-
ing in a stronger overlap of the respective nuclear wave function with that of the
almost linear 2∆g state. As a consequence, the MRCI+D/+P bending progression
has fewer but more intense signals.

Although, a properly matching FC simulation for band A cannot be provided em-
ploying MRCI PEFs, semi-quantitative agreement is found with the TPSSh result.
However, this might be due to advantageous error compensation. From a methodical
point of view, the MR potentials of the excited triplet state are more trustworthy
than those from DFT. Still, MRCI is only an approximation with inherent errors
and – as was mentioned above – subtle modifications of the potentials (of both FeO2
and FeO –

2 ) can have substantial effects on the resulting FC simulations. Based on
the reported results, the assignment of band A to the transition 3Σ+

g ← 2∆g is never-
theless reasonable and the similarity of the theoretical and computational spectrum
was significantly improved compared to the former investigation by Hendrickx and
co-workers who reported only one single, intense signal. [161] Additional inclusion of
neglected temperature effects could furthermore provide an explanation for minor
splittings of the experimental peaks visible only with the highest SEVI resolution.

7.3 Summary
In the previous sections, the electronic structures of FeO –

2 and FeO2 were investi-
gated at the basis set limit using MRCI+D/+P and RCCSD(T). So far, compa-
rable results existed for FeO –

2 at multi-state MRCI/6-311+G(2df) level [160] and for
FeO –/0

2 at the RASPT2/ANO-RCC and the RCCSD(T)/aug-cc-pwCV5Z levels. [161]
The corresponding findings about the respective electronic ground states and the
order of the excited states were confirmed in the present work. The problem of the
systematic underestimation of the electron detachment energy of FeO –

2 by MRCI be-
came apparent, which seems to have its origin in the CASSCF reference and could,
in principle, be eliminated by using a larger active space. However, enlarging the
number of reference configurations renders MRCI calculations of the two systems
unfeasible.

The greatest progress has been made for the nuclear dynamics. By diabatic
treatment of the degenerate ground state of the linear molecule including spin-
orbit coupling, anharmonic FC simulations for the bands X and A of the PE spec-
trum of FeO –

2 were generated. These are based on fitted TPSSh, RCCSD(T) and

103



7. The Iron Dioxide Anion

MRCI+D/+P potential energy functions. Previous studies have only used simple
harmonic FC simulations without vibronic or SO coupling. [161] In addition to the
fundamental improvement of the agreement between the simulations with the mea-
surements, the used model was able to explain the complex vibrational structure of
band X, which got accessible by the high-resolution SEVI technique. The biggest ef-
fect on the spectrum results from the splitting of the ground state of FeO2 by means
of spin-orbit coupling. The Renner-Teller coupling between electron and nuclear
motion has a smaller but not negligible influence.
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Conclusion

By means of theoretical investigations, a comprehensive description of small metal
oxide clusters was given. The studied systems were aluminum and iron oxide ions
as well as respective bi-metallic oxide clusters. Besides the determination of the
geometrical structure of the clusters, the general electronic properties of the iron-
containing compounds were investigated. All predictions were checked and assessed
by comparison with available experimental results, mainly IRPD and PE spec-
troscopy measurements. As far as possible, motions of atoms or small groups within
the clusters were assigned to distinct experimental vibrational features.

n = 0 n = 1 n = 2 n = 3 n = 4

Al

Fe

Figure 8.1: Identified structures of the clusters [Al3O4·nD2O]+ and [Fe3O4·
nH2O]+ optimized with B3LYP and TPSSh, respectively.

Micro-hydration was studied for the two analogous clusters Al3O +
4 and Fe3O +

4 ,
which are both already known in the literature. [70,80] The assigned structures of the
hydrates are shown in contrasting juxtaposition in Figure 8.1. While this identifica-
tion was fairly straightforward for the aluminum oxide hydrates, it turned out to be
more demanding for the iron analogs. The reason is the generally poorer agreement
between experimental and computational IR spectra. The complex electronic struc-
ture of the iron containing clusters pushes the used DFT methods to their limits.
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8. Conclusion

The single-reference approach is insufficient for the description of antiferromagnetic
low spin configurations (broken symmetry approximation). Moreover, a great vari-
ety of structurally similar and energetically close lying isomers exists, complicating
the identification of the true ground state structure. Coexistence of two or more
isomers cannot be ruled out, particularly in the presence of four adsorbed water
molecules.

Both, Al3O +
4 and Fe3O +

4 – as a water-free cluster – share the structural motif
of a six-membered ring with a capping central oxygen atom. As can be seen from
Figure 8.1, this motif is lost for the aluminum oxide cluster as soon as the first
water molecule adsorbed dissociatively. It returns with incorporation of the third
H2O, forming a very regular C3v isomer, and vanishes again with the fourth water
molecule. In contrast, the hydration of Fe3O +

4 does not affect the basic frame of the
cluster – the six-membered ring motif stays intact. Just as for the aluminum analog,
the first three H2O molecules dissociate upon adsorption. However, the fourth one
stays intact and just coordinates to one Fe site, leaving one bridging µ3-O instead
of forming another terminal OH and bridging µ2-OH group. It has to be noted that
the discrimination between the assigned isomer for [Fe3O4·4H2O]+ (2-4a) and a
structure similar to [Al3O4·4H2O]+ (2-4c) just at the DFT level is impossible since
both isomers are very close in energy (∆E ≈ 4 kJ/mol).

