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Abstract

Die vorliegende Arbeit wurde mit dem Ziel verfasst, Haptizitätsänderungen im poten-
tiell katalytisch relevanten metallorganischen Übergangsmetallkomplex [RuCpBz]+, zur
besseren Übersichtlichkeit als Ruwich bezeichnet, durch eine eindeutige Definition der
Haptizität zu detektieren, und darüber hinaus eventuelle Muster im Vollzug solcher Änder-
ungen zu erkennen. Hierbei ist das Interesse in den Ruwich Komplex und die Fluktuation
der Bz Haptizität, welche im angeregten Zustand zu beobachten ist, darin begründet, dass
dieses Molekül katalytische Anwendungen aufweist, da durch eine kontrollierte Verrin-
gerung des Bz Bindungsmodusses neue Liganden an das Rutheniumatom koordinieren
können, wodurch die Reaktivität des gesamten Komplexes modifiziert werden kann.

Um im ersten Schritt eine konkretere Definition des Begriffes Haptizität zu etablieren,
welche lediglich auf Atompositionen basiert, da letztere in jedem Fall mit einem Exper-
iment in Verbindung bringbar sind, war es ein Anliegen nicht ausschließlich Distanzen
zwischen Atomen mit einzubeziehen, sondern die Position des koordinierenden Rutheni-
umatoms bezüglich des Bz Liganden zu verwenden, um eine Verfälschung des Haptizitäts-
werts durch Variation im Ligand-Ruthenium Abstand zu vermeiden. Auf Grundlage dieser
Positionen von Ruthenium relativ zum Bz Liganden, welche mathematisch durch Projek-
tion von atomverbindenden Vektoren erhalten werden können, wurde ein Ansatz etabliert,
welcher die Projektionen für jede denkbare Ruwich Struktur eindeutig mit einem Haptizi-
tätswert verknüpft. Der entwickelte Ansatz, welcher auf einer einfachen mathematischen
Funktion basiert, wurde mit weiteren Geometriedeskriptoren verknüpft, welche zusätz-
liche Einblicke in Änderungen der Ruwichstruktur, unter anderem im Hinblick auf das
Öffnen einer neuen Bindungsstelle, gewähren.

Die so entwickelten Geometrieparameter, ἁ für Haptizität, δ für Metall-Ligand Distan-
zen und κ, ein winkelbasiertes Maß, die Anordnung von Bz, Ruthenium, und Cp bes-
chreibend, wurden in zahlreichen quantenchemischen Rechnungen am Ruwich System auf
die Probe gestellt. Zu diesem Zweck wurden, nachdem eine adäquate Elektronenstruktur-
methode gefunden war, punktuelle Rechnungen für einzelne Ruwichkonfigurationen von
Relevanz, sowie dynamische Rechnungen, welche Haptizitätsänderungen in einem zeit-
abhängigen Rahmen beleuchten, durchgeführt. Da die Haptizitätsänderungsprozesse in
Ruwich durch ein Versetzen des Komplexes in den angeregten Zustand induziert werden,
war es von Nöten in allen Rechnungen elektronisch angeregte Zustände zu inkludieren,
was vor allem in den Dynamiksimulationen den Einsatz von nichtadiabatischen Methoden
zur Beschreibung von Kopplungen zwischen elektronischen Zuständen mit energetischer
Nähe erforderte. Als solche Methoden wurden ab initio Vervielfältigung (ab initio multiple
spawning - AIMS) und ab initio Vervielfältigung mit informiert stochastischen Selektion-
sprozessen (ab initio multiple spawning with informed stochastic selections - AIMSWISS) einge-
setzt, und deren Resultate mit den Ergebnissen adiabatischer Simulationen im angeregten
Zustand verglichen, um das Wirkungsausmaß von nichtadiabatischen Interaktionen auf
Haptizitätsänderungen zu evaluieren.

Um ein abschließendes Wort bezüglich der in dieser Thesis ins Auge gefassten Ziele
sowie erreichten Resultate zu äußern, lässt sich sagen, dass eine Haptizitätsdefinition en-
twickelt wurde, welche es erlaubt Haptizitätsänderungen im statischen und im dynamis-
chen Fall aus lediglich den Atomkoordinaten zu extrahieren ohne distanzbasierte Annah-
men einbeziehen zu müssen.
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Abstract

The work in this thesis was carried out with the aim of detecting light-induced hapticity
changes in the transition metal complex [RuCpBz]+, referred to as Ruwich, based on a
rigorous hapticity definition. To this end, a hapticity definition that only relies on atom
distances, and is therefore connectable to an experiment, was developed. The Ruwich
complex is known to undergo changes in hapticity after light excitation due to a destabil-
ization of the Ru-Bz bond in the electronic excited state. This hapticity fluctuation could be
exploited catalytically by developing a catalyst where light-induced changes in the bind-
ing mode lead to the coordination of a new ligand. By controlling the coordination in a
complex such as Ruwich one could switch between different reactivities of the complex
and open up several reaction pathways.

As a first step, we dedicated our efforts to the development of a new hapticity definition
that does not only rely on Ru-C atom distances but instead takes into account the position
of Ru below the Bz ring. We projected the Ru position onto a basis of three bisection vectors
representing the Bz hexagon to obtain position-based information on Ru with respect to the
Bz ligand. Based on this approach, we developed a procedure that unambiguously yields
one Bz hapticity value for each Ruwich structure. Alongside the hapticity parameter, other
geometry descriptors were established for Ruwich. These descriptors yield additional in-
formation on the Ru-Bz distance and the angle formed by Ru and the Bz and Cp ligands.
When taking all parameters together, detailed information is obtained on the structure of
Ruwich with a focus on the geometrical relation of Ru and Bz.

The geometry parameters developed for Ruwich, ἁ for hapticity, δ for metal-ligand dis-
tances, and κ for the Cp-Ru-Bz angle, were tested in static and time-dependent quantum
mechanical calculations. In all calculations, excited states were included as the hapticity
changes in Ruwich are known to be caused by photo-excitation. In this work, we only con-
sidered singlet excitations and did not investigate the influence of triplet states, which
would have added another layer of complexity. The static calculations included scans
between different Ruwich minimum structures and Ruwich structures of different hapti-
city. Time-dependent dynamics simulations were carried out using adiabatic simulation
techniques and the nonadiabatic methods ab initio multiple spawning (AIMS) and ab ini-
tio multiple spawning with informed stochastic selections (AIMSWISS). In this way, we
could obtain an estimate of the importance of nonadiabatic effects on the hapticity changes
in Ruwich. As the Ruwich complex has many energetically close electronic states the com-
putationally demanding AIMS approach could only be applied in a short time interval.
We therefore saw the opportunity to test the AIMSWISS approach, which applies an addi-
tional approximation to AIMS, on the Ruwich complex and obtained a simulation covering
a longer time frame.

In the course of this thesis, we established a hapticity definition that is able to capture
hapticity changes in static and dynamic settings. Including only simple relations between
atom distances, this definition is straightforward and can easily be extended to account for
other cyclic ligands than Bz in the form of different polygons.
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Abbreviations

Ruwich [RuCpBz]+

Bz benzene

Cp cyclopentadienyl

COT cycloocatetraene

TDSE time-dependent Schroedinger equation

TISE time-independent Schroedinger equation

BH Born-Huang

DFT density functional theory

TDDFT time-dependent DFT

ALDA adiabatic local density approximation

LR-TDDFT linear-response TDDFT

PES potential energy surface

LIIC linear interpolation in internal coordinates

BO Born-Oppenheimer

TBF trajectory basis function

vMCG variational multi-configuration gaussian

FMS full multiple spawning

AIMS ab initio multiple spawning

DBOC diagonal Born-Oppenheimer corrections

SPA0 saddle point approximation

IFGA independent first generation approximation

AIMSWISS ab initio multiple spawning with informed stochastic selections

FC Franck-Condon

AIMD ab initio molecular dynamics
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The motto of such a molecule, if it spoke French, might well be Plus que je
change, plus que je suis la même chose.

- F. A. Cotton[1]

Plus que je change, plus que je suis la même chose.

- Gossip Girl[2]
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1 INTRODUCTION

1 Introduction

1.1 Application of organometallic complexes in photo-catalysis

Molecules formed out of a central transition metal atom coordinated to organic ligands,
so-called organometallic complexes, are often investigated as promising candidates for ho-
mogenous catalytic reactions.[3][4][5] Organometallic complexes show a vast variety in
the tuning of binding preferences, as the ligand composition can be changed to alter the
electronic and steric character of the metal centre. Tuning the metal centre’s binding pref-
erences allows one to change the character of the catalyzed reaction because substrate co-
ordination and conversion are modified. Hereby, the electronic and steric properties of the
catalyst can often be adjusted separately, allowing for additional tuning flexibility. Com-
monly employed ligands that exemplify the separate tunability include N-heterocyclic
carbenes[6][7] and pincer ligands[8]. Among other types of ligands, these are success-
fully applied in the catalysis of alkene metathesis and C-C, as well as C-hetero atom cross-
coupling reactions.

Apart from the exhaustive tailoring possibilities, organometallic complexes furthermore
provide easily accessible photo-excitation pathways. These convenient photochemical prop-
erties are obtained due to the mixing of metal and ligand orbitals which changes the char-
acter of the otherwise pure d-orbitals in the metal. This change in character makes the
energetically easily accessible d-transitions in organometallic complexes gain a substan-
tial amount of intensity. The excited organometallic molecule either allows for direct ex-
ploitation when designing photo-catalytic reaction cycles or can be employed to excite
smaller organic molecules controllably. After excitation, organic substrates often follow
synthetic routes unparalleled in ground state chemistry and sometimes even gain access
to opposing reactivities[9]. These significant changes take place because excited molecules
can undergo significant structural changes while the shape of occupied orbitals can also
show large variations[10]. The general tuning flexibility of ground-state organometallic
complexes, combined with their beneficial photo-chemical properties, offers a vast area of
reactive pathways to explore, that opened the field of photo-catalysis.

Alongside the experimental processes involved in the discovery and improvement of
photo-catalytic reactions[11], accompanying computational studies can provide supple-
mentary insight into the underlying mechanisms.[12][13] Computational approaches can
deliver more in-depth information on processes at an atomic scale while being connected
to real-life experiments via measurable observables. To state an example of a computa-
tional approach clarifying photo-catalytic processes, one should name the simulation of
nuclear dynamics on several electronic excitation levels. Such a simulation can give an
idea of the movement and characteristic properties of a potential catalyst after exposure to
a light source.

Despite the advantages computational approaches provide, one should note that or-
ganometallic complexes are often complicated candidates in the simulation of excited state
dynamics as they usually have energetically close low-lying excited states. This manifold
of photo-accessible electronic states causes the need to include a high number of states in
a photo-dynamics simulation. Therefore, the computational cost increases when dealing
with organometallic complexes, which might evoke the need for further approximations.
Nevertheless, the information obtained from a computational study, which is often cru-
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1 INTRODUCTION

cial for improving photocatalytic cycles[14], justifies the effort of carrying out excited-state
nuclear dynamics simulations on these systems.

1.2 Complexes containing flexibly coordinating cyclic π ligands

A common class of ligands in organometallic chemistry consists of cyclic π systems co-
ordinating to the central metal atom via donation of π electrons. Due to the transition
metal’s specific need for electrons, a cyclic π ligand might not contribute all available π
electrons to the metal-ligand interaction.[15] The concept of hapticity was introduced dur-
ing the 1960’s[16] to account for the different bonding modes a cyclic π ligand can ad-
opt. By stating the hapticity of a complex, one refers to the number of coordinative bonds
formed between the metal and a particular ligand. The concept of hapticity additionally
provides a nomenclature, used until this day, to describe the differences in coordination
numbers.[15] To state a common example, a cyclopentadienyl ligand with all five carbon
atoms coordinated to the central metal atom is termed η5, where the Greek letter η is the
symbol of hapticity. At a later point, the meaning and role of the term hapticity will be
discussed in more detail.

It was already known when the term hapticity was originally coined that changes in
hapticity can be undergone by a molecule over time. On the one hand, the hapticity of a
ligand can change as a result of a chemical reaction where the electronic need of the central
metal atom changes. In addition, the entering of a new ligand or the leaving of a ligand can
reduce or increase the hapticity of another, flexibly coordinating ligand.[17] On the other
hand, hapticity changes can be caused by a fluctuation where the overall hapticity value
remains constant while variation occurs in the ligand positions, that are coordinated to the
metal.[18][19]

To state an example of hapticity change induced by ligand fluctuation the slip
distortion[20] shall be mentioned. Slip distortions are likely to occur when a metal complex
exceeds the 18 e− rule and the additional electron occupies an anti-bonding orbital leading
to a destabilization of the metal-ligand bond. The ligand then reduces its hapticity either
by bending or by laterally ’slipping’ away from the central metal atom. Slip distortions are
also relevant when an 18 e− metal complex is excited because the excitation likely targets
an anti-bonding orbital producing a binding mode comparable to 19 e− complexes.

A different type of hapticity change already known to Cotton[18] consists of a ligand
rearrangement where the start and end structures do not show different connectivities or
differences in energy. These changes typically occur with symmetric ligands that offer the
possibility for several equivalent coordination geometries. This type of hapticity change
was referred to by Cotton as fluxonial behavior and in later days known as haptotropic
rearrangement[21]. Several examples show that fluctuations in hapticity for an organo-
metallic complex either take place in the ground state due to thermal activation or in the
excited state where the process is photo-activated.[22][23]

One experimental technique to observe fluxonial behavior is to study peak broadening
in NMR spectra recorded at different temperatures. Reducing the thermal energy slows
down the hapticity rearrangement process, which becomes visible in the NMR spectrum
as peaks become separated when the temperature is decreased. This separation occurs be-
cause the corresponding nuclei are no longer part of the same chemical environment when
the rearrangement process slows down. However, when following the NMR approach to
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detect fluxonial behavior, one often encounters difficulties in determining the mechanism
of the rearrangement. A typical example of a rearrangement process study using NMR
is presented in references [15] and [24] where a η1 coordinated Cp ligand changes the C
position coordinated to the metal atom. Here, five equivalent coordination positions are
available to the metal. The H nuclei connected to the Cp C atoms show equivalent NMR
signals at room temperature. When lowering the temperature, these NMR peaks first get
broadened and then fully separate. As the metal atom migrates with reduced speed from
C atom to C atom, the change in the chemical environment of the H nuclei becomes meas-
urable at an NMR time scale. In the presented case, the discovery of fluxonial behavior
was relatively easy compared to the later required effort to find the mechanism underlying
the process.[25]

Figure 1: The sandwich complex [RuCpBz]+ referred to as Ruwich throughout this thesis.
Coordinative bonding between the Bz, and Cp cyclic π ligands and the Ru atom
is indicated by dashed lines.