Although both clusters comprise formally trivalent metal centers, the chemical
nature of Al+III and Fe+III is quite different. There is no doubt that the interaction
of Al and O sites in the investigated clusters is almost purely ionic. Therefore,
trigonal or tetrahedral oxygen coordination environments of aluminum are energet-
ically favorable since they most effectively compensate the charges of the opposite
ions. In the iron oxide clusters, however, the interaction of the atoms was found
to be more covalent, allowing more flexibility of the coordination environment of
Fe centers. Another aspect is the redox-activity of iron: in contrast to aluminum
it can compensate for missing coordination partners by a (fractional) change of its
oxidation state.

3-1a 3-1b

Figure 8.2: FeAl2O +
4 has a distinctly different ground state structure (3-1b) than

Al3O +
4 and Fe3O +

4 , which are similar to 3-1a.

The latter point was found to be of great importance in the explanation of the
occurrence of a markedly different structure for FeAl2O +

4 compared to the pure
metal oxide clusters (see Figure 8.2). By means of multi-reference calculations,
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it was shown that a flat isomer with a twofold oxygen coordinated Fe site and a
terminal oxygen radical (3-1b) is the true global energy minimum for this cluster.
Here, the Fe center is reduced from +III to +II while the terminal oxygen atom is
in a −I instead of a −II oxidation state. This is, however, the only case of formation
of a terminal oxygen radical in the investigated homologous series (Al2O3)nFeO+.
While for the second member, FeAl4O +

7 , a structure was assigned that is only a
minor component of the previously studied, pure aluminum analogs (Al2O3)nAlO+,
the larger members (n = 3, 4) have almost identical geometrical structures as the
aluminum oxide clusters. Incorporation of iron into aluminum oxide systems leads,
hence, only to structural changes for larger Fe:Al ratios (≥ 1:4).

Fe2O3
+ Fe3O3

+ Fe3O4
+ Fe4O5

+ Fe4O6
+ Fe5O7

+

Figure 8.3: Overview of assigned structures (TPSSh level) for several small,
cationic iron oxygen clusters. The Fe atoms are in different formal oxidation states.

The structural assignment for the investigated iron oxide clusters was in many
cases ambiguous. For three out of the five systems, two isomers exist that are
potential global minimum structures. They are depicted together with Fe3O +

4 in
Figure 8.3. With the exception of Fe5O +

7 (and Fe3O +
4 ), these compounds contain

iron atoms in formally different oxidation states. In Fe2O +
3 a synproportionation

occurs accompanied by the formation of a superoxo or peroxo group. The formation
of a four-membered ring decorated with a terminal oxygen atom – as predicted by
former studies [128] – seems unlikely. The determination of the structure of Fe3O +

3 is
complicated by the broad feature(s) in the reference IRPD spectrum. The assign-
ment of a six-membered ring motif – in agreement with all former studies [132,139] –
relies mainly on DFT predictions for the relative energies of the considered isomers.
Even if a properly matching computational IR spectrum was available, it would be
very likely that MR methods will be needed to adequately describe the electronic
structure of the system due to the delicate interactions between the three Fe centers.

Investigations of high and low spin (ferromagnetic and antiferromagnetic, re-
spectively) configurations of the compounds Fe4O +

5 , Fe4O +
6 and Fe5O +

7 resulted in
agreement with previous assignments only for the first cluster. [80,132] The true global
energy minimum structures for the remaining two compositions could each be one
out of two different isomers (see Figure 8.3). For all three systems, noticeable devi-
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3Δ3
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Figure 8.4: Schematic illustration of the origin of vibrational features of the bands
X and A from the PE spectrum of FeO –

2 . On the right-hand side, the bending poten-
tials of FeO –

2 (2∆g) and FeO2 (3∆g, 3Σ+
g ) are depicted. Colored arrows symbolize the

vertical excitation during the photodetachment. On the left-hand side, the resulting
FC simulations are superimposed with the SEVI measurements (labeled “exp.”).

ations between computational and experimental spectra are present. Moreover, it is
particularly considerable how much the predicted spectra of high and low spin iso-
mer with otherwise identical structural motifs differ. This phenomenon was tracked
down to the imbalanced description of the low spin systems by broken symmetry
wave functions. Apart from these inconsistencies, all used density functionals agree
on localized Fe-(II) and Fe-(IV) centers in Fe4O +

5 and Fe4O +
6 , respectively, i.e. the

absence of synproportionation. A general finding is that more strongly oxidized Fe
centers (+III, +IV) are stabilized by higher oxygen coordination while Fe sites in
lower oxidation states (+II) are energetically more favorable in twofold coordination
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environments. This is in agreement with the results of a previous study on small
iron sulfur clusters. [163]

The DFT results for iron oxide clusters show, that harmonic TPSSh spectra (of
both high and low spin systems) provide the best agreement with experiment. This
is the case even when the general energetics, i.e. relative stabilities of low-energy
isomers, are not correctly predicted. It is not surprising that the employed density
functionals give ambiguous results or even fail when systems with strong multi-
configurational character (e.g. FeAl2O +

4 ) are considered. For antiferromagnetic
coupling, broken symmetry solutions are, in general, a suitable approximation but
the inherent error of resulting relative energies cannot be estimated due to the lack
of high level wave function results.