Although experimental and computational studies on haptotropic rearrangements exist
for organometallic complexes, as presented above, investigating the time-dependent hapti-
city change is not often the centre of interest. The assumption that fluxonial behavior might
not alter the reactivity of a complex and the difficulty in determining the rearrangement
mechanisms could be held responsible for this circumstance. To familiarize the reader
with the computational study of light-induced hapticity change carried out in this thesis
the investigated molecule, [RuCpBz]+, shall be introduced. [RuCpBz]+, an organometal-
lic sandwich complex, shall from now on be referred to as Ruwich, a term used because
Ru as the central transition metal atom is sandwiched between a Cp and a Bz ligand. An
overview of the ground state structure of Ruwich is provided in figure 1.

The Ru-Bz bonds in Ruwich are substantially weakened when the molecule is elec-
tronically excited because a molecular orbital anti-bonding towards Ru and Bz becomes
occupied.[26][27] An excitation of Ruwich thus causes a binding mode similar to com-
plexes with 19 electrons where slip distortions result in a lowering of hapticity. With the
Ru-Bz bond destabilized, another suitable ligand can substitute Bz, allowing Ruwich to
undergo a variety of photoinduced replacement reactions, as presented in figure 2. Fig-
ure 2 shows that the Ruwich complex can controllably undergo replacement reactions and
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therefore has huge potential for application in organometallic photocatalysis.
Figure 2 pictures the hapticity reduction in Ruwich from η6 to η4 to happen because the

Bz ring is bent. In addition, this picture suggests that the hapticity is only reduced when
a new ligand is coordinated to Ru. However, a bend in the ring structure simultaneous
to a new ligand entering is only one possible mechanism for lowering the hapticity. An-
other possibility is the aforementioned slip distortion that has a less obvious effect on the
Bz ring structure. Furthermore, hapticity changes can be caused by an excitation and do
not necessarily require the coordination of a new ligand. The photo-induced haptotropic
rearrangements of Ruwich will be studied to distinguish between the more conventional
picture of hapticity change occurring because of a ring bend, and hapticity change caused
by a slip distortion.

Regarding the mechanistic investigation of light-induced haptotropic rearrangements,
as occurring in Ruwich, computational studies are a useful tool as they allow for the obser-
vation of atomic movement. However, to learn more about hapticity rearrangement mech-
anisms in Ruwich, one must be able to extract the appropriate information from the per-
formed simulations. Defining and detecting hapticity changes in Ruwich is complicated
by the circumstance that first of all, no general definition of the term hapticity is provided,
and secondly, no strategy to unambiguously determine hapticity values is available. Up
until this point, computational studies have usually relied upon bond distances for detect-
ing hapticity, which requires the application of a threshold. As bond distance thresholds
are often difficult to base on a rationale, it would prove useful to find a proper definition
that applies to a variety of systems.

Figure 2: A photoactivated replacement reaction undergone by the Ruwich complex. The
Ru-Bz bond is first destabilized, leading to an η4 coordination and entering of a
new ligand. Bz is then fully replaced with a different arena (arene-X) or another
suitable ligand in solution (L). This figure is adapted from reference [28].

Apart from the investigation of Ruwich, obtaining a better understanding of
light-induced hapticity changes could prove useful for catalytic applications. A possible
application would be an organometallic complex that controllably opens a new coordina-
tion site because one ligand reduces its hapticity when the complex is irradiated with light.
Furthermore, a simulation-based study of fluxonial behavior is beneficial on a conceptual
level due to the need to properly define a measure for hapticity. Owed to these benefits,
this thesis focuses on the simulation, and definition-based detection, of hapticity changes
in the Ruwich complex. Hereby, the ultimate goal lies in providing a more time-dependent
picture of the concept behind hapticity applicable to a vast variety of sandwich compounds.
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1.3 In search of criteria defining hapticity

The original definition of the term hapticity established by Cotton in 1968 is held rather
vague with the objective to, as Cotton states, avoid implications and, hence, subjective judg-
ments about bonding details[16]. He states that hapticity simply gives a topological descrip-
tion[16]. Cotton derived the prefix hapto used to denote the hapticity of a ligand from the
greek ἁπτειν, the present active infinitive form of ἁπτο, which translates as to fasten, denot-
ing contact or combination[16]. Cotton first chose the letter h as a symbol for hapto and later
replaced it with the Greek letter η. This letter was chosen, although η functions as a vowel
in most ancient Greek dialects and not as a consonant resembling the sound of the Latin
letter h used today.

As stated above, it was already known in the days when Cotton presented his concept,
that certain molecules undergo changes in hapticity. Due to the vagueness of defining
hapticity it can, especially in situations of frequent hapticity changes, be difficult and am-
biguous to assign an η value to a molecular geometry of question. In existing studies of
hapticity change, the η value is usually determined based on the distances between the
central metal atom and the potentially coordinating atoms in the ligand. The required
structural data is usually taken from X-ray structures or computational results.

Most computational studies on haptotropic rearrangements consist of static calculations
including e.g. scans in search for stationary points between two structures of different
hapticity. In these studies, the geometric criteria used to assign an η value to a partic-
ular structure rarely go beyond the evaluation of metal-ligand atom distances. As an
example of employing atom distance measures, the works by Doetz[29], Ketrat[30], and
Gridnev[31] can be mentioned. In the latter study by Gridnev on rearrangement processes
in a cycloocatetraene (COT) osmium complex, an additional geometric criterion is em-
ployed. This criterion involves the tub angle of COT describing whether the ligand is in a
tub configuration (ground state) or in a planar position (excited state). Although a high tub
angle indicates a η4 coordination this finding cannot be attributed to one single conforma-
tion of the complex, as the Os atom can coordinate to the tub-shaped COT from different
sides. Using the tub angle as an additional geometric measure does thus not establish a
unique connection between hapticity and molecular structure.

Another geometric criterion going beyond the use of atom distances is employed in
computational studies on the indenyl ligand. This ligand, a junction of a five- and a six-
membered ring, can flexibly adapt to the metal atom’s electronic needs by providing a
number of C atoms for coordination ranging from two to a maximum of nine. The in-
denyl ligand therefore shows different hapticity values depending on the electronic need
of the central metal atom. In a study of Zr sandwich complexes with two indenyl lig-
ands, Bradley[32] and Veiros[33] used angles between ring centroids and planes defined
by individual rings to find a connection between changes in hapticity and overall complex
geometry. Bradley et. al. used an angle defined by the indenyl five-ring centroid, the six-
ring centroid, and the Zr atom to quantitatively determine the likelihood of opening a new
coordination site. A similar measure will at a later point be discussed for Ruwich.

In combination with geometric criteria to determine the hapticity of a cyclic ligand, com-
putational studies often apply criteria based on electronic structure quantities. These only
theoretically accessible quantities give information on the bond character or the bond pop-
ulation between the metal and ligand atoms. An example of this approach can be found
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1 INTRODUCTION

in the works of Gloriozov et. al.[34, 35, 36] In these studies, an energy decomposition ap-
proach for the interaction energy between two fragments of the complex is used along-
side atom distances. The decomposition approach relies on splitting the complex into
two fragments, defined as the metal and the ligand under consideration, to quantify the
metal-ligand interaction.[36] In their 2019 study, Gloriozov et al. focus on the haptotropic
rearrangement of a [RuCp]+ moiety coordinated to a polycyclic aromatic ligand that is
composed of a varying number of Bz units. Hereby, the energy decomposition analysis is
carried out between the [RuCp]+ fragment and the polycyclic unit. Another approach by
Gloriozov et. al., applied in the study of tricarbonylchromium complexes with an amino-
substituted diphenyl ligand analyses the electron density distribution at certain parts of the
complex to clarify whether the N atom assists in the rearrangement process.[35] The ad-
vantage of this approach over the fragment-based approach lies in the metric being based
on the electron density. This quantity is in principle experimentally accessible whereas
properties obtained from artificial fragments cannot be connected to an experiment.

Concerning already existing measures for hapticity in computational studies, it can be
stated that the geometric criteria applied often consist of simple atom distances, or, if more
complicated, involve rather arbitrary quantities that can only apply to the structure they
were created for. Moreover, the geometric criteria often rely on the ligand ring remaining
planar or varying between two well-defined extrema. This constraint facilitates the applic-
ation of geometric criteria of any sort, allowing them to rely on angles formed between
ligand planes. Relating different planes to each other is a handy approach as the orienta-
tion of several atom groups can be assessed within one criterion. However, such a criterion
can only be applied if the required planes are not deformed during the studied process. In
available computational studies, the ring geometry undergoes so little variation because
no electronic excitations and thus occupations of antibonding orbitals are considered. In-
stead, ground state rearrangements are analyzed, which are only rarely caused by signi-
ficant changes in ligand conformation. The almost inevitably occurring ring distortions
must be accounted for to study hapticity changes caused by photo-excitation. However,
with the conformation of the ring ligand showing fluctuation and the ring structure giving
up its planarity, identifying a geometric criterion is far more complicated. For the Ruwich
complex, the identification of a universally valid geometry-based hapticity criterion is chal-
lenging due to the strong deformations of the Bz ligand after photo-excitation.

1.4 Goals of this thesis

Motivated by the aforementioned lack of a rigorous definition of hapticity, this thesis fo-
cussed on two main goals. Firstly, a new definition of hapticity was developed that is
equally valid in static and dynamic applications. Hereby, special care was taken to estab-
lish a geometry-based criterion connected to an experimentally accessible observable. As a
second goal, we wanted to test the hapticity definition on the Ruwich complex in different
scenarios ranging from the static picture to adiabatic and nonadiabatic dynamics. In this
way, a universally applicable hapticity definition was obtained that can be transferred to
other sandwich complexes composed of various cyclic π ligands.
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2 Theoretical background

In this chapter, the theoretical background required to understand the computational meth-
ods applied in this thesis shall be discussed. Aspects of the presented theory especially
relevant for the application at hand, the excited state dynamics of the Ruwich complex,
will be discussed with particular emphasis.

2.1 Basic concepts of quantum chemistry

A main goal of theoretical chemistry lies in approximating the solution to the molecular
time-dependent Schroedinger equation. To this end, approaches with varying accuracy de-
pending on the chemical system of interest are available and still subject to development.
Hereby, one can search to approximate a solution of the time-dependent Schroedinger
equation (TDSE)

Ĥ(r, R)Ψ(r, R, t) = i
∂

∂t
Ψ(r, R, t) , (1)

where Ĥ(r, R) is the Hamiltonian operator containing the kinetic energy and the poten-
tial guiding the movement of the system of interest. Equation (1) is expressed in atomic
units as this unit system shall be used throughout this thesis. In chemical applications, a
molecular system is often studied by determining the molecular wave function Ψ(r, R, t)
via a set of nuclear coordinates R and electronic coordinates r. The Hamiltonian

Ĥ(r, R) = T̂n(R) + T̂e(r) + V̂nn(R) + V̂ee(r) + V̂ne(r, R)

= −
Nn

∑
I

1
2MI

∇2
I −

Ne

∑
i

1
2
∇2

i + ∑
I<J

ZI ZJ

|RI − RJ |
+ ∑

i<j

1
|ri − r j|

− ∑
I,i

ZI

|RI − ri|
(2)

contains kinetic (T̂n and T̂e) contributions and potential contributions arising from the
interaction between the Nn nuclei (Vnn), the Ne electrons (Vee), and the nuclei and electrons
(Vne). One often groups the electronic terms into an electronic Hamiltonian, defined as

Ĥel(r, R) = −
Ne

∑
i

1
2
∇2

i + ∑
I<J

ZI ZJ

|RI − RJ |
+ ∑

i<j

1
|ri − r j|

− ∑
I,i

ZI

|RI − ri|
, (3)

where Vnn enters only as a constant. Using Ĥel for a fixed set of nuclear coordinates
yields the time-independent Schroedinger equation (TISE)

Ĥel(r, R)Φν(r; R) = Eν
el(R)Φν(r; R) . (4)

The TISE is an eigenvalue equation with the electronic wave functions Φν as eigenfunc-
tions. The index ν describes the electronic state the system is in where ν = 0 denotes the
ground state of the molecule. The electronic energies Eν

el are the eigenvalues of the corres-
ponding Φν. Both, the eigenfunctions Φν and the eigenvalues Eν

el show parametrical but
no explicit dependence on the nuclear coordinates R. The eigenfunctions form an infinite
dimensional orthonormal basis that can be used to express the molecular wave function
Ψ(r, R, t) once the electronic eigenfunctions are known for every nuclear configuration R.
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An expansion of Ψ in the basis of Φν gives rise to the Born-Huang (BH) representation,
which shall be discussed in chapter 2.5. Splitting the Hamiltonian Ĥ and the molecular
wave function Ψ into a nuclear part and an electron-dependent part gave birth to two
major fields in quantum chemistry. The first, electronic structure theory, aims at finding
approximate methods for solving the TISE, while the field of nuclear dynamics deals with
the propagation of nuclear coordinates in time. Dividing the complicated challenge of solv-
ing the TDSE into two smaller problems shaped the classic understanding of chemistry at
an atomistic level and facilitated the specialization into separate research branches. But
this splitting of the problem easily leads to the downside of seeing the two fields as too far
apart although they are highly coupled.

In the following section, electronic structure theory approaches to solving the TISE and
dynamics approaches to propagating the nuclear coordinates shall be discussed. The dis-
cussion will be governed by the aim of simulating the excited state dynamics of the Ruwich
complex.

2.2 Density functional theory (DFT)

In the following, density functional theory (DFT), a different way of expressing the TISE
presented in equation (4) that leads to efficient approximations, shall be discussed. To this
day, no analytical or numerical solution to the TISE for any system containing more than
one electron is known, but different approaches have been developed to approximate a
solution. Among these methods, DFT is a prominent candidate because the method relies
on the electron density ρ as the central descriptor of the system. Hereby, usage of the high-
dimensional and experimentally inaccessible electronic wave function Φ is omitted. Note
that in the following, n will be used to signify the number of electrons Nel for reasons of
clarity.

2.2.1 Proof of concept: The Hohenberg-Kohn theorems

While the electronic wave function Φ(r; R) contains all information about a system of n
electrons, the fact that Φ consists of 3n spatial variables means that this object is extremely
complex. Concerning this fact the idea of using a different approach that involves fewer
variables seems preferable. Hereby, one possible strategy consists of integrating over the
absolute value squared of the wave function which yields the electron density ρ

ρ(r) = n
∫

· · ·
∫

|Φ(r1, r2, . . . , rn)|2dr2, . . . , drn . (5)

ρ represents the probability of finding one electron in a defined volume dr while the
remaining n-1 electrons occupy any other volume element in space. One advantage of the
electron density lies in its dependence on only 3 spatial variables. Therefore, ρ is expressed
in the physical space and can more easily be imagined than a property in a 3n dimensional
space.[37] Furthermore, the electron density is in principle a measurable quantity. Despite
these advantages, assuring that ρ contains the same amount of information as the electronic
wave function Φ is an inevitable step before relying on ρ for solving the TISE.