Profound studies on FeO2 and its anion confirmed the 2∆g (2A1/2B1) and 3∆g

(3A1/3B1) ground states, respectively. [160,161] Furthermore, structural properties and
potential energy functions along the totally symmetric internal degrees of freedom
were calculated at the RCCSD(T) and MRCI+D/+P levels. By means of anhar-
monic Franck-Condon simulations including the effects of Renner-Teller as well as
spin-orbit coupling, the detailed vibrational structure of the bands X and A observed
in the high-resolution SEVI PE spectrum of FeO –

2 were assigned.
Figure 8.4 gives an overview of the occurring transitions during the photodetach-

ment of FeO –
2 . Most significant is the influence of the spin-orbit coupling which, on

the one hand, quenches the vibronic coupling of the 2∆g state, and, on the other,
splits the 3∆g state into three components, that are responsible for the three most
dominant progressions in the band X (red, blue and green in Figure 8.4). Since the
3Σ+

g state of FeO2, which makes up the band A, is neither affected by vibronic nor
by spin-orbit coupling, the respective vibrational structure can be explained with
a simple, anharmonic Franck-Condon analysis. The broad progression results from
the transition into several vibrationally excited levels (orange in Figure 8.4) due to
a change of the O-Fe-O bond angle of about 25− 40◦.

Concerning the question, whether the FeO –
2 anion is bent or linear, it can be

stated that it is neither. The double-well potential of the bending motion has a
barrier height of only 200 cm−1 (2.4 kJ/mol) at the RCCSD(T) level, and about
3 cm−1 (0.036 kJ/mol) at the MRCI+P level. This means that even the ground state
nuclear wave function has a significant amplitude for both arrangements, linear and
bent. Such a situation is sometimes referred to as quasi-linearity. [47] The classical
energy minimum is, however, at ∼154◦ and ∼175◦, respectively.
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Appendix

All depicted molecular structures in the appendix use the same coloring scheme, i.e.
gray: aluminum, dark blue: iron, red: oxygen, green: helium, white: hydrogen. For
the identification of all investigated isomers an uniform labeling is used throughout
the work: X-Y c, where X is an integer number identifying either a homolog series
or a particular composition, Y , if present, denotes the respective member of the
homolog series, and c stands for a letter that successively indexes the isomers of the
certain composition. In cases where very similar isomers arise due to metal atom
substitution at different positions in a parent cluster, those are labeled with the
same c but get an additional subscript numerical index, e.g. 3-2a1 and 3-2a2.
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A. Appendix

A.1 [Al3O4·nD2O]+

400 600 800 1000 1200

wavenumber / cm-1

1-0a • He3

1-0a
0 kJ/mol

184 kJ/mol

112 kJ/mol

1-0b

1-0c

σ IR
PD

Figure A.1: Comparison of the IRPD spectrum of Al3O +
4 and computational

spectra for low-energy isomers optimized at the B3LYP/def2-TZVPP level. Given
relative energies include ZPVE.
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A.1. [Al3O4·nD2O]+

400 600 800 1000 1200 2400 2600 2800

wavenumber / cm-1

1-1a

1-1a • H2

0 kJ/mol
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200 kJ/mol

1-1a*

1-1b

σ IR
PD

Figure A.2: Comparison of the IRPD spectrum of [Al3O4·D2O]+ and computa-
tional spectra for low-energy isomers optimized at the B3LYP/def2-TZVPP level.
The small signal at 2842 cm−1 results from the D2 stretching motion. Given relative
energies include ZPVE.
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wavenumber / cm-1
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0 kJ/mol

32 kJ/mol

69 kJ/mol

1-2b

1-2c

σ IR
PD

Figure A.3: Comparison of the IRPD spectrum of [Al3O4·2D2O]+ and compu-
tational spectra for low-energy isomers optimized at the B3LYP/def2-TZVPP level.
Given relative energies include ZPVE.
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Figure A.4: Comparison of the IRMPD spectrum of [Al3O4·3D2O]+ and compu-
tational spectra for low-energy isomers optimized at the B3LYP/def2-TZVPP level.
Given relative energies include ZPVE.
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A.1. [Al3O4·nD2O]+
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Figure A.5: Comparison of the IRMPD spectrum of [Al3O4·4D2O]+ and compu-
tational spectra for low-energy isomers optimized at the B3LYP/def2-TZVPP level.
Given relative energies include ZPVE.
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Figure A.6: Computational spectra for low-energy isomers of [Al3O4·5 D2O]+
optimized at the B3LYP/def2-TZVPP level. Given relative energies include ZPVE.
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A. Appendix

Table A.1: Relative energies (incl. ZPVE) in kJ/mol of the investigated iso-
mers for the compositions [Al3O4·nD2O]+ with n = 0− 5 calculated on the levels
B3LYP/def2-TZVPP, TPSSh/def2-TZVPP and CCSD(T)/def2-TZVP [82] (if avail-
able).

Isomer 1-n
a b c

n = 0 B3LYP 0 184 112
TPSSh 0 204 132

n = 1 B3LYP 0 200 —
TPSSh 0 172 —
CCSD(T)a 0 183 —

n = 2 B3LYP 0 32 69
TPSSh 0 15 61
CCSD(T)a 0 24 —

n = 3 B3LYP 0 59 139
TPSSh 0 72 132
CCSD(T)a 0 69 136

n = 4 B3LYP 0 12 25
TPSSh 0 8 11

n = 5 B3LYP 0 10 12
TPSSh 0 6 15
CCSD(T)a 0 15 32

a Taken from Ref. 82, CCSD(T)/def2-
TZVP//MP2/def2-TZVP.

116



A.2. [Fe3O4·nH2O]+

A.2 [Fe3O4·nH2O]+

300 400 500 600 700 800 3500 3600 3700 3800
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n = 1

n = 2

n = 3

n = 4

σ IR
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Figure A.7: The process of hydration of Fe3O +
4 : experimental IRPD and IRMPD

spectra of [Fe3O4·nH2O]+ with increasing n. The red curve in the bottom panel
shows an alternative IRMPD spectrum from earlier measurements.
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Figure A.8: Comparison of the IRPD spectrum of Fe3O +
4 and computational

spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level. The
blue, green and red trace show the spectra of 2-0a with one, two and three attached
He tagging atoms, respectively. Given relative energies include ZPVE.
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A.2. [Fe3O4·nH2O]+
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Figure A.9: Comparison of the IRPD spectrum of [Fe3O4·H2O]+ and computa-
tional spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level.
Green and blue traces are spectra for isomers with one and two attached He tagging
atoms, respectively. The red trace shows the influence of rotation of the terminal
OH group (red *) of isomer 2-1a: the respective Fe-O-H bending feature shifts from
∼500 to ∼400 cm−1. Given relative energies include ZPVE.
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Figure A.10: Comparison of the IRPD spectrum of [Fe3O4·2H2O]+ and compu-
tational spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level.
Given relative energies include ZPVE.
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A.2. [Fe3O4·nH2O]+

400 600 800 1000 3600 3800

wavenumber / cm-1

2-3a
0 kJ/mol

56 kJ/mol

58 kJ/mol

2-3b

2-3c

62 kJ/mol
2-3d

93 kJ/mol
2-3e

σ IR
M

PD

Figure A.11: Comparison of the IRMPD spectrum of [Fe3O4·3H2O]+ and compu-
tational spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level.
Given relative energies include ZPVE.
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Figure A.12: Comparison of the IRMPD spectrum of [Fe3O4·4H2O]+ and compu-
tational spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level.
Given relative energies include ZPVE.
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A.2. [Fe3O4·nH2O]+
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Figure A.13: Influence of anharmonic effects on the computational IR spectrum of
2-4a ([Fe3O4·4H2O]+). The blue traces are spectra resulting from MD simulations
at the PBE0/def2-TZVPP level; the lower black traces are harmonic spectra; red
sticks indicate anharmonic vibrational features at the PBE0 level.
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A. Appendix

Table A.2: Relative energies (incl. ZPVE) in kJ/mol of the investigated isomers for
the compositions [Fe3O4·nH2O]+ with n = 0− 4 calculated with several exchande-
correlation functionals. The used basis set is always def2-TZVPP.

Isomer 2-n
a b c d e f

n = 0 TPSSh HS 19 122 184 185 194 —
LS 0 85 75 141 97 —

B3LYP HS 6 97 142 151 157 —
LS 0 82 63 126 91 —

PBE0 HS 1 110 159 173 160 —
LS 0 100 91 153 108 —

BHLYP HS −17 108 64 143 65 —
LS 0 126 26 139 41 —

n = 1 TPSSh HS 32 42 55 60 46 —
LS 5 13 23 0 24 —

B3LYP HS 26 27 — 47 — —
LS 14 14 — 0 — —

PBE0 HS 12 19 — 40 — —
LS 5 11 — 0 — —

n = 2 TPSSh HS 26 59 77 79 62 72
LS 0 30 29 11 32 43

B3LYP HS 23 — — 56 — —
LS 10 — — 0 — —

n = 3 TPSSh HS 9 64 67 71 102 —
LS 0 29 38 26 47 —

n = 4 TPSSh HS 10 11 14 19 47 65
LS 1 3 3 0 2 17

B3LYP HS 16 17 12 21 45 74
LS 12 13 3 7 0 38

PBE0 HS 6 8 7 13 45 69
LS 3 6 0 2 12 38
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A.3. (Al2O3)nFeO+

A.3 (Al2O3)nFeO+
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Figure A.14: Influence of helium tagging: computational spectra for the two most
stable isomers of [FeAl2O4·nHe]+ (black, green, blue, red indicate n = 0, 1, 2, 3,
respectively).
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Figure A.15: Comparison of the IRPD spectrum of FeAl4O +
7 and computational

spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level. Given
relative energies include ZPVE.
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A.3. (Al2O3)nFeO+
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Figure A.16: Comparison of the IRPD spectrum of FeAl6O +
10 and computational

spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level. Given
relative energies include ZPVE.
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Figure A.17: Comparison of the IRPD spectrum of FeAl8O +
13 and computational

spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level. Given
relative energies include ZPVE.
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A.3. (Al2O3)nFeO+
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Figure A.18: Comparison of the IRPD spectrum of FeAl10O +
16 and computational

spectra for low-energy isomers optimized at the TPSSh/def2-TZVPP level. A su-
perposition of the spectra for the isomers 3-5a and 3-5b in a 2:3 ratio provides
the best agreement with the experimental finding. Given relative energies include
ZPVE.
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A. Appendix

Table A.3: CASSCF relative energies in kJ/mol of the isomers 3-1a and 3-1b
(see Figure 5.2) of FeAl2O +

4 and their spin states. Starting from the minimal active
space (5,5) doubly occupied oxygen 2p states and corresponding virtual double shell
states (3p) were successively added. Basis set: cc-pwCVTZ.