Usually, when approximating the exact wave function of a particular system the Hamilto-
nian is defined first by using the number of electrons and the position and charge of the
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nuclei as parameters determining the physics of the system. The obtained Hamiltonian
is then applied to a certain set of trial wave functions. Having this procedure in mind,
it would prove to be very convenient if the electron density contained the information
needed to set up the Hamiltonian, namely the number of electrons as well as the position
and charge of the nuclei. With a deeper regard to the definition of the electron density
presented in equation (5) one can deduce that the required information is indeed included.
The number of electrons can be obtained by integrating the electron density over the entire
space ∫ ∞

−∞
ρ(r) dr = n. (6)

The position of the nuclei is also implied in the electron density as ρ rises to a maximum
at the position of an atom core due to attractive potentials. The charge of the nuclei can
be obtained by examining the gradient of the electron density in the region of such a max-
imum. The finding that the electron density contains all necessary ingredients to set up
the system’s Hamiltonian is referred to as the Bright Wilson observation. Even though
the information needed to set up the Hamiltonian can be taken from the electron density,
it remains questionable whether ρ shows a unique mapping to the system’s Hamiltonian
and the ground state wave function. As can be imagined, if the electron density yielded
several differing descriptions of the very same system one would arrive at a conceptual
problem.[37]

Facing the uncertainty of whether a unique mapping exists between the ground state
electron density ρ0 and the ground state wave function Φ0 the Hohenberg-Kohn theorems
published in 1964[38] come to rescue. The first Hohenberg-Kohn theorem, The Proof of
Existence, proves that two different Hamiltonians Ĥ and Ĥ′ differing in their external po-
tential Vext and V ′

ext term by more than a constant cannot lead to the same electron density.
The proof is initiated by assuming one ground state electron density ρ0 to belong to the
two differing Hamiltonians and their differing wave functions Φ0 and Φ′

0

Vext ⇒ Ĥ ⇒ Φ0 ⇒ ρ0 ⇐ Φ′
0 ⇐ Ĥ′ ⇐ V ′

ext . (7)

Here it should be noted that two different wave functions might mathematically well
lead to the same electron density due to the square integration over an absolute value (see
equation (5)). The proof proceeds by comparing the energy obtained when applying the
Hamiltonian Ĥ to Φ′

0 and the counterpart energy from applying Ĥ′ to Φ0. ⟨Φ′
0|Ĥ|Φ′

0⟩ must
yield an energy higher than E0 as Φ0 is the ground state wave function for Ĥ. Equivalently,
the energy arising from Ĥ′ and Φ0 must be higher than E′

0. When comparing both ener-
gies the proof arrives at a contradiction. From this contradiction, one can deduce that the
mapping presented in equation (7) must be erroneous showing that instead, a one-to-one
mapping between the external potential and the ground state electron density ρ0 must ex-
ist. As the external potential guides the Hamiltonian and consequently the wave function
and ground state energy, the ground state electron density can be used to determine the
system’s Hamiltonian without ambiguity

ρ0 ⇒ n, ZN , RN ⇒ Ĥ ⇒ Φ0 ⇒ E0
el . (8)
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When mathematically phrasing the discovered one-to-one connection, it can be said that
the ground state energy is a unique functional of the ground state electron density. This
statement immediately suggests that the individual contributions to the ground state en-
ergy must also be functionals of the ground state electron density

E0[ρ0] = T[ρ0] + Eee[ρ0] + Ene[ρ0] . (9)

The different contributions to the ground state electron density functional can be split
into system-dependent and system-independent parts. Hereby, the kinetic energy, as well
as the potential caused by the electron-electron repulsion, are system-independent. The
potential due to attractions between electrons and nuclei, which is in many applications
the only contribution to Vext is system-dependent. The system-independent terms can be
condensed in one functional to obtain the Hohenberg-Kohn functional

FHK[ρ0] = T[ρ0] + Eee[ρ0]. (10)

If an explicit form of the Hohenberg-Kohn functional FHK was known one would be
able to solve the TISE exactly for every ground state system. But as no exact expression of
FHK[ρ0] is available until today, approximations must be developed. This task originated
an enormous field of research that is until today of great importance.

In summary, it can be stated that the first Hohenberg-Kohn theorem proves the existence
of a unique link between the Hamiltonian of a system and its ground state electron density.
However, the first theorem does not provide any instructions on how the ground state
electron density can be found. The second Hohenberg-Kohn[38] theorem consists of a
form of the variational principle adapted to the DFT formalism. The theorem provides a
conceptual basis for finding the ground state electron density by stating the following: As
the electron density functional delivers the lowest energy if and only if the ground state
electron density is used, the energy obtained for any other electron density will be higher.
As a consequence, varying the electron density until a minimum in energy is found must
lead to the exact ground state electron density. With this approach, the second Hohenberg-
Kohn theorem provides a strategy to find the ground state electron density, that was before
proven to represent a complete source of information to describe the respective ground
state system. However, emphasis should be placed on the variational principle having
to face more problems than e.g. in the Hartree-Fock approach. Difficulties arise as in
any chemical application, approximations have to be applied to the density functional.
Consequently, DFT does not employ the exact form of the Hamiltonian contrary to Hartree-
Fock. Therefore, the variational principle ceases to be valid in approximated DFT, which
leads to the circumstance that energies lower than the exact energy can be obtained.[37]

2.2.2 Developping a strategy: The Kohn-Sham approach

Although proofs were presented, in the form of the Hohenberg-Kohn theorems, that the
electron density can be used to obtain the ground state properties of a system, no method
on how to determine the ground state electron density is available. This important ques-
tion is attended to by the Kohn-Sham approach.[39] The goal of this approach is to obtain
the ground state electron density of any given system by setting up a reference system of
the same electron density whose properties can be determined more easily. To do so, the
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reference system is defined as a system of n particles that perform exchange processes like
fermions but do not have any charge. This reference system is described as the determinant
of n one-electron wave functions ϕi referred to as the Kohn-Sham orbitals. The obtained
determinant is then multiplied by a normalization factor yielding the wave function of the
reference system

θs(r) =
1√
n!

det

∣∣∣∣∣∣∣∣∣
ϕ1(r1) ϕ2(r1) · · · ϕn(r1)
ϕ1(r2) ϕ2(r2) · · · ϕn(r2)

...
...

. . .
...

ϕ1(rn) ϕ2(rn) · · · ϕn(rn)

∣∣∣∣∣∣∣∣∣ . (11)

Equation (11) is the exact wave function of a system of uncharged fermions and thus an
exact expression for the reference system. When the Kohn-Sham operator f̂ KS is applied to
one of the Kohn-Sham orbitals the corresponding energy ϵi can be obtained by solving the
one electron eigenvalue equation

f̂ KSϕi = ϵiϕi . (12)

Every particle of the reference system is handled individually by considering its interac-
tion with all other particles. To this end, the Kohn-Sham operator

f̂ KS = −1
2
∇2 + Vs(r) (13)

consists of a potential Vs and a term describing the contribution from the kinetic en-
ergy. The potential Vs is chosen in a way that the resulting electron density of the non-
interacting reference system ρs equals the electron density of the real interacting system ρ.
This requirement can be achieved when specifying the contributing terms of the potential
belonging to the interacting system. The contributions can be obtained by dividing the en-
ergy of the real system into a kinetic energy term Ts[ρ(r)] containing the kinetic energy of
the reference system, the Coulomb contribution J[ρ(r)], a potential energy term Ene[ρ(r)]
containing the repulsive energy between the electrons and the nuclei, and an Exc[ρ(r)] term
that contains the unknown, non-classical contributions to the total energy

E[ρ(r)] = Ts[ρ(r)] + J[ρ(r)] + Ene[ρ(r)] + Exc[ρ(r)] . (14)

The kinetic energy of the reference system can partially describe the kinetic energy of the
real system but a remaining term Tc[ρ(r)] must be added to the Ts[ρ(r)] term to describe
the excess in kinetic energy due to the charge interactions in the real system. The Tc[ρ(r)]
functional is included in the Exc[ρ(r)] term as its explicit form is also unknown. Thus,
Exc[ρ(r)] contains all contributions whose explicit forms are unknown:

Exc[ρ(r)] = (T[ρ(r)]− Ts[ρ(r)]) + (Eee[ρ(r)]− J[ρ(r)])
= Tc[ρ(r)] + (Eee[ρ(r)]− J[ρ(r)]) . (15)

The advantage of expressing the kinetic energy as presented in equation (14) lies in the
fact that the kinetic energy of the reference system can be easily obtained by
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Ts = −1
2

n

∑
i
< ϕi|∇2|ϕi > . (16)

In this way, the kinetic energy of the reference system is determined exactly, which rep-
resents an improved treatment of the kinetic energy compared to earlier applications of
DFT. DFT approaches older than the Kohn-Sham approach often yielded very poor de-
scriptions of molecular systems due to their high neglect of kinetic energy description.

Now, as the terms contributing to the total energy of the interacting system are specified
as far as they are known, the Kohn-Sham orbitals ϕi can be obtained by solving the n one
particle equations (12). With the Kohn-Sham orbitals, one can then compute the electron
density of the reference system according to

ρs(r) =
n

∑
i
|ϕi(r)|2 . (17)

By definition, ρs(r) is equal to the ground state electron density of the real system. Thus,
the ground state energy or any other property of the real system can be obtained from ρs(r)
by expressing equation (14) in terms of the Kohn-Sham orbitals

E[ρ(r)] = −1
2

n

∑
i
< ϕi|∇2|ϕi > +

1
2

n

∑
i

n

∑
j

∫∫
|ϕi(r1)|2

1
r12

|ϕj(r2)|2dr1dr2

−
n

∑
i

∫ N

∑
I

ZI

r1I
|ϕi(r1)|2dr1 + Exc[ρ(r)] . (18)

By expressing the total energy as presented in equation (18) the Kohn-Sham orbitals can
now be varied according to the variational principle to obtain the ground state electron
density. In summary, it can be stated that the Kohn-Sham approach describes a manner
of accessing the ground state electron density of any given system by using a reference
system of the same ground state electron density. Emphasis should be laid on the fact that
the only approximation used in this method is based on the fact that no expression for the
non classical Exc[ρ] functional is known. The Kohn-Sham orbitals used as trial functions do
not lead to an approximation as they describe the reference system in an exact manner.[37]

2.3 Time-dependent DFT (TDDFT)

As we highlighted in the discussion of DFT, the use of this method is by its foundation
limited to obtaining the ground state electron density and the corresponding ground state
energy of the system. To extend DFT to excited states, one first needs to prove a unique
connection between excited state electron densities and energies. As a way of extending
the DFT approach to the treatment of excited states the time-dependent DFT (TDDFT) ap-
proach was developed. The formal foundations of TDDFT consist of two parts structurally
very similar to the two Hohenberg-Kohn theorems for ground state DFT. In summary, an
extension of the first Hohenberg-Kohn theorem to excited states is given by the Runge-
Gross theorem[40], and the validation of the variational principle is achieved by relying
on an action integral. A strategy to solve the excited-state formalism is provided by the
derivation of the time-dependent Kohn-Sham equations.
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2.3.1 Formal foundations

In analogy to the proof of existence in the Hohenberg-Kohn theorems, the Runge-Gross
theorem[40] states that a unique mapping exists between the time-dependent electron
density and a time-dependent external potential. Hereby, a difference to the ground state
formalism is that the external potential is uniquely determined only up to a time-dependent
function which leads to a time-dependent phase factor in the corresponding wave function.
A proof by contradiction is carried out similar to the time-independent analogon to prove
the unique mapping between the time-dependent electron density and the time-dependent
external potential. The proof by contradiction proceeds in two steps and requires the ex-
ternal potential to be Taylor expandable around an initial time t0. Furthermore, the proof
makes use of the continuity equation relating the time-dependent electron density ρ(r, t)
to the scalar current density j(r, t) via

∂

∂t
ρ(r, t) = −∇ · j(r, t) . (19)

In the first step of the proof, two potentials v(r, t) and v′(r, t), that are assumed to differ
by a function that is not only time-dependent but does also depend on spatial coordinates,
are constructed. The two differing potentials are shown to always lead to two different
current densities j(r, t) and j′(r, t) at a time step infinitesimally later than t0 even if one
starts from two identical current densities at t = t0. In the second step of the proof, a
contradiction is used to show that two different current densities must always be caused
by two different time-dependent electron densities ρ(r, t) and ρ′(r, t). To provoke the core
contradiction, one uses the continuity equation to relate the time-dependent electron dens-
ities ρ(r, t) and ρ′(r, t) to the two external potentials v(r, t) and v′(r, t) that differ by a
spatially variant function. By subsequently assuming that the potentials vanish identic-
ally the resulting equation yields a contradiction. This contradiction shows that one must
start from two differing external potentials to obtain two different time-dependent elec-
tron densities.[41] With this one-to-one mapping being established, the external potential
v and the time-dependent wave function are proven to be uniquely determined by the
time-dependent electron density up to a function only varying in time

ρ(r, t) ⇒ v[ρ](r, t) + C(t) ⇒ Ψ[ρ](r, t)e−iα(t) . (20)

After assuring the one-to-one mapping presented in equation (20), the variational prin-
ciple is shown to be valid.[40] The validity of the variational principle can be shown when
expressing the wave function as the stationary point of an action integral. This action in-
tegral is equally a functional of the time-dependent electron density as it is the case for
the wave function. When disposing of this information, the exact time-dependent electron
density can be found by searching for the electron density that yields a stationary point for
the action integral according to

δA[ρ]

δρ(r, t)
= 0 (21)

where A signifies the action integral.[41]
After the existence of a one-to-one mapping between the time-dependent electron dens-

ity and the external potential as well as the validity of the variational principle has been
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assured, it remains to define a practical approach to obtain the exact time-dependent elec-
tron density. In order to do so, the time-dependent Kohn-Sham approach was derived.
This approach relies on the van Leeuwen theorem[42] which provides the link between
the interacting system of interest and a fictitious non-interacting system, analogous to
the time-independent Kohn-Sham approach. The van Leeuwen theorem states that the
time-dependent electron density of an interacting system is uniquely reproduced by a non-
interacting system with a different external potential but the same exact density. The exact
time-dependent density of the non-interacting reference system is expressed as the sum
over single-particle wave functions. By making use of the action integral and splitting
the contributions to the action integral functional into known and unknown parts one ar-
rives at a formulation similar to the Kohn-Sham approach in ground state DFT. In this
formulation, again, no approximation would be necessary if an explicit expression of all
contributing functionals was known.