Iso Mult CASSCF
(5,5) (7,7) (9,9) (11,11) (29,17)f

3-1a 6 141 142 146 65 125
4 301 299 301 220 300
2 386 387 390 309 386

3-1b 6 0 0 0 0 0
4 0 0 0 0 0
2 222 221 234a 234a 220

a State-averaged CASSCF reference orbitals.

Table A.4: MRCI relative energies in kJ/mol of the two isomers 3-1a and 3-1b
of FeAl2O +

4 . In the columns DKH and CBS scalar relativistic effects were captured
by utilization of the Douglas-Kroll-Hess Hamiltonian.

Iso Mult CAS(5,5)-MRCI+D
TZa TZb augc DKHd CBSe

3-1a 6 66 80 68 51 51
4 178 186 178 168 166
2 214 219 210 206 200

3-1b 6 0 0 0 0 0
4 0 0 0 0 0
2 174 171 170 171 168

a cc-pwCVTZ, core20.
b cc-pwCVTZ, core13.
c aug-cc-pwCVTZ, core13.
d aug-cc-pwCVTZ-DK, core13.
e CBS(T,Q) with aug-cc-pwCVXZ-DK, core13.
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A.3. (Al2O3)nFeO+

Table A.5: NEVPT2 relative energies in kJ/mol of the two isomers 3-1a and 3-1b
of FeAl2O +

4 . In the columns DKH and CBS scalar relativistic effects were captured
by utilization of the Douglas-Kroll-Hess Hamiltonian.

Iso Mult CAS(5,5)-NEVPT2
TZa TZb augc DKHd CBSe

3-1a 6 37 46 35 20 18
4 111 108 99 87 80
2 100 92 83 84 72

3-1b 6 0 0 0 0 0
4 0 0 0 0 0
2 156 149 148 149 144

a cc-pwCVTZ, core20.
b cc-pwCVTZ, core13.
c aug-cc-pwCVTZ, core13.
d aug-cc-pwCVTZ-DK, core13.
e CBS(T,Q) with aug-cc-pwCVXZ-DK, core13.

Table A.6: Mean absolute errors (MAE) for neglect of core correlation (core), basis
set augmentation (aug), scalar relativistic effects (DKH) and basis set incomplete-
ness (CBS), and estimation of the total uncertainty (∑) of the MR relative energies.
All numbers in kJ/mol. MAEs are obtained from Tables A.4 and A.5 by comparing
neighboring columns but leaving out the numbers for the sextet and quartet of 3-1b
since they are always zero.

Method core aug DKH CBS ∑∑∑a

MRCI+D 7.4 7.3 7.8 2.9 13.3
NEVPT2 6.5 7.6 7.3 6.6 14.0
a Pythagorean sum of the MAEs assuming indepen-
dently propagating errors.
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A. Appendix

Table A.7: MRCI relative energies in kJ/mol of the isomers 3-1a and 3-1b (see
Figure 5.2) of FeAl2O +

4 calculated at the MRCI+D level. Reference wave functions
with increasing size of the active space were employed. Basis set: cc-pwCVTZ,
correlation scheme: core20 if not stated differently.

Iso Mult MRCI+D
(5,5) (7,7) (9,9) (9,9)c (11,11)a

3-1a 6 66 65 65 51 42
4 178 176 176 168 158
2 214 213 213 200 —

3-1b 6 0 0 0 1 0
4 0 0 0 0 0
2 174 173 178b 180 —

a Fewer correlated orbitals (core24).
b State-averaged CASSCF reference orbitals.

Table A.8: CASPT2 relative energies in kJ/mol analogous to the results shown in
Table A.7.

Iso Mult CASPT2
(5,5) (7,7) (9,9)

3-1a 6 0 0 0
4 106 108 108
2 182 182 182

3-1b 6 7 10 16
4 7 10 16
2 197 200 194a

a State-averaged CASSCF reference or-
bitals.
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A.3. (Al2O3)nFeO+

Table A.9: NEVPT2 relative energies in kJ/mol analogous to the results shown in
Table A.7.

Iso Mult NEVPT2
(5,5) (7,7) (9,9) (11,11)

3-1a 6 37 37 40 83
4 111 108 114 157
2 100 101 104 149

3-1b 6 0 0 0 0
4 0 0 0 0
2 157 157 137a 129

a State-averaged CASSCF reference orbitals.
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Figure A.19: Difference of the bond distances d1 and d2 (see Figure 5.5) of
FeAl4O +

7 (n = 2) during representative MD runs, left at 400 K, right at 700 K
pseudo-temperature. Below, the respective histograms are shown. Positive d1 − d2
values close to 1.0 indicate the global minimum structure 3-2a1, negative values
around −1.0 its enantiomer, respectively. Values about zero correspond to the in-
termediate 3-2b. Irrespective of the temperature it is almost not present.
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A. Appendix

A.4 Fe5O+
7

Table A.10: Relative stabilities of all investigated low spin states of
Fe5O +

7 in kJ/mol including ZPVE. Basis set: def2-TZVP. See Figure 6.1 for iso-
mer labels.

Iso Mult Fesfa PBE TPSSh PBE0
8a 26 269 135 84

6 1, 2 140 74 48
6 1, 3 82 52 43
6 1, 4 81 55 46
6 1, 5 129 86 64
6 2, 3 109 82 60
6 2, 4 122 89 74

8d 6 1, 2 0 0 0
6 1, 3 120 66 40
6 1, 4 30 59 41
6 1, 5 38 31 23
6 2, 4 — 27 15
6 2, 5 62 33 19

8k 6 1, 2 74 107 86
6 1, 4 22 51 51
6 2, 3 −5 21 28
6 2, 4 — 73 65
6 4, 5 — 69 60

a Labels of spin-flipped Fe centers, i.e. iron atoms
where all electrons in d states have beta-spin; blue
numbers in Figure 6.1.
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A.4. Fe5O +
7
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Figure A.20: Fe5O +
7 : low-energy high spin (S = 25/5) isomers and their re-

spective computational spectra at the TPSSh/def2-TZVP level in comparison with
the experimental IRPD spectrum. Relative energies are given in kJ/mol including
ZPVE.
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Figure A.21: Computational IR spectra of broken symmetry low spin states of
isomer 8d of Fe5O +

7 . The spin-flipped Fe centers as denoted with numbers, see
Figure 6.1 (blue numbers). Relative TPSSh energies are given in kJ/mol including
ZPVE.
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A.5. Fe2O +
3

A.5 Fe2O+
3
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Figure A.22: Comparison of the IRPD spectrum of Fe2O +
3 and computational

spectra for low-energy isomers optimized at the respective DFT level (blue: PBE,
red: TPSSh, black: PBE0). Black sticks indicate anharmonic vibrational frequencies
and intensities at the PBE0 level. Basis set: def2-TZVP.
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Figure A.23: Influence of helium tagging: computational spectra for the three
most relevant isomers of [Fe2O3·nHe]+ (black, green, blue indicate n = 0, 1, 2,
respectively).
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A.5. Fe2O +
3

Table A.11: Reference data to assess the exchange-correlation functionals PBE,
TPSSh and PBE0 considering prototypical superoxo and peroxo species and oxygen.
O-O bond distantes, dOO, are given in pm; O-O stretching frequencies, νOO, in cm−1.
Mean absolute errors (MAE) and mean signed deviations (MSD) with respect to
experimentally available reference values are given. Basis set: def2-TZVP.

Molecule Method dOO νOO

NaO2 expa 133 1094
PBE 136 1099
TPSSh 136 1137
PBE0 133 1224

BaO2 expb 149 755
PBE 151 805
TPSSh 151 823
PBE0 147 883

H2O2 expc 145 878
PBE 147 902
TPSSh 146 939
PBE0 143 1007

O2 expd 121 1580
PBE 122 1556
TPSSh 121 1618
PBE0 119 1714

MAE PBE 1.86 25.9
TPSSh 1.43 52.7
PBE0 1.48 130.7

MSD PBE 1.86 13.8
TPSSh 1.43 52.7
PBE0 −1.30 130.7

a Refs. 164,165, Ar matrix.
b Ref. 166, Ar matrix.
c Refs. 167,168, gas.
d Refs. 169,170, gas.
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A.6 Fe3O+
3
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Figure A.24: Comparison of the IRPD spectrum of Fe3O +
3 and computational

spectra for low-energy isomers optimized at the respective DFT level (blue: PBE,
red: TPSSh, black: PBE0). Black sticks indicate anharmonic vibrational frequencies
and intensities at the PBE0 level. Isomer 5c is not a minimum at the PBE potential
energy surface; it converges to 5b. Basis set: def2-TZVP.
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Figure A.25: Influence of helium tagging: computational spectra for the isomers
5a of [Fe3O3·nHe]+ (black, green, blue, red indicate n = 0, 1, 2, 3, respectively).
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A.7 Fe4O+
5
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Figure A.26: Comparison of the experimental IRPD spectrum (top row) of
Fe4O +

5 and harmonic (curves) as well as anharmonic (sticks) computational spectra
of isomer 6a at the PBE0 (black) and TPSSh (red) level. Basis set: def2-TZVP.
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A.8. Fe4O +
6
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Figure A.27: Comparison of the experimental IRPD spectrum (top row) of
Fe4O +

6 and harmonic (curves) as well as anharmonic (sticks) computational spectra
of isomer 7a at the PBE0 level. Basis set: def2-TZVP.
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A.9 FeO –/0
2

Table A.12: Relative energies (eV) of the relaxed, most stable states of FeO –
2 and

FeO2: effects of basis set size on WFT results.