In addition to the approximations required because no explicit form of the density func-
tional is known, approximations targeting the time-dependence of the density functional
were introduced to TDDFT. One approximation introduced in TDDFT is the adiabatic local
density approximation (ALDA), which consists of neglecting the dependence of a current
density on all previous time steps by only accounting for its dependence on the instantan-
eous time. Thus, when employing the ALDA, the history of how a certain electron density
has developed over time is neglected. Thanks to the ALDA the same approximations to the
unknown density functional as in ground state DFT can be utilized in TDDFT, an aspect
highly facilitating practical usage of the TDDFT approach. However, these benefits come
at the cost of incorrectly including only time-local contributions to a current density while
furthermore using functional approximations that were designed to treat a system in its
ground state.[41]

2.3.2 Linear-response TDDFT (LR-TDDFT)

As, so far, no strategy to determine excitation energies from the TDDFT framework has
been provided, the linear-response TDDFT (LR-TDDFT) approach developed to tackle this
problem shall be discussed. In the LR-TDDFT approach the system is not explicitly treated
as time-dependent. Instead, a small perturbation is applied by exhibiting an initial system
in its ground state to a sufficiently weak external potential. The response of the system
to the applied potential is then expressed as a Taylor series and truncated after the first
order. Accounting only for the linear response to the perturbation is justified as for most
systems, only the linear response is of relevant magnitude. The core measure in the expres-
sion of the system’s response to the perturbation is the density-density response function
χ(r, r′, t, t′). When Fourier transformed into the frequency domain, χ possesses poles at
the exact excitation energies of the system due to the Eν

el − E0
el term in the denominator

being subtracted from the frequency.[43] When a basis of single-excitations between Kohn-
Sham orbitals is used to express the density-density response function χ, one arrives at the
pseudo-eigenvalue equation[

A B
B∗ A∗

] [
X
Y

]
= ω

[
1 0
0 −1

] [
X
Y

]
. (22)

In this equation, ω and −ω correspond to the excitation and de-excitation energies while
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one element of the A matrix describes the response of the density due to a change induced
by excitation. One element of the B matrix describes the response of the electron density to
a change induced by a de-excitation process while X and Y correspond to the excitation-
and de-excitation amplitudes, respectively.[44] Regarding equation (22), emphasis should
be laid on the fact that all matrices depend on ω. As long as this frequency dependence
is retained, all multi-electron excitation processes can be described via the basis of single
excitations due to the non-linear character of equation (22). When neglecting the frequency
dependence of the matrices in equation (22), one arrives at the adiabatic approximation and
the considered response becomes limited to single-electron excitation processes.[43] There-
fore, the LR-TDDFT approach within the adiabatic approximation is not directly transfer-
rable to excitation processes involving multiple electrons. Thanks to the neglect of all fre-
quency dependence, the usage of ground state DFT functionals is also made possible for
LR-TDDFT, which simplifies the application of this approach in excited state computations
for molecules.

When applying further approximations to equation (22) consisting of neglecting the
couplings to de-excitation processes, one arrives at the equation

AX = ωX (23)

which is a real eigenvalue equation and therefore easier to solve with existing numerical
methods. The approach presented in equation (23), termed the Tamm-Dancoff approxima-
tion[45], is justified as long as the excitations in the molecule are well described by one
single-electron process. For excitations showing this character the energetic contributions
mostly come from diagonal elements of the A matrix in equation (22) while the off-diagonal
A, and the B elements have only negligible effect. Therefore, considering only the A mat-
rix is valid for molecular excitations of the described character. Any practical implement-
ation of LR-TDDFT employed today makes use of the adiabatic and the Tamm-Dancoff
approximation, which highlights their indispensable role in extending the DFT approach
to excited states.

2.4 Exploring the potential energy surfaces with geodesic interpolation

After the extensive discussion on the DFT and TDDFT methods, used to obtain static
ground and excited state properties for chemical systems, an approach to explore different
regions of the potential energy surface (PES) for given structures of a molecule shall be
discussed. Before carrying out nuclear dynamics simulations on Ruwich that are of high
computational cost, the potential regions connecting the predetermined S1 minimum and
the ground state were explored by carrying out static scans. A common strategy to per-
form a scan between two known molecular structures is the linear interpolation in internal
coordinates (LIIC) approach. However, to perform an LIIC, molecular coordinates need to
be expressed in internal coordinates to obtain a coordinate system where the movement of
different atoms is as uncoupled as possible. Establishing a system of internal coordinates
is not straightforward for a transition metal sandwich complex like Ruwich. The difficulty
arises because the Ruwich structure contains a six-membered and a five-membered ring as
well as the central Ru atom which is coordinated to eleven other atoms over relatively high
distances. These two aspects render the determination of a well-chosen internal coordin-
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ate system via any available algorithm complicated – if not unfeasible. Consequently, an
approach differing from the LIIC in the choice of coordinate system was followed in this
thesis.

The geodesic interpolation approach[46] employed provides an efficient and versatile
coordinate representation that can be used to carry out interpolations between two Ruwich
structures. The algorithm, aiming to find the mean energy pathway between any two
structures, relies on expressing the shortest pathway on a PES as a geodesic curve. A
geodesic curve can be thought of as the equivalent to a straight line in curved space. While
a straight line is the shortest connection between two points on a plane, a geodesic curve
is the shortest path between two points on a more complex surface. In any more complex
space, the shortest distance between two points depends on the definition of measures for
length and curvature. Usually, not only one but several options exist for the definition of
these measures, referred to as the metric of the space. For the applied interpolation method
to successfully find a geodesic curve that represents the desired pathway, properly choos-
ing the metric is crucial. With a proper choice of metric that is never changed throughout
the interpolation, the geodesic path is defined to equal the mean energy pathway between
two points on a PES. With a consistently applied metric, one furthermore obtains inter-
polated structures that do not depend on the coordinate system chosen to carry out the
interpolation. This aspect is highly beneficial as it allows for the method to carry out co-
ordinate transformations in a highly specialized representation while yielding structures
in universal xyz coordinates.

Regarding the high requirements for choosing the metric applied in the geodesic inter-
polation, it is crucial to realize that a rigorous definition of a mean energy pathway allows
for only one possible choice of metric that yields a geodesic curve representing this mean
energy pathway. Such a definition of a mean energy pathway was provided by Fukui et
al.[47, 48] and leads to the metric defining a length element as

ds2 =

[
gkl ∂U

∂qk
∂U
∂ql

]
gijdqidqj (24)

where gij signifies a local Euclidean metric, gkl its inverse and q are local coordinates.
The definition of the metric presented in equation (24) shows that the derivative of the po-
tential energy U with respect to changes in local coordinates is embedded into the length
element. The metric is thus closely related to the shape of the PES. To clarify the appear-
ance of a local Euclidean metric in equation (24) it should be mentioned that any complex
space can be locally approximated around any point as a Euclidean space. This idea be-
comes more straightforward when imagining an ellipsoid like the earth whose surface,
although corresponding to a curved space, can in close proximity to any given point be ap-
proximated by a plane. This concept is similar to locally approximating a one-dimensional
curve by the straight tangent at a local point of the curve. The circumstance that a loc-
ally valid Euclidean space exists for every point in a complex space justifies the usage of
a local Euclidean metric in equation (24). In addition, the advantageous circumstance that
the metric and the resulting geodesic curve are independent of the choice of coordinate
system allows for the application of a well-tailored Euclidean space. The local Euclidean
space can always be re-determined throughout the interpolation when the boundaries of
its validity are surpassed.
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Although the choice to apply a metric that determines the geodesic curve to be the mean
energy pathway has substantial advantages, the difficulty of needing to know the entire
PES for the determination of a length element (see eq. (24)) arises. To circumvent this prob-
lem, the local coordinates q are chosen to contain local information on the PES, such that
the PES resulting from the coordinate set q is nearly flat. It suffices to use atom-pairwise
coordinates, expressed in terms of simple two-body potentials, e.g. the Lennard-Jones or
the Morse potential, to let the local coordinates contain information on the PES. These
two-body potentials contain most of the interactions necessary to ensure the physically
meaningful movement of individual atoms in a given molecular structure. By approx-
imating the unknown PES via locally valid coordinate sets containing two-body potential
functions, the metric in equation (24) can be employed to yield the geodesic curve defined
to represent the mean energy pathway between two molecular conformations.

The algorithmic procedure underlying the geodesic interpolation proceeds by first de-
fining a user-determined number of images that divide the path between two molecular
conformations A and B into several connected sub-paths. As a combination of subsequent
geodesic curves is also a geodesic curve, just as a combination of several straight lines again
yields a straight line, this approach does not alter the resulting mean energy pathway. The
division into sub-paths is necessary as using a Euclidean metric and the approximation
of the PES via two-body potential-based coordinate functions relies on considering a local
environment around a given point of the complex space. The images can initially be loc-
ated at any point between structures A and B avoiding the need for a uniform distribution
provided by the user.

The length of the geodesic path between two images is approximated by using an upper
and a lower bound to estimate an interval. The upper bound is obtained by considering
that the geodesic curve is known to be shorter than any other path connecting the two
images and following the curved surface. Consequently, considering the straight connec-
tion between two images in Cartesian coordinate space which corresponds to a curved
path in the space of the interpolation metric, represents an upper bound to the geodesic
path length. The space of all possible configurations, which contains the curved surface
the geodesic lies on as a subspace, is considered to obtain an estimate of the lower bound.
In this configuration space, a straight line connecting the two images can be determined.
The fact that this straight path is shorter than the geodesic path indicates that the lower
bound cannot lie on the defined curved surface. To clarify this statement, the curved PES
the two images lie on can be imagined as the surface of the earth. When constructing a
straight path between two points on the surface of the earth the corresponding length is
always shorter than the length of any curved path following the earth’s surface. However,
from the perspective of a human being deemed to follow the earth’s surface, the straight
path, although shorter, is unfeasible. Similarly, a straight path connecting two points on a
curved PES is unfeasible to be followed by the corresponding molecule.

Approximating the length of the geodesic path by relying on the interval determined
via the upper and lower bound discussed above always leads to an overestimation. This
circumstance can be seen as beneficial when combined with a path length optimization al-
gorithm. Paths obtained during the optimization procedure are ensured to get closer to the
geodesic path as their length is minimized. As soon as a minimum path length is reached,
the respective path is known to correspond to the geodesic path. During the optimization
procedure the total geodesic curve between A and B is obtained by individually minimiz-
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ing the length of each sub-path by changing the set of coordinates an image corresponds to.
This procedure is repeated several times until all of the images remain fixed. By combin-
ing all sub-paths, the total geodesic curve is obtained. Thanks to the independence of the
resulting interpolation path on the coordinate representation this approach easily provides
a set of interpolated structures in cartesian coordinates. When applying the geodesic inter-
polation to Ruwich, interpolated structures between the pre-determined ground state and
S1 minimum structures were obtained. The interpolated structures were further analyzed
by carrying out LR-TDDFT calculations and examining the change of excitation character.
Therefore, the geodesic interpolation approach allowed for a pre-investigation of the PES
region around minimized structures, yielding a first estimate of the Ruwich excited state
dynamics.

2.5 Nuclear dynamics on more than one electronic state: spawning approaches

The energies and gradients for the electronic state the molecule is occupying need to be
considered to explore the dynamical behavior of a molecular system. In cases where the
electronic structure undergoes only small variations for changes in nuclear coordinates and
couplings of different electronic states are sufficiently small the approximation to neglect
all couplings between the occupied state and all other electronic states due to nuclear mo-
tion is valid. The requirements for this Born-Oppenheimer (BO) approximation are most
likely fulfilled when the molecular system evolves on an electronic state energetically well
separated from other electronic states. For a molecular system following this tendency,
carrying out adiabatic dynamics, an approach only considering one electronic PES, is well
justified. However, including the interaction between electronic states becomes especially
crucial when examining systems with several electronic states close in energy as is often
the case for transition metal complexes. To this end, nuclear dynamics methods have been
developed that employ the nonadiabatic approach which includes the treatment of inter-
actions between nuclear amplitudes evolving on different electronic states. It is inevitable
to consider the BH representation[49] to get an understanding of nonadiabatic dynamics
methods. When expressed in the BH representation, the complete molecular wave function
Ψ(r, R, t) is expanded in the basis of its electronic eigenstates Φν(r; R)

Ψ(r, R, t) =
∞

∑
ν

Φν(r; R)Xν(R, t) (25)

where ν denotes a particular electronic state and Xν(R; t) represents the corresponding
expansion coefficient referred to as the nuclear amplitude. When carrying out adiabatic
dynamics, only one electronic eigenstate Φν is considered and the molecular wave function
is reduced to

Ψ(r, R, t) ≈ Φν(r; R)Xν(R, t) . (26)

In the limit of setting ν to one particular number the exact BH representation boils down
to the BO approximation[50]. The BO approximation is valid as long as the electronic
structure undergoes only small variations for changes in nuclear coordinates and couplings
of different electronic states are sufficiently small.
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In the course of this thesis both molecular dynamics approaches, the adiabatic and the
nonadiabatic approach were employed. The utilization of both methods allows us to eval-
uate the effect of neglecting nonadiabatic effects. Hereby, the role of population transfer
between electronic states in the excited state dynamics of Ruwich and the potential influ-
ence of these effects on the flexibility to undergo hapticity changes can be examined.

In the BH picture, the electronic structure information required to propagate the nuclear
amplitudes is obtained from methods such as DFT and LR-TDDFT as discussed in the pre-
vious chapter. To obtain the nuclear amplitudes Xν and their time evolution another field
of computational quantum chemistry methods must be entered, namely that of nonadia-
batic molecular dynamics. This section will focus on different approaches to determine the
time evolution of the nuclear amplitudes on more than one electronic state in a similar way
as the previous section is directed to obtaining the electronic eigenstates.

2.5.1 Expressing the molecular wave function in a basis of frozen Gaussians

It is priorly necessary to find a representation of the molecular wave function Ψ rendering
the propagation as efficient as possible to arrive at a feasible method for propagating the
nuclear amplitudes Xν. A common approach lies in representing the nuclear amplitudes
Xν via a flexible grid of Gaussian functions with grid points corresponding to the directly
time-dependent central positions and momenta.[51] Having time-dependent grid points
allows for a relocation of the grid whenever necessary, avoiding the need to predetermine
representative points in phase space. Using the grid of flexible Gaussians, the nuclear
amplitude of a particular state ν is expressed as

Xν(R, t) =
Nν

TBFs

∑
k

C(ν)
k (t)χ(ν)

k (R; R̄(ν)
k (t), P̄(ν)

k (t), α
(ν)
k , γ̄

(ν)
k (t)) (27)

where k denotes a particular TBF among the Nν
TBFs many TBFs evolving on state ν. γ

(ν)
k

is time-dependent phase factors while α
(ν)
k corresponds to the time-independent width

of the TBF k on state ν while R̄(ν)
k and P̄(ν)

k are the time-dependent central position and
momentum of TBF k. Going further down the expansion hierarchy, each of the multi-
dimensional TBFs χ

(ν)
k is expressed as a 3Nn dimensional product of one-dimensional

Gaussians, where Nn denotes the number of nuclei

χ
(ν)
k (R; R̄(ν)

k (t), P̄(ν)
k (t), α

(ν)
k (t), γ̄

(ν)
k (t)) = eiγ̄(ν)

k (t)
3Nn

∏
ρ

χ
(ν)
kρ (Rρ; R̄(ν)

kρ (t), P̄(ν)
kρ (t), α

(ν)
kρ (t)) . (28)

To arrive at the end of the expansion, each one-dimensional Gaussian χ
(ν)
kρ has the explicit

form
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χ
(ν)
kρ (Rρ; R̄(ν)

kρ (t), P̄(ν)
kρ (t), α

(ν)
kρ (t))

=

2α
(ν)
kρ

π

 1
4

exp
(
−α

(ν)
kρ (Rρ − R̄(ν)

kρ )2 + iP̄(ν)
kρ (Rρ − R̄(ν)

kρ )
)

.