System State RCCa MRCIb

TZc QZc 5Zd CBSe TZc QZf CBSg

FeO –
2

2A1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2B1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4A2 0.14 0.13 0.13 0.13 — — —
4B2 0.14 0.13 0.13 0.13 0.27 0.29 0.30

24A2 0.18 0.17 0.18 0.18 0.43 0.46 0.48
24B2 0.19 0.19 0.19 0.19 — — —

6A1 0.12 0.14 0.16 0.18 0.23 0.24 0.25
FeO2

3A1 2.49 2.52 2.53 2.54 1.91 1.92 1.93
3B1 2.48 2.51 2.52 2.53 1.91 1.92 1.93

23B1 3.16 3.22 3.24 3.27 2.85 2.88 2.86
23A1 5.04 5.10 5.12 5.14 4.32 4.35 4.37

3B2 3.38 3.39 3.39 3.39 2.75 2.74 2.74
3A2 3.46 3.47 3.47 3.47 2.83 2.83 2.82
5A2 3.29 3.36 3.39 3.42 2.54 2.58 2.61
5B2 2.76 2.80 2.82 2.84 2.08 2.10 2.12

a RCCSD(T); reference function: ROHF.
b MRCI+D; reference function: CAS(17,12) or CAS(16,12).
c Structures optimized at this level.
d Single point at QZ structure.
e CBS(QZ,5Z).
f Single point at TZ structure.
g CBS(TZ,QZ).
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2

Table A.13: Leading configurations and their percentage in the CAS expansion
using natural orbitals for the investigated states of FeO –/0

2 . All listed configurations
include also the doubly occupied active orbitals [8a2

1 3b2
1 5b2

2 6b2
2 1a2

2].

System State Leading Configuration Weight (%)
FeO –

2
2A1 9a2

1 10a2
1 11a1

1 12a0
1 4b2

1 7b0
2 2a0

2 71.08
2B1 9a2

1 10a2
1 11a2

1 12a0
1 4b1

1 7b0
2 2a0

2 71.08
4B2 9a2

1 10a2
1 11a1

1 12a0
1 4b1

1 7b0
2 2a1

2 71.39
24A2 9a2

1 10a2
1 11a1

1 12a0
1 4b1

1 7b1
2 2a0

2 69.08
6A1 9a2

1 10a1
1 11a1

1 12a0
1 4b1

1 7b1
2 2a1

2 89.76
FeO2

3A1 9a2
1 10a1

1 11a1
1 12a0

1 4b2
1 7b0

2 2a0
2 66.00

3B1 9a2
1 10a2

1 11a1
1 12a0

1 4b1
1 7b0

2 2a0
2 66.19

23B1 9a2
1 10a1

1 11a2
1 12a0

1 4b1
1 7b0

2 2a0
2 60.28

23A1 9a1
1 10a2

1 11a1
1 12a0

1 4b2
1 7b0

2 2a0
2

3B2 9a2
1 10a2

1 11a0
1 12a0

1 4b1
1 7b0

2 2a1
2 67.22

3A2 9a2
1 10a1

1 11a0
1 12a0

1 4b2
1 7b0

2 2a1
2 66.13

5A2 9a2
1 10a1

1 11a1
1 12a0

1 4b1
1 7b1

2 2a0
2 63.99

5B2 9a2
1 10a1

1 11a1
1 12a0

1 4b1
1 7b0

2 2a1
2 71.64
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Figure A.28: Comparison of the X band of the high-resolution SEVI photo elec-
tron spectrum (black) of FeO –

2 with the FC simulations (red sticks) based on (a)
RCCSD(T) and (b) MRCI+D potentials. The first feature of each FC simulation
was shifted to match the respective experimental feature and the intensities of all
features resulting from a transition into the same spin-orbit component of 3∆g were
re-normalized to adopt the experimental electron signal.
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Table A.14: Fitted coefficients of the monomials in the Taylor expansion of the
bending and stretching potential energy functions (PEF) at the TPSSh level. The
numbers are given in cm−1/an0 where n is the exponent in the respective monomial.

2∆g
3∆g

3Σ+
g

n bend stretch bend stretch bend stretch
0 415.0161 218.4573 869.9600 0 3289.117 594.8461
1 — −9805.100 — 0 — −14839.08
2 −1388.400 110354.6 −2151.155 97945.50 −3636.768 101786.7
3 — −126943.3 — −136314.0 — −133887.2
4 1358.662 70205.84 1659.895 82242.17 1201.234 97509.42
5 — −30057.23 — 4038.901 — −14594.47
6 −228.7925 20182.54 −360.6337 −17770.76 −113.1957 −17960.36
8 22.95635 — 42.00733 — 5.325046 —

Table A.15: Fitted coefficients of the monomials in the Taylor expansion of the
bending and stretching potential energy functions (PEF) at the RCCSD(T) level.
The numbers are given in cm−1/an0 where n is the exponent in the respective mono-
mial.

2∆g
3∆g

3Σ+
g

a

n bend stretch bend stretch bend stretch
0 188.8484 209.0123 415.3388 0 — —
1 — −9259.926 — 0 — —
2 −862.7230 107838.2 −1264.829 98267.98 — —
3 — −121564.1 — −114776.9 — —
4 1064.261 126494.0 1143.929 77159.71 — —
5 — −233776.3 — −41292.83 — —
6 −137.3798 250261.9 −174.9468 15240.80 — —
8 9.936844 — 13.36837 — — —
a Instable electronic wave function.
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Table A.16: Fitted coefficients of the monomials in the Taylor expansion of the
bending and stretching potential energy functions (PEF) at the MRCI+D level. The
numbers are given in cm−1/an0 where n is the exponent in the respective monomial.