(29)

Having established the basis of the molecular wave function Ψ(r, R, t) to be used in the
nonadiabatic molecular dynamics, it remains to insert this expression of Ψ(r, R, t) into the
TDSE presented in equation (1). When inserting the nuclear amplitudes expressed in terms
of the flexible Gaussian grid into the BH one obtains

Ψ(r, R, t) =
∞

∑
ν

Nν
TBFs

∑
k

C(ν)
k (t)χ(ν)

k (R; R̄(ν)
k (t), P̄(ν)

k (t), α
(ν)
k (t), γ̄

(ν)
k (t))Φν(r; R) . (30)

Expressing the TDSE by using this form of the total molecular wave function yields

Ĥ(r, R)
∞

∑
ν

Nν
TBFs

∑
k

C(ν)
k (t)χ(ν)

k (R; R̄(ν)
k (t), P̄(ν)

k (t), α
(ν)
k (t), γ̄

(ν)
k (t))Φν(r; R)

= ih̄
∂

∂t

∞

∑
ν

Nν
TBFs

∑
k

C(ν)
k (t)χ(ν)

k (R; R̄(ν)
k (t), P̄(ν)

k (t), α
(ν)
k (t), γ̄

(ν)
k (t))Φν(r; R) .

(31)

By left multiplying the expression in equation (31) with [Φµ(r; R)χ(µ)
k′ (R; R̄(µ)

k′ (t), P̄(µ)
k′ (t),

α
(µ)
k′ (t), γ

(µ)
k′ (t))]∗ and integrating over the whole electronic and nuclear coordinate space

one obtains

HC = ih̄
(

S
dC
dt

+ ṠC
)

, (32)

where H denotes the Hamiltonian matrix, and S and C stand for the overlap and coef-
ficient matrix of the wave function Ψ. Ṡ signifies the partial time derivative matrix of the
overlap matrix S where the time derivative between two TBFs is obtained according to

(Ṡ)µν

kk′
= ⟨χ(µ)

k | ∂

∂t
χ
(ν)

k′
⟩Rδµν . (33)

Equation (32) can be solved after a term for the time evolution of the coefficient matrix
dC
dt by carrying out the following transformations
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HC − ih̄ṠC = ih̄S
dC
dt

ih̄
dC
dt

= S−1HC − ih̄S−1ṠC

dC
dt

= −iS−1HC − S−1ṠC

= −iS−1 (HC − iṠC
)

= −iS−1 ((H − iṠ)C
)

(34)

yielding the equation of motion

dC
dt

= −iS−1 ((H − iṠ)C
)

. (35)

Equation (35), being the TDSE expressed in terms of the flexible TBF grid, represents
the common expression for the time change of the coefficient matrix. As equation (35)
treats all states as coupled, no approximation has been made to obtain this expression
of the TDSE that remains numerically solvable as long as a limited number of electronic
states is considered. The coefficient matrix C needs to be propagated in time to arrive
at a numerical solution. To this end, a choice of propagation algorithm representing the
movement of a nuclear wave function is required. Hereby, the options lie in either em-
ploying an algorithm that aims to accurately represent the movement of a wave function
or choosing a classical propagation algorithm not including this characteristic behavior.
While both approaches lead to the exact solution, the former requires a far smaller num-
ber of TBFs than the latter approach as the character of a wave function is preserved. In
the variational multi-configuration gaussian (vMCG) method[52] the algorithm includes
wave function behavior while all couplings between Gaussians on all states are considered.
From this propagation technique, it follows that vMCG requires less TBFs but consequently
the propagation algorithm becomes enormously complicated. A differing propagation ap-
proach is chosen in the FMS method[53], where the TBFs are propagated classically by
using standard equations of motion to obtain the mean positions and momenta as well as
the phase of each one-dimensional Gaussian separately. While a much higher number of
TBFs is required in the FMS approach than in vMCG, the advantage lies in the simplicity
of the propagation algorithm facilitating the implementation of FMS.

2.5.2 From FMS to the AIMS approach

Although an extensive basis set is required in FMS, one starts the dynamics with a certain
minimal set, whose number and individual complex amplitudes are chosen to represent a
suitable initial condition. The initial set is extended throughout the dynamics by spawning
new TBFs whenever necessary. Hereby, each initial TBF, serving as the parent of its branch
β, can spawn a in theory unlimited number of so-called child TBFs. In an FMS simulation,
the number of branches is thus equal to the number of initial TBFs. The newly created
TBFs on other electronic states ensures that all interaction between nuclear population is
described but only taken into account when playing a significant role in the dynamics. To
achieve this, the FMS propagation algorithm contains a spawning algorithm handling the
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apparition of new TBFs. It is required to focus on the coefficient evolution on one state µ
that can be expressed as

dCµ

dt
= −i(S−1)µµ

(
(Hµµ − iṠµµ)Cµ +

∞

∑
ν ̸=µ

HµνCν

)
(36)

to discuss the functionality of the spawning algorithm. Equation (36) describes the evol-
ution of the coefficient Cµ on one electronic state µ where now the term ∑∞

ν ̸=µ HµνCν con-
tains the coupling to all other states ν. From expressing the equation of motion with re-
spect to one state two distinct forms of couplings, the intrastate (µ = ν) and interstate
(µ ̸= ν) interactions arise. The number of these intrastate and interstate couplings grows
over time and the dimensionality of the H matrix increases as more TBFs are created within
the spawning algorithm whenever an existing TBF enters a region of strong interstate coup-
ling. To obtain an explicit form of the intrastate and interstate couplings it is necessary to
focus on one element (H)

µ,ν
kβ,k′ β′ of the Hamiltonian matrix, describing the coupling between

a TBF k of branch β on state µ and a second TBF k
′

of branch β
′

on state ν

(H)
µ,ν
kβ,k′ β′ =

〈
Φµχ

(µ)
kβ |Ĥ|χ(ν)

k′ β′ Φν

〉
r,R

. (37)

With the contributions to the Hamiltonian presented in equation (2) one obtains

(H)
µ,ν
kβ,k′ β′ =⟨χ(µ)

kβ |T̂n|χ(ν)

k′ β′ ⟩R δµν + ⟨χ(µ)
kβ |Eel

ν |χ
(ν)

k′ β′ ⟩R δµν

−
3Nn

∑
ρ

1
Mρ

⟨χ(µ)
kβ |⟨Φµ|

∂

∂Rρ
|Φν⟩r

∂

∂Rρ
|χ(ν)

k′ β′ ⟩R

−
3Nn

∑
ρ

1
2Mρ

⟨χ(µ)
kβ |⟨Φµ|

∂2

∂R2
ρ

|Φν⟩r|χ(ν)

k′ β′ ⟩R

(38)

where different coupling terms become relevant, depending on whether the two TBFs
evolve on the same state (µ = ν) or on different states (µ ̸= ν). If the TBFs k and k

′

evolve on the same state the first two terms in equation (38) containing the δµν, as well
as the diagonal elements of the second order derivative, the diagonal Born-Oppenheimer
corrections (DBOC)s, determine the interaction. If the two TBFs evolve on different states,
all terms with δµν vanish and the elements of the first order derivative in equation (38)
and the off-diagonal elements in the second order derivative guide the interaction. The
first-order derivative contains the term

dµν(R) = ⟨Φµ|
∂

∂R
|Φν⟩r (39)

referred to as the nonadiabatic coupling term. This vector, describing the overlap between
the electronic wave functions of two different states µ and ν with respect to a change in
nuclear coordinates governs the interaction between the two TBFs in states µ and ν. The
second-order contributions to intra and inter-state couplings shown in the last summand
of equation (38) are usually neglected in FMS methods when evaluating the interaction
between TBFs. The interstate couplings are required to guide the spawning algorithm that
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lies at the heart of the FMS approach and coined the name the resulting family of dynamics
methods. The spawning algorithm ensures sufficient interaction between TBFs on differ-
ent electronic states. A coupling criterion in the form of an effective nonadiabatic coupling
is monitored for each existing TBF with respect to all other electronic states to assess the
necessity of spawning a new TBF. The hereby employed effective nonadiabatic coupling
Λe f f

µν (R̄(ν)
kβ ) can either be simply defined as the modulus of the nonadiabatic coupling

Λe f f
µν (R̄(ν)

kβ ) = |dµν(R̄(ν)
kβ )| (40)

or as the projection onto the classical velocities of the TBF under consideration

Λe f f
µν (R̄(ν)

kβ ) = dµν(R̄(ν)
kβ ) · ˙̄R(ν)

kβ . (41)

As soon as the effective nonadiabatic coupling Λe f f
µν exceeds a certain threshold, the

spawning algorithm is entered. At this instant, the classical propagation of the TBF that
evoked the spawning mode is continued, while the evolution of all other TBFs is paused.
This individual propagation started from the time step tentry proceeds until the effective
nonadiabatic coupling Λe f f

µν reaches a maximum. The nuclear coordinates obtained at this
maximum are used to spawn a new TBF that is placed at state µ at a time noted as the
spawning time tspawn. After the actual spawning was performed, both TBFs, the parent
on state ν and the child on state µ, are back-propagated until the time tentry is reached.
The back-propagation is necessary as an immediate propagation at the time tspawn would
introduce discontinuities due to the child TBF’s instantaneous appearance on the state
µ at an instant where its coupling between both TBFs peaks. Back-propagating ensures
that the child enters when the effective coupling Λe f f

µν is closely just above the considered
threshold allowing for the interaction between parent and child to develop smoothly over
time. When the parent and the child are both back at tentry, the propagation of all TBFs
that existed before tentry and the newly spawned child is continued normally. Now, popu-
lation transfer can take place between the parent and child TBFs allowing for an accurate
description of nuclear amplitude evolving on energetically close electronic states.

If one uses the FMS approach described above – just as it is – to spawn new TBF whenever
necessary according to the effective nonadiabatic coupling and computes all intra- and in-
terstate couplings as described, the propagation of the molecular wave function is carried
out exactly, although the TBF parameters are propagated classically. However, in treating a
molecular system, a high number of TBFs will most likely be spawned during the dynamics
leading to a continuous increase in the number of Hamiltonian elements to be computed.
This problematic scaling of the FMS method led to the introduction of two approximations
that gave birth to the AIMS approach.[54][55] Before discussing these two approximations,
it needs to be stated that an important but often not explicitly mentioned approximation
lies in the fact that whenever dealing with a molecular system it is impossible to include all
electronic eigenstates requiring a limit on the number of states to include. Hereby, it is not
straightforward to determine the electronic eigenstates of the system crucial to describe the
processes under investigation. Neglecting a state although it would show to become highly
populated in the simulation can only lead to results incorrectly picturing the system’s dy-
namics. Choosing the set of electronic states becomes especially relevant when considering
a transition metal complex such as Ruwich. The occurrence of d-orbitals in the chemically

23



2 THEORETICAL BACKGROUND

relevant energy frame leads to electronic eigenstates prone to be close in energy over a
large interval of nuclear coordinates making it complicated to determine the states access-
ible to the photo-excited system. While a system such as Ruwich requires the inclusion of
a high number of electronic eigenstates, this manifold of states also leads to a high number
of spawning events, especially as the states are energetically close. This vicious cycle, caus-
ing the computational demand of the simulation to explode rapidly, requires for a careful
limitation of electronic states to include. Aside from this general approach that would be
necessary for any practical application involving molecular systems, the more prominent
approximations characterizing AIMS are the saddle point approximation (SPA0) and the
independent first generation approximation (IFGA). The SPA0 arises because the calcula-
tion of the intra- and interstate couplings arising from the Hamiltonian matrix elements
(see eq. (38) causes a major problem in any molecular application. To compute any of
the integrals containing electronic structure quantities and integrate over the whole nuc-
lear coordinate space, it is necessary to know the electronic structure quantity of interest
at any possible nuclear configuration. This is not possible without using pre-computed
PESs which are in most applications inaccessible. Therefore, the SPA0 comes into play for
any given integral containing an electronic structure quantity, as the nonadiabatic coupling
between two TBFs

(d)µν

kβ,k′ β′ = ⟨χ(µ)
kβ |⟨Φµ|

∂

∂R
|Φν⟩r|χ(ν)

k′ β′ ⟩R . (42)

Now, instead of considering each TBF individually, the centroid position between the
two TBFs is defined as

R̄(µν)

kβ,k′ β′ =
R̄(µ)

kβ + R̄(ν)

k′ β′

2
. (43)

The nonadiabatic coupling element, or any other electronic structure quantity of interest
is then expressed as a Taylor series around this centroid position and truncated after the
zeroth order, leaving only the term

dµν(R) ≈ dµν(R̄(µν)

kβ,k′ β′ ) . (44)

Boiling the contribution of any electronic structure element down to the value at the
centroid position of the two TBFs only works surprisingly well because the density of
a Gaussian function is localized in space due to its inherent symmetry. Thus, the most
relevant electronic structure contributions are those at positions close to the mutual centre
of the Gaussians. At all other positions, the overlap between the TBFs is so small that
corresponding electronic structure quantities become weighted out. The SPA0 allows for
carrying out AIMS dynamics on the fly without the need of precomputing PESs in a pre-
defined nuclear coordinate space.

The second approximation applied in AIMS – the IFGA – consists of neglecting any
couplings between TBFs that belong to different branches. This approximation, of course
reducing the amount of couplings required to compute quite substantially, is especially
accurate in molecular excitation processes. This is owed to the fact that an initial wave
packet would usually choose to spread out far already in the first steps after the excitation.
For TBFs belonging to different branches, this behavior implies that these TBFs move far
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away from each other in the first steps of the simulation, making it irrelevant to consider
their interactions. Thanks to the IFGA, one can sample every initial TBF separately in a
practical approach allowing for the independent simulation of every parent TBF.