2∆g
3∆g

3Σ+
g

n bend stretch bend stretch bend stretch
0 0.181056 38.69902 184.3950 0 870.4347 429.5549
1 — −3925.517 — 0 — −12198.24
2 −25.19983 101654.6 −766.0352 88034.47 −1615.583 94247.75
3 — −105318.3 — −107614.7 — −114030.0
4 899.1136 90016.95 930.3906 53757.13 799.4448 67810.27
5 — −168733.1 — −74622.15 — −30271.79
6 −120.6579 430001.4 −147.2846 92700.97 −44.93425 25253.57
8 9.585500 — 12.14026 — −0.425996 —

Table A.17: Fitted coefficients of the monomials in the Taylor expansion of the
bending and stretching potential energy functions (PEF) at the MRCI+P level. The
numbers are given in cm−1/an0 where n is the exponent in the respective monomial.

2∆g
3∆g

3Σ+
g

n bend stretch bend stretch bend stretch
0 1.010345 42.92403 205.3579 0 920.5590 430.2241
1 — −4154.673 — 0 — −12244.00
2 −60.22802 102571.9 −810.8594 89131.81 −1673.752 94845.52
3 — −105622.0 — −109096.1 — −114296.0
4 923.2451 84600.32 939.2662 50403.60 814.0791 67053.10
5 — −61057.62 — −57162.39 — −31219.51
6 −126.1008 100778.2 −147.7209 73582.41 −47.25723 27429.67
8 10.06034 — 12.10769 — −0.260785 —

Table A.18: Number of used one-dimensional Gaussian (stretching mode) and two-
dimensional isotropic harmonic oscillator (degenerate bending mode) basis functions
to expand the nuclear wave functions in.

2∆g
3∆g

3Σ+
g

Method bend stretch bend stretch bend stretch
TPSSh 465 16 465 32 1326 36
RCCSD(T) 496 16 496 32 —a —a

MRCI+D 496 17 496 32 780 36
MRCI+P 595 17 595 32 630 36
a Instable electronic wave function.
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Example input for the Renner script

This input requests the calculation of the FC simulation for the X band of
FeO –

2 using stretching and two-fold degenerate bending PEFs at the TPSSh level.
It is written in YAML format.

comments:
Name: ’Example: [FeO2]- X Band TPSSh PEFs (RTSO)’
dimensions :
- r e f : bending2A1SO

ba s i s : &BS1
type: I so t rop i c2D
num: 36
f i l e : bending_36 . npz

hami l tonian:
s t a t e s : 2
zpve: &zpve1 154.794
k i n e t i c :
f a c t o r : 0 . 5

p o t e n t i a l :
modelmatrix:
- [Em]
- [ c , Ep ]

po lynomia l s :
Em: {0: 2 .68108 , 2: −0.32271 , 4: 0 .0113622 , 6: −0.000068841}
Ep: {0: 8 .00970 , 2: −0.32271 , 4: 0 .0113622 , 6: −0.000068841}
coup l ing s :
c: {4: 0 .000547092}

- r e f : bending3A1SO
ba s i s : ∗BS1
hami l tonian:
s t a t e s : 2
zpve: ∗ zpve1
k i n e t i c :
f a c t o r : 0 . 5

p o t e n t i a l :
modelmatrix:
- [Em]
- [ c , Ep ]

po lynomia l s :
Em: {0: 5 .6201 , 2: −0.5 , 4: 0 .0138814 , 6: −0.00010851}
Ep: {0: 11 .0894 , 2: −0.5 , 4: 0 .0138814 , 6: −0.00010851}
coup l ing s :
c: {4: −0.000444416}

- r e f : s t re tch ing2A1
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ba s i s :
type: Gauss1D
s t a r t : −2.5
end: 3 . 0
num: 16
f i l e : stretch2A1_16 . npz

hami l tonian:
s t a t e s : 1
zpve: &zpve2 858.535
k i n e t i c :
f a c t o r : 0 . 5

p o t e n t i a l :
modelmatrix:
- [V]

po lynomia l s :
V: {0: 0 .26798 , 1: −0.756077 , 2: 0 .563347 , 3: −0.042901}

- r e f : s t re tch ing3A1
ba s i s :
type: Gauss1D
s t a r t : −4.0
end: 6 . 0
num: 32
f i l e : stretch3A1_32 . npz

hami l tonian:
s t a t e s : 1
zpve: ∗ zpve2
k i n e t i c :
f a c t o r : 0 . 5

p o t e n t i a l :
modelmatrix:
- [V]

po lynomia l s :
V: {0: 0 . 0 , 1: 0 . 0 , 2: 0 . 5 , 3: −0.0460678}

fc s im:
components:

# GS: initial vibrational state of elec. GS
RTSOa: {bending2A1SO: 0 , bending3A1SO: 0 .4}
s t r e t c h : { s t re tch ing2A1: 0 , s t re tch ing3A1: 0 .3}

l e v e l i n g : 0 . 0
f i l e : FCF_X_TPSSh_RTSO_test . out
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