2.5.3 Keeping the number of TBFs to a minimum: the AIMSWISS approach

In an AIMS simulation, the number of TBFs and therefore the computational demand can
increase quite rapidly. Within this large set of TBFs it can quickly happen that certain
TBFs separate far from each other within only a few time steps causing their couplings to
become negligeably small. These couplings between well-separated TBFs still bring their
contribution to the overall computational effort of the simulation although they do not con-
tribute important information. It would prove beneficial to consider well-separated TBFs
and their respective offsprings as separated branches to avoid the computation of these
non-insightful couplings. By treating uncoupled TBF branches separately one arrives at an
approximation similar to the IFGA with comparable computational benefits. An approach
of this kind is provided by stochastic selection AIMS methods[56], where a selection pro-
cess between two TBFs is initiated as soon as a user-defined threshold defines them as
separate. The downside of stochastic selection AIMS methods lies in the usage of a user-
determined selection parameter that is assumed to be applicable to every single TBF in the
simulation. Finding one suitable parameter for all TBFs is not only a cumbersome task to
be left out to the user but might even be impossible in more complicated simulations. Here,
the AIMSWISS approach[57] provides a rescue, avoiding the problem of defining a selec-
tion threshold. This is achieved by using a decoupling parameter individually determined
for every parent-child pair without the requirement of user input. As such, the Schwartz
criterion, which approximates the overlap decay time of two Gaussians evolving on dif-
ferent PESs as a Gaussian, is adapted to apply to the AIMS approach. With the Schwartz
criterion, a selection rule only relying on input from the two TBFs under consideration is
obtained. The criterion employs the idea that two Gaussians with an identical initial distri-
bution in phase space have an overlap decay only depending on the initial nuclear forces
that act on the central position of each Gaussian. Using the Schwartz criterion in spawning
dynamics allows for the computation of an overlap decay time for a pair of TBFs at the
event of their spawning. The so-obtained decay time determines when the two trajectories
will be sufficiently uncoupled to carry out a selection process. For the Schwartz criterion
to be valid the two Gaussians must show sufficient similarity in their initial conditions.
This requirement is fulfilled for a pair of parent-child TBFs as the decay time is computed
directly during the spawning process, at the time tspawn when the child TBF is still a close
enough portrayal of its parent. In practice, the AIMSWISS algorithm employs the Schwartz
criterion to initiate the selection process by proceeding via the following steps. After the
parent and child TBF have been propagated from the time tentry until tspawn, their overlap
decay time τD is calculated according to

τD =
1
4

(
(F̄µ

k (tspawn)− F̄ν
k′ (tspawn))

Tα−1(F̄µ
k (tspawn)− F̄ν

k′ (tspawn))
)− 1

2
. (45)

As can be seen from equation (45), τD takes no other input than the nuclear forces at the
central position for each TBF. After calculating τD the propagation of all TBFs is continued
until the selection time tSS equal to tspawn + τD is reached. At the selection time, the overlap
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of parent and child is predicted to have decayed to exp(−1) of its initial maximum at
tspawn. To evaluate the prediction, the actual overlap is calculated and a warning is issued
to the user if this value exceeds exp(−1) of the initial overlap. Checking the validity of
the approximated overlap decay time τD at every selection event provides an automated
evaluation of the selection criterion. Then, the population of parent and child branches,
computed by taking into account any new TBFs possibly spawned in either branch, are
evaluated following the Monte Carlo criterion to determine the branch to be maintained
in the simulation while the other branch is discarded. After renormalising the remaining
TBFs the dynamics is continued according to the standard AIMS approach.

While the adaptation of the Schwartz criterion ensures that the coupling between parent
and child TBF is considered until it becomes negligible, the approach does not account for
any children of different branches that potentially become coupled as a result of the sim-
ulation. It should thus be highlighted that the selection criterion imposed by AIMSWISS
assumes not only that parent and child will become uncoupled but also that their respect-
ive offspring separate from the respective other branch. Furthermore, it is important to
note that, although AIMSWISS represents an approximation to AIMS the approach should
not be seen as a separate theory as the AIMS dynamics can always be recovered from
AIMSWISS by setting τD to infinity.

In the course of this thesis, both dynamics approaches AIMS and AIMSWISS shall be
applied to simulate the excited state dynamics of Ruwich while their results shall be com-
pared in order to examine the ability of AIMSWISS of correctly predicting decoherence
times for an organometallic complex. To analyze the results obtained with AIMS and
AIMSWISS, it is necessary to compute observables meaningful to the dynamics of Ruwich.
Therefore, it shall in the following be clarified how observables and state populations can
be obtained from AIMS and from AIMSWISS.

2.5.4 Calculating observables within the multiple spawning framework

From the simulation data obtained throughout this thesis, several nuclear coordinate-based
observables were calculated. The so-obtained geometrical measures and their role in de-
scribing geometry changes of Ruwich will be discussed with further detail in section 4. To
calculate any observable from AIMS or AIMSWISS trajectories it has to be considered that
averaging over the individual observables separately calculated for each trajectory does
not provide the correct result. This circumstance is justified by the fact that the TBFs in
spawning dynamics do not have equally distributed occupations but often show popu-
lations differing substantially because interaction processes between TBFs are taken into
account. Therefore, it is necessary to evaluate the complex expansion coefficient of each
TBF to obtain its population at every time step. Furthermore, as the TBFs do not form an
orthonormal basis they are linearly dependent causing their overlaps to be non-zero. Ac-
counting for the overlap of each pair of TBFs present at a time step is required to obtain
observables that contain a correct description of how the population is distributed.

When an observable O corresponding to the operator Ô is calculated via

O(t) =
⟨Ψ(t)|Ô|Ψ(t)⟩r,R

⟨Ψ(t)|Ψ(t)⟩r,R
(46)
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one can omit the denominator as the molecular wave function Ψ is normalized. Inserting
Ψ expressed in the basis of the TBFs into equation (46) yields

O(t) =
∞

∑
µν

NTBFµ(t)

∑
k

NTBFν(t)

∑
k′

(Cµ
k (t))

∗Cν
k′ (t)⟨Φmuχ

(µ)
k |Ô|χν

k′ Φnu⟩r,R

 . (47)

When applying the projection operator P̂λ = |Φλ⟩⟨Φλ| in equation (47) as an example
for Ô one obtains the population on state λ

Pλ(t) =
∞

∑
µν

NTBFµ(t)

∑
k

NTBFν(t)

∑
k′

(Cµ
k (t))

∗Cν
k′ (t)⟨Φµχ

(µ)
k |Φλ⟩⟨Φλ|χ(ν)

k′
Φν⟩r,R

 (48)

which boils down to

Pλ(t) =
NTBFλ(t)

∑
k,k′

(Cλ
k (t))

∗Cλ
k′ (t)⟨χ

(λ)
k |χ(λ)

k′
⟩R

=
NTBFλ(t)

∑
k,k′

(Cλ
k (t))

∗Cλ
k′ (t)(S)

λλ
kk′ .

(49)

as the electronic eigenstates Φ form an orthonormal basis. Equation (49) yields the pop-
ulation of each electronic state λ for each time step of the AIMS or AIMSWISS simulation.
As the IFGA is applied it suffices to calculate the average of each observable for different
branches β at every time step

O(t) ≈ 1
Nini

Nini

∑
β

⟨Ψβ(t)|Ô|Ψβ(t)⟩r,R

⟨Ψβ(t)|Ψβ(t)⟩r,R
(50)

where one can use the number of initial TBFs Nini to sum over all β, as the number of
initial TBFs determines the number of branches of the simulation.

In this thesis, all AIMS and AIMSWISS observables were obtained by first computing the
individual value for each trajectory. Then, the individual values of all trajectories present
at a certain time step were multiplied by the absolute value of their corresponding complex
expansion coefficient. The so obtained population-weighted properties were summed over
to give one total property as seen in equation (49) for the projection operator. It is owed
to the weighting by population that discrete properties, such as the hapticity describing
the binding number in an organometallic complex, can take in-between values when com-
puted for spawning dynamics simulations.
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3 Computational details

3.1 Electronic structure calculations

In all ground state electronic structure calculations we employed the DFT method using
the functional ωB97XD[58] with type 3 dispersion corrections[59] and the cc-pVDZ[60]
basis set, unless otherwise stated. For the Ru atom, we applied an effective core potential
consisting of the LANL2DZ basis set[61][62]. For the excited state calculations, LR-TDDFT
was the method of choice, where the number of included excited states was set to 4. The
maximum number of Davidson iterations in the LR-TDDFT calculations was increased to
60 to ensure convergence. The TeraChem code[63][64][65] was used to carry out the ground
and excited state electronic structure calculations. After each optimization, we performed
a frequency calculation to ensure that the optimization algorithm reached a minimum.
A Wigner sampling with 1000 geometries was carried out to obtain a set of initial con-
ditions representative of the ground state. We sampled the initial conditions by running
1000 individual samplings in TeraChem, each with a different random number seed. To
obtain a UV-Vis spectrum from the Wigner sampled structures, LR-TDDFT calculations,
as specified above, were carried out on each sampled initial condition. The individual
LR-TDDFT results were processed into one spectrum by applying a Gaussian broadening
of 0.05 eV to the excitations grouped in bins of 0.005 eV windows.

VMD[66] was used throughout this thesis for creating the molecular representations
used to illustrate structures from static calculations and dynamics simulations.

3.2 Adiabatic excited state dynamics

Both adiabatic dynamics on S0 and S1 were carried out using the electronic structure set-
tings as stated above within the TeraChem code.

For the S0 dynamics, one initial condition from the Wigner sampling was chosen as a
starting point. A time step of 0.5 fs, a convergence threshold of 1.0·10−6 Ha, and a two-
electron integral threshold of 1.0·10−14 Ha was applied. By setting the number of time
steps to 20000, 10 ps of adiabatic ground state dynamics were simulated. For the S1 adia-
batic dynamics, the ground state minimum structure was chosen as initial condition while
otherwise, the same settings as in the S0 dynamics were applied.

To set a threshold for the hapticity parameter ἁ (see section 4.2.4), the fluctuation around
a mean hapticity, as extracted from the 10 ps of ground state dynamics, was taken. The
mean ἁ value from the S0 dynamics is at 0.4998 with a standard deviation of 0.0225. By mul-
tiplying the standard deviation by three and subtracting the result from the mean hapticity
one obtains the threshold of 0.4324 for p̄i. For p̄′i, an upper threshold of 0.5672 was used,
such that all projection values within the interval [0.4324:0.5672] were considered as form-
ally 0.5.

3.3 Nonadiabatic excited state dynamics

The nonadiabatic AIMS and AIMSWISS simulations were performed using the FMS90
code interfaced with TeraChem[67] using the same electronic structure settings as specified
above. The simulations were started from the same initial condition as chosen for the S0
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dynamics. The dynamics simulations were started from the S1 state, while including three
excited singlet states. The time step was set to 20 atu and the TBF widths (α in eq. (28))
employed for H, C, and Ru were 4.5000, 22.5000, and 51.5926 bohr−2[68], respectively. The
coupling threshold one trajectory must exceed for entering the spawning mode was set to
0.0025, while the minimum population required for a trajectory to spawn was set to 0.01.
As a coupling criterion, the nonadiabatic coupling vector projected onto the classic velocity
(see eq. (41)) was used. The overlap maximum, which prevents trajectories from spawn-
ing new trajectories if the basis set becomes too redundant, was set to 0.6. The maximum
energy difference under which couplings are still considered was set to 0.04 H. Applying
these settings, 214 fs of Ruwich dynamics were covered with AIMS.

In the 5 separate AIMSWISS runs, where each covered 1400 fs, same input specifications
as in the AIMS simulation were used. The time step in regions of strong couplings was set
to 5 atu while the minimum adaptive time step was 0.001 atu.

As stated above, the AIMS dynamics was carried out for 214 fs, while 1400 fs were
covered with AIMSWISS. This difference in simulation length arises because AIMS is
more computationally demanding than AIMSWISS. In an AIMS simulation, the couplings
between all TBFs spawned throughout the simulation are considered, while AIMSWISS
applies a stochastic selection process that limits the number of TBFs (see section 2.5.3). The
difference in computational demand can be highlighted when comparing the run time and
number of electronic structure calls for AIMS and AIMSWISS. One AIMS run, covering
214 fs, took 24 days while a number of 52659 electronic structure calculations needed to
be carried out. In comparison, one of the five AIMSWISS runs covering 1400 fs took on
average seven days while requesting an average number of 12376 electronic structure cal-
culations. Due to the high number of electronic structure calls made by AIMS and the high
number of trajectories present in the last time steps, it was not feasible to let this simulation
run for longer than 214 fs. The results from the AIMS simulation, giving a more accurate
picture of the first 214 fs of Ruwich dynamics, shall be used as a reference for the ab initio
molecular dynamics (AIMD) simulation on S1 and the AIMSWISS simulation.
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4 A rigorous definition of hapticity

As discussed in section 1.3, Cotton wanted to avoid any implications on the bond nature
when coining the term hapticity. He thus developed a scheme only relying on topological
features. However, he also gave no instructions on how hapticity should be determined
based on the topology of a molecule. This ambiguity in the definition leads to complica-
tions when investigating processes where hapticity changes occur rapidly while also the
geometry of the molecule changes. This complication is encountered for the excited state
dynamics of organometallic complexes such as Ruwich. Therefore, much of the work car-
ried out during this thesis focussed on obtaining a more rigorous definition of a geometry-
based criterion, allowing for a determination of hapticity as unambiguously as possible.

This section will first explain the nomenclature of the Ruwich complex to later discuss
the geometry descriptors applied in this thesis. Then, three different distance and angle-
based parameters employed to describe changes in the geometry of the sandwich complex
will be presented. Finally, two different approaches to define hapticity in sandwich com-
plexes will be discussed. The second approach represents a further development of the
first, highlighting the limitations of the first approach and the importance of included im-
provements.

4.1 Nomenclature of the complex

Figure 3: The numbering of C atoms in the Bz ring of Ruwich. The three bisection axes B1,
B2, and B3 and the carbon bond midpoints eij, where i and j signify the number
of the C atoms, as well as the Bz centroid S are shown.

Figure 3 provides an overview of the numbering of the six Bz carbon atoms in Ruwich
and a depiction of the three bisection axes B1, B2, and B3 that will frequently be used in
further analysis. The three bisection axes are constructed by taking the midpoint eij of two
bound C atoms i and j and connecting this point to the midpoint of the opposing C-C bond.
By for example connecting the two opposing midpoints e12 and e45, the bisection vector B1
originating at e12 and pointing towards e45 is obtained. In an analogous way, B2 connects
e23 and e56 while B3 is defined via e34 and e61 (see fig. 3). The three bisection axes are
chosen as a frame of reference to describe the different positions of the Ru atom below the
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4 A RIGOROUS DEFINITION OF HAPTICITY

Figure 4: A pictorial explanation of the four parameters for the Ru-Bz distance (δ), the Bz
tilt angle (θ), the claw angle (κ), and the Bz hapticity (ἁ) used to classify geo-
metrical changes of Ruwich. The geometrical change described by the respective
parameter is indicated by a violet Bz ring.

Bz ring encountered during the dynamics simulations. The axes are used for computing
the tilt angles θ of the Bz ring and to determine the hapticity as shall be highlighted at a
later point. As long as the Bz hexagon is a regular hexagon, the three axes B1, B2, and B3
bisect the angle between two lines, each connecting two opposite C atoms. In addition, the
three Bi axes meet in the centroid S of the Bz ring. The centroid S was chosen to evaluate
the distance between Ru and Bz as shall also be discussed in the course of this chapter.

4.2 The four parameters describing geometric change in sandwich complexes

Figure 4 shows the four parameters used to analyze the geometry change of Ruwich during
the excited state dynamics. The distance parameter δ, and the hapticity parameter ἁ both
describe the position of a point in space relative to its position in the initial structure. The
tilt and claw angles describe the angle between axes defined along the Ruwich structure.
In the following the calculation, and meaning behind each of the four parameters shall be
explained in more detail.

4.2.1 Distance

The distance parameter δ, depicted in the left-most panel of figure 4, describes the distance
between the Ru atom and the centroid S of the Bz ring, calculated according to

S =
∑ν

i=1 Ri

ν
(51)

where Ri depicts the coordinates of carbon atom i and ν corresponds to the number of
atoms, equal to six for the Bz ring. Then, the distance between Ru and the centroid position
S is determined. As a reference, the Ru-S distance of the starting structure is subtracted
from the current Ru-S distance giving the δ value at each time step of a dynamics simula-
tion. The δ value shows the change in Ru-Bz distance relative to the distance encountered
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in the starting structure. δ can thus be seen as a first estimate and indication of bond weak-
ening between Ru and Bz consequent to the photo-excitation.

4.2.2 Tilt angle

In order to describe the tilt angle of the Bz ring, the angle θ is used as depicted in the third
panel in figure 4. θ describes the tilt of the Bz ring compared to the S0 minimum geometry
of the complex by computing the angle between each of the three current B axis and the
normal vector of the Bz plane in the S0 reference. One B axis specific θi value is calculated
as

θi = arccos
Bi · ninit

∥Bi∥ · ∥ninit∥
, (52)

where the normal vector ninit is obtained as the cross product of the B1 and B2 axes in
the Ruwich ground state structure. A Kabsch alignment[69] between the current and the
initial structure is carried out to cancel out any effects of rotation and translation in the
calculation of the tilt angle θ. The θi values obtained according to equation (52) lie between
90° for a non-tilted Bz ring and 0° in the extreme case where the Bz ligand is perpendicular
to its initial position. The three θi values are useful for determining which side of the Bz
ring bends either upwards or downwards. This information, together with the distance
parameter δ, gives a general overview on any changes the Bz ring undergoes during the
dynamics.

4.2.3 Claw angle

The claw angle κ depicted in the left-most panel of figure 4 is used to describe the angle
between the Bz and the Cp ligand. This angle, taking a value close to 180° for the Ruwich
ground state structure, can help to detect whether the complex opens up at one side to
potentially accommodate a new ligand. κ, defined with respect to the centroid S of Bz and
the Cp ring centroid SCp, is computed according to

κ = arccos
RuS · RuSCp

∥RuS∥ ·
∥∥RuSCp

∥∥ . (53)

In equation (53), RuS, and RuSCp signify the vectors connecting Ru to S, and to SCp,
respectively.

For a Ruwich geometry with parallel Bz and Cp rings, the κ angle takes a value of 180° as
the two centroids are in line with the Ru atom. The more Ruwich opens for coordination,
that is to say, the more the Bz or Cp ring rotates around the Ru atom without altering its
distance, the lower the κ angle becomes. This measure was also used in existing studies on
geometry changes in organometallic catalysts to account for the possibility of coordination
site openings.[32][33]

4.2.4 Hapticity

For the description of the Ru hapticity, three hapticity projection factors p̄1, p̄2, and p̄3 are
defined with each corresponding to the respective Bi axis. The three Bi axes are obtained
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Figure 5: The calculation of the scalar projection value p̄′1 with respect to the bisection axis
B1. Numbers are given to indicate positions on the B1 axis that lead to the respect-
ive projection values. The violet sphere indicates a potential Ru displacement
from the equilibrium position (grey sphere) that leads to a p̄1 value between 0.50
and 0.33. The turquoise arrows highlight the effect of the Ru translation on the
scalar projection factor.

as described in section 4.1. The Bi axes were chosen as a frame of reference axes to obtain
hapticity parameters as they are thought to represent primary axes of Ru movement during
a hapticity change from η6 to η4. The scalar projection p′i

p′i = B̂i · eijRu, (54)

between one of the three normalized Bi vectors and the vector eijRu connecting the Ru
atom and the midpoint eij (see fig. 3) that defines the origin of Bi is taken to get a measure
of the Ru position with respect to the axis Bi. This projection pi, being a measure of the
Ru atom position with respect to the Bi axis, is divided by the length of the respective B
vector to obtain the normalized projection factor p̄′i. The value of p̄′i can range between 0.0,
when Ru is located below the origin of Bi, and 1.0 for a Ru position below the end point
of Bi. If Ru is located below the centre of the Bi axis, which corresponds to the centroid S
as long as the Bz ring is planar and symmetric, the corresponding p̄′i value lies at 0.5 (see
fig. 5). As Ruwich is symmetric, it is assumed that rearrangement processes taking place
at different halves of the Bz hexagon are equivalent. This assumption suggests a projection
value interval that ranges between 0.0 and 0.5. Therefore, the p̄i projection values within a
[0.0,0.5] interval are obtained via

p̄i =

{
p̄
′
i for p̄′i ≤ 0.5

0.5 − ( p̄′i − 0.5) for p̄′i > 0.5 .
(55)

A graphical description of the p̄′i projection parameter is given in figure 5, where two
different positions of Ru below the Bz ring are indicated by using spheres of different
colors.

The first approach to define hapticity via the three p̄i projection values was based on
the graphical deliberations presented in figure 5. In a hapticity change from η6 to η4 the
Ru atom is translated along one of the three Bi axes. Hereby, Ru approaches two C atoms
while increasing its distance to the two lying opposite to its direction of movement. As
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a hapticity change to η4 was priorly thought to be most common in the excited state dy-
namics of Ruwich the hapticity parameters p̄i were computed with respect to a frame of
reference well reflecting the movement that Ru undergoes in this process. Any arbitrary
Ru translation that cannot be represented by one Bi axis alone is characterized by the set
of three p̄i values. In figure 5, a turquoise arrow connects an arbitrarily translated Ru atom
indicated by a violet sphere to its initial position represented by a grey sphere. The trans-
lation causes the p̄1 value to be lowered to a value between 0.5 and 0.25 as indicated by
the turquoise arrow depicted on the grey-shaded Bz surface. However, only the p̄1 value
alone does not suffice to determine the Ru position as Ru could be located anywhere be-
low the axis perpendicular to B1 and intersecting B1 at the value of p̄1. Consequently, the
three projection values need to be combined to give an accurate description of all possible
Ruwich structures. To this extent, the projection factors corresponding to ideal versions of
the hapticities from one to six presented in table 1 were determined.

Hapticity p̄1 p̄2 p̄3

η
1 0.00 0.00 0.50
η

2 0.00 0.25 0.25
η

3 0.25 0.25 0.50
η

4 0.25 0.33 0.33
η

5 0.33 0.33 0.50
η

6 0.50 0.50 0.50

Table 1: The resulting η value for possible combinations of the three hapticity projection
factors p̄1, p̄2, and p̄3. For each hapticity only one of the six symmetry equivalent
projection factor combinations is given.

When first examining the p̄i combinations in table 1, one can see that only for a η6 hapti-
city, all projection values are equal to 0.5. In all other hapticity cases, at least two of the
three p̄i values are lower than 0.5. When two of the three projection factors decrease while
the third one remains at 0.50 the Ru atom is translated along one of the axes connecting
opposing C atoms. This Ru movement leads to a hapticity of 5 for lower distances covered
(indicated by p̄i values of 0.33 for η5 in table 1) and to a hapticity of 3 in cases where the
Ru movement shows higher extent (p̄i values of 0.25 for η3 in table 1). In a case of extreme
translation, Ru terminates its movement below one of the C atoms leading to a hapticity
of 1 and two p̄i equal to 0.00. From this deliberation, it can be seen that all odd hapticities
are caused by Ru translations along an axis connecting two opposing C atoms. For the
even hapticities of 4 and 2, the Ru displacement occurs along one of the Bi axes as already
discussed in section 4.1. Due to the displacement along one Bi axis, the corresponding p̄i
value decreases to a higher extent than the other two p̄i values as indicated by the p̄1 value
of 0.25, and the p̄2, p̄3 values of 0.25 for η4 (see table 1). For η2, the displacement along one
Bi axis is more pronounced, leading to the p̄i values of 0.00 and 0.25 presented in table 1.

In order to avoid the ambiguity of having to rely on too many thresholds as presented
for the different hapticities in table 1 a more flexible definition of hapticity was developed.
This approach only focuses on the question of whether a p̄i value is equal to or below
0.5 and can thereby distinguish between the three hapticities of 6, 4, and 3. Note that this
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Figure 6: A pictorial explanation of the determination of the ἁ parameter. The grey areas
around the Bi axes indicate the threshold-based classification of p̄i values either
within or outside the 0.5 window. The lime circle indicates a possible ἁ4 position
while the turquoise circle exemplifies a ἁ3 position of Ru below the Bz ring.

scheme could in principle be extended to also include hapticities of 2 and 1, by additionally
asking if any of the p̄i values is equal to 0, but as these hapticities were thought to be
a rare occurrence the corresponding cases were omitted. Equally, the concept could be
extended to being able to distinguish between hapticities of 3 and 5 but a η5 coordination
was thought to not vary from η6 substantially enough to be detectable in rapid hapticity
fluctuation processes. To arrive at a total hapticity value starting from the three projection
factors p̄1, p̄2, and p̄3 while distinguishing between the three cases ἁ6, ἁ4, and ἁ3 it suffices
to ask whether all, none, or one p̄i value is equal to 0.5. This distinction can be achieved
via

ἁ =


ἁ6 for p̄i, p̄j, p̄k = 0.5
ἁ4 for p̄i, p̄j, p̄k < 0.5
ἁ3 for p̄i = 0.5 ∧ p̄j, p̄k < 0.5

(56)

where the letter ἁ is used to clearly distinguish from the η value introduced by Cotton
as the latter is assigned without using an underlying geometry-based definition. ἁwas the
letter of choice as the Greek word ἁπτο that the term hapticity is derived from starts with
the letter α. The ῾ accent was used in ancient Greek to indicate the ’h’ sound is preserved to
avoid confusion with any other property abbreviated by α.

A graphical overview is provided in figure 6 to facilitate the understanding of assigning
the three hapticity values ἁ6, ἁ4, and ἁ3. From focussing on figure 6, it can be gathered that
a hapticity of ἁ6 is only possible all projection factors are equal 0.5 as this distribution of
p̄i values naturally arises if Ru is below the centroid. Accounting for the fluctuations of
Ru around the centroid that is observable in the ground state due to thermal fluctuations
requires considering an interval around 0.5 instead of the fixed value. The exact determin-
ation of this interval will be discussed in section 6.1 in connection to the adiabatic ground
state dynamics of Ruwich. When considering an interval one arrives at a hapticity of ἁ6
whenever all projection values lie within the threshold, as indicated by the violet circle
in figure 6. As aforementioned, a conformation leading to the α4 case can only be real-
ized if the Ru atom is translated along one of the three Bi axes causing all three p̄i values
to drop below 0.5. When again considering a threshold-based interval instead of a sharp
number, each conformation showing Ru to be positioned below one of the grey rectangles

35



4 A RIGOROUS DEFINITION OF HAPTICITY

surrounding the three Bi axes in figure 6 is classified as ἁ4. The turquoise arrow connecting
the centroid with the blue circle signifies a possible Ru translation leading to a ἁ4 geometry
where Ru is located below the threshold-defined area indicated by the turquoise circle. In
the case of α3, the Ru translation is carried out along one of the axes connecting two oppos-
ing C atoms. When Ru follows one of these axes, its projection factor remains within the
interval around 0.5 for exactly one Bi axis while the two other projection factors decrease.
The corresponding Ru translation is again indicated in figure 6 by the lime-colored arrow
connecting the centroid and the lime sphere which indicates a possible Ru position for a ἁ3
coordination.

If one had chosen the three axes connecting opposing C atoms as a reference frame for
hapticity determination instead of the Bi axes, again, three distinguishing cases would
arise. Within these cases, the rules for ἁ4 and ἁ3 would be exchanged. It is in principle
also possible to detect cases of ἁ2 and ἁ1 using the Bi axes, but as these hapticities are not
likely to occur within the example considered, a discussion of the corresponding rules is
left aside.

4.3 Summary on the definition of hapticity

In summary, it can be stated that the ἁ criterion applied to distinguish between different
hapticities allows for an unambiguous determination of hapticity as a certain combination
of projection values will always lead to only one ἁ value. The ἁ criterion conveniently
applies only one, uniformly valid threshold that is based on a rationale, namely the Ru
fluctuation around the equilibrium position observed in the ground state. The usage of ἁ
thus avoids the determination of distance thresholds the six Ru-C distances could be eval-
uated after, a procedure less straightforward to carry out. A mere distance-based criterion
would also cause the complication of whether all distances within the threshold should be
considered as bonds, although no information on the Ru orientation towards the Bz ring is
taken into account. As a separate measure for the Ru-Bz distance is more easily available in
the form of e.g. the δ parameter, having a projection-based hapticity measure independent
of distances is additionally beneficial. Throughout this thesis, the ἁ parameter will be de-
termined for all dynamics simulations and investigated with regard to its validity. It will
be shown that the parameter correctly distinguishes between different hapticities while,
when being deconstructed into the contributing projection factors, still allowing for more
detailed quantification of the Ru position below the Bz ring.

In addition to the previously described parameters, δ, θ, κ, and ἁ the six dihedral angles
in the Bz ring of Ruwich were examined. The dihedral angles, describing a tilt in the ring
structure itself, combined with the information from the four parameters of figure 4 offer
the possibility to detect whether a change in hapticity is provoked by a tilt of the ring
itself (change in dihedrals) or by a change of the Bz orientation relative to the complex
(change of any or a combination of the four parameters). Including the dihedral angles in
the description of Ru movements will also serve to determine whether the ἁ parameter still
reliably distinguishes between hapticities if Bz is far from its initial planar structure.

Taking all four geometry parameters together will hopefully prove to provide a good
overall understanding of the movement undergone by the Bz ligand in Ruwich after photo-
excitation. Potentially, the combined information from several parameters will help to
discover how a significant change in one geometric parameter influences the remaining
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parameters. This insight might help to obtain a generalizable quantification for the flexible
movement of a cyclic π ligand in the excited state. Such a quantification scheme could
prove helpful for studying and predicting trends in ligand fluctuations that enable reactiv-
ities of other ligands, or the opening of a new coordination side. Therefore, a scheme, use-
ful for understanding and tuning catalytic reactions applying sandwich complexes, could
be obtained by combining the information yielded by the four geometry parameters.
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5 Benchmarking the electronic structure methods to describe the
ground and excited electronic states of Ruwich

Before being able to carry out dynamics simulations on Ruwich, finding an electronic struc-
ture method capable of describing the complex represents a crucial step. To do so, C-Ru
distances and the Bz and Cp bond lengths and dihedral angles obtained from different
DFT functionals and basis sets were compared to a Ruwich crystal structure[70]. The nuc-
lear ensemble approach[71] was used to predict the UV-Vis spectrum of Ruwich to assess
the capability of LR-TDDFT in describing the excited electronic states of this complex. The
so obtained spectrum was compared to the experimental result[72]. In addition, geodesic
interpolation scans[46] connecting the ground state minimum to the Franck-Condon (FC)
S1 minimum as well as linear scans over Ruwich structures of hapticity values from two
to six were performed. These two types of scans were carried out to explore the regions
surrounding the S0 and S1 minima via static calculations to obtain a first understanding of
the Ruwich dynamics. The hapticity scans also served to investigate the response of the
Ruwich electronic structure to static changes of hapticity.

5.1 Geometry optimization of the S0 and S1 states

By carrying out geometry optimizations on a Ruwich guess structure and comparing bond
lengths and dihedrals in the Cp, and Bz ligand as well as Ru-C distances to the corres-
ponding data from the crystal structure[70] the performance of different functionals in
describing the electronic interactions in Ruwich was evaluated. The geometrical proper-
ties obtained from the functionals PBE[73][74], PBE0, B3LYP, and ωB97XD as well as the
experimental reference values can be found in table 2.

When focussing on the distances between the Bz C atoms and Ru presented in table 2, it
can be stated that all computational results lie around 2.23 Å. Therefore, the computation-
ally obtained structures show higher Bz-Ru distances than the crystal structure with 2.17 Å.
This finding might arise because all functionals underestimate the interaction between Bz
and Ru, leading to an artificial increase in the respective metal-ligand distance.

Regarding the distances between Ru and the Cp C atoms, which lie at around 2.19 Å
for all functionals, it can be observed that lower distances were obtained than the value of
around 2.21 Å measured in the crystal structure. This behavior, opposing the observation
for the Ru-Bz C atom distances, indicates that all functionals overestimate the stabilization
due to an interaction between the positively charged Ru atom and the negatively charged
Cp ligand. From these two observations, it can be gathered that all considered function-
als overestimate the stabilization due to ionic interactions to a comparable extent while
they underestimate the beneficial character of coordinative bonding. However, one should
note that the crystal structure used for comparison accurately reflects the geometric prop-
erties of Ruwich in a solid bulk phase, but not of a single Ruwich molecule in gas phase.
Therefore, systematic deviations in the computed structures should not be regarded as too
problematic.

Considering the C-C distances encountered for Bz and Cp it can be observed that all
bond lengths vary only slightly between different functionals and are always slightly higher
for the crystal structure. Overall, the differences in C-C distances that are shown for the
examined functionals do not justify any favor towards or decision against any of the ap-
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Property PBE PBE0 B3LYP ωB97XD Exp
Dist. [Å]
Ru-Bz 2.24 2.23 2.27 2.23 2.19

2.24 2.23 2.27 2.23 2.17
2.25 2.23 2.27 2.23 2.16
2.24 2.24 2.28 2.23 2.17
2.24 2.23 2.28 2.23 2.19
2.24 2.23 2.27 2.23 2.17

Ru-Cp 2.21 2.19 2.23 2.19 2.22
2.21 2.19 2.23 2.20 2.21
2.21 2.20 2.22 2.20 2.19
2.21 2.19 2.22 2.19 2.20
2.21 2.19 2.23 2.19 2.22

C-C Bz 1.43 1.42 1.42 1.42 1.39
1.43 1.42 1.42 1.42 1.39
1.43 1.42 1.42 1.42 1.40
1.43 1.42 1.42 1.42 1.39
1.43 1.42 1.42 1.42 1.39
1.43 1.42 1.42 1.42 1.39

C-C Cp 1.44 1.43 1.43 1.43 1.42
1.44 1.43 1.43 1.43 1.42
1.44 1.43 1.43 1.43 1.42
1.44 1.43 1.43 1.43 1.42
1.44 1.43 1.43 1.43 1.42

Dihed. [°]
Bz 0.122 0.156 0.150 0.127 0.274

0.167 0.100 0.168 0.015 0.226
0.254 0.043 0.180 0.040 0.227
0.296 0.042 0.174 0.078 0.274
0.252 0.097 0.156 0.221 0.320
0.165 0.154 0.144 0.245 0.321

Avg. 0.209 0.099 0.162 0.121 0.274
Cp 0.060 0.281 0.048 0.072 0.329

0.012 0.225 0.065 0.108 0.225
0.041 0.084 0.058 0.103 0.035
0.078 0.090 0.029 0.059 0.168
0.085 0.229 0.012 0.008 0.307

Avg. 0.055 0.182 0.042 0.070 0.213

Table 2: The key distances and angles in Ruwich obtained from different functionals com-
pared to the crystal structure in ref. [70]. The basis set aug-cc-pVDZ was used in
combination with a LANL2DZ effective core potential for Ru.

proaches. The dihedral angles for the optimized structures are in all cases lower than
observed experimentally, indicating that the Bz and Cp rings are more planar in the com-
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Property PBE0 ωB97XD Exp
aug- aug-

cc-pVDZ cc-pVDZ cc-pVTZ cc-pVDZ cc-pVDZ cc-pVTZ
Dist. [Å]
Ru-Bz 2.24 2.23 2.23 2.24 2.23 2.23 2.19

2.24 2.23 2.23 2.24 2.23 2.23 2.17
2.23 2.23 2.23 2.24 2.23 2.23 2.16
2.23 2.24 2.22 2.24 2.23 2.23 2.17
2.24 2.23 2.22 2.24 2.23 2.23 2.19
2.24 2.23 2.23 2.24 2.23 2.23 2.17

Ru-Cp 2.19 2.19 2.19 2.19 2.19 2.19 2.22
2.19 2.19 2.19 2.19 2.19 2.19 2.21
2.19 2.20 2.19 2.19 2.20 2.19 2.19
2.19 2.19 2.19 2.19 2.20 2.19 2.20
2.19 2.19 2.19 2.19 2.19 2.19 2.22

C-C Bz 1.42 1.42 1.41 1.42 1.42 1.41 1.39
1.42 1.42 1.41 1.42 1.42 1.41 1.39
1.42 1.42 1.41 1.42 1.42 1.41 1.39
1.42 1.42 1.41 1.42 1.42 1.41 1.39
1.42 1.42 1.41 1.42 1.42 1.41 1.39
1.42 1.42 1.41 1.42 1.42 1.41 1.40

C-C Cp 1.43 1.43 1.42 1.43 1.43 1.42 1.42
1.43 1.43 1.42 1.43 1.43 1.42 1.42
1.43 1.43 1.42 1.43 1.43 1.42 1.42
1.43 1.43 1.42 1.43 1.43 1.42 1.42
1.43 1.43 1.42 1.43 1.43 1.42 1.42

Dihed. [°]
Bz 0.239 0.156 0.039 0.056 0.127 0.076 0.274

0.205 0.100 0.068 0.216 0.015 0.002 0.226
0.172 0.043 0.194 0.279 0.040 0.005 0.227
0.171 0.042 0.292 0.184 0.078 0.082 0.274
0.204 0.097 0.263 0.024 0.221 0.156 0.320
0.238 0.154 0.137 0.040 0.245 0.153 0.321

Avg. 0.205 0.099 0.166 0.133 0.121 0.079 0.274
Cp 0.066 0.281 0.034 0.097 0.072 0.053 0.329

0.064 0.225 0.017 0.045 0.108 0.003 0.225
0.037 0.084 0.007 0.024 0.103 0.058 0.035
0.003 0.090 0.028 0.084 0.059 0.089 0.168
0.042 0.229 0.038 0.112 0.008 0.091 0.307

Avg. 0.042 0.182 0.025 0.072 0.070 0.059 0.213

Table 3: The key distances and angles in Ruwich obtained from different basis sets when
using the functionals ωB97XD and PBE0 compared to the crystal structure in ref.
[70]. A LANL2DZ effective core potential was used for Ru.
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puted structures than in the crystal structure. This finding might hint at the DFT methods
overestimating the aromatic character of the two rings. But again, as the difference between
the computational structures and the experimental structure are only minor, they can also
be caused by the difference in phase environment.

As a correct description of the Ru-Bz interaction is crucial to the project at hand, it is
reasonable to base the choice of functional mostly on the Ru-Bz distances rather than on
the Ru-Cp distances or any other of the geometrical parameters. Based on the geometric
properties presented in table 2 the choice of functional falls in favor of PBE0 and ωB97XD
as both show the lowest Ru-Bz distance of 2.23 Å.

After highlighting the performance of ωB97XD and PBE0 in describing the ground state
geometry of Ruwich we now turn to investigating the influence of the basis set on our
calculations. Hereby, we focused on testing the impact of basis set change on the C and
H atoms, while the effective core potential used for Ru was kept at the LANL2DZ basis
set. The geometric parameters under examination presented in table 3 are equivalent to
the benchmarking parameters used for the functionals. Three types of basis sets cc-pVDZ,
cc-pVTZ[75], and aug-cc-pVDZ were tested. As can be seen when focusing on table 3, all
basis sets yielded similar Ru-C distances and C-C bond lengths. The changes in average
dihedral angles were also not substantial. We thus concluded that a basis set change has
only minor impact on the functional’s performance in describing Ruwich and decided to
choose the computationally least demanding basis set. The computational cost is an espe-
cially important aspect regarding the aim to carry out dynamics simulations on Ruwich.
Therefore, cc-pVDZ, being the smallest basis set among the three, was used in all following
calculations.

5.2 Predicting the UV-Vis absorption spectrum of Ruwich

In figure 7, the experimentally obtained UV-Vis spectrum of Ruwich is compared to the
simulated spectra obtained with ωB97XD and PBE0 using the nuclear ensemble aproach
with 1000 Wigner sampled geometries. Both simulated spectra were obtained from
LR-TDDFT calculations on 1000 Wigner structures including the first four excited sing-
let states. In this and all following calculations, no triplet states were considered to first
focus on the description of singlet states an population transfer between them.

One can deduce from figure 7 that ωB97XD gives an excitation maximum of 321 nm
closely matching the experimental peak at 320 nm[72] while PBE0 shifts the excitation
peak towards a lower wavelength of 315 nm. Both functionals yield a similar photo-
absorption cross-section σ for the excitation peak with a value of 5.49·10−19 cm2molecule−1

for ωB97XD and 5.47·10−19 cm2molecule−1 for PBE0 at their respective maximum. The ex-
perimental value for the extinction coefficient ϵ of 136 M−1cm−1 can be transformed into a
photo-absorption cross section via

σ =
ln(10) · 103

NA
· ϵ . (57)

According to equation (57) the experimentally observed ϵ at 320 nm correspond to a σ
value of 5.22·10−19 cm2molecule−1 which is in good agreement with the computationally
obtained absorption intensity. From this satisfying agreement between the experimental
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Figure 7: Theoretical and experimental UV-Vis spectrum of Ruwich. The experimental
spectrum[72] is shown in lime while the dot indicates the absorption maximum
of 136 mol−1 cm−1 at 320 nm reported by Mann et al. The computational spectra
obtained from LR-TDDFT include four excited states on 1000 Wigner sampled
structures. The ωB97XD spectrum is shown in violet and PBE0 is presented in
turquoise. For ωB97XD, the S1 to S4 contributions are shown as violet areas of
decreasing opacity. The photo-absorption cross-section for ωB97XD at the max-
imum of 321 nm is indicated by a violet dot. The calculated spectra were obtained
using Gaussian broadening with a broadening parameter of 0.05 eV and an en-
ergy bin width of 0.005 eV.

and the computational approach, one can gather that the electronic structure method of
choice describes excitation processes in Ruwich around the ground state geometry with
reasonable accuracy.

When further examining the individual contributions from the four excited states to the
broadened ωB97XD spectrum it can be observed that the second lowest transition has
its maximum at the position matching the overall maximum of the spectrum. From fig-
ure 8, one can see that the second transition corresponds to an electron transferred from
the dz2 orbital, bonding towards Ru and Bz, to the two-degenerate dxz,yz orbital which is
anti-bonding towards Ru and Bz. At this point, we want to emphasize that the strongest
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Figure 8: The molecular orbitals of Ruwich participating in the four lowest singlet excita-
tions, obtained with ωB97XD, cc-pVDZ, and the LANL2DZ effective core poten-
tial for Ruwich. The Ruwich molecule in a cartesian coordinate frame is given as
a reference for the orbital nomenclature.

contribution to the UV-Vis spectrum of Ruwich is an excitation targeting a molecular or-
bital hindering the Ru and Bz interaction. The peak of the first transition lies at a longer
wavelength of 340 nm, while the third and fourth transitions are located at 316 nm and
308 nm, respectively. The first transition is thus responsible for the tail in the total spectrum
towards longer wavelengths while the S4 transition causes a shoulder in the total spectrum
around its absorption maximum at 308 nm. In the experimental spectrum, no shoulder is
observed in the respective wavelength region but rather a shallow decrease in absorption
until the intensity rises significantly after 300 nm. The character of the first transition,
presented in figure 8, is equivalent to the character of the brightest second transition. The
third and fourth transitions both involve the two-degenerate π-back bonding molecular
orbitals dx2y2,xy as a donor and again target the antibonding dxz,yz orbitals. From predict-
ing the UV-Vis absorption spectrum of Ruwich we thus confirmed that the four lowest
singlet transitions all destabilize the Ru-Bz coordinative bond. Furthermore, the S1 to S4
transitions are all centred around the Ru metal atom and do not show significant charge
transfer character to any of the ligands.

To summarize, the nuclear ensemble approach combined with LR-TDDFT and the
ωB97XD functional predict the Ruwich UV-Vis spectrum in good agreement with the ex-
periment. Not only do the wavelengths of the absorption maximum, but also the respect-
ive absorption intensities agree well, showing that ωB97XD accurately describes excitation
processes for the Ruwich complex in equilibrium.
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5.3 Geodesic interpolation between the S0 and S1 minimum

In order to get a better understanding of the potential region connecting the S0 minimum
and the S1 minimum, a geodesic interpolation[46] between the two structures was carried
out using 17 interpolated geometries. The S0 and S1 minimum structures obtained with
ωB97XD are shown as inlets in the left panel of figure 9. The energy of the first four excited
states was then calculated on support of these structures. Two different geodesic interpol-
ations were performed using the functionals ωB97XD and PBE0 as presented in figure 9.
With regard to the interpolations, it can be stated that in both cases the first four excited
states, S1 to S4, lie close in energy. The ωB97XD interpolation shows that all four states are
within 1 eV throughout the entire interpolation from the FC region to the S1 minimum. In
the PBE0 interpolation, the first four excited states diverge more in energy as an energy
range above 1 eV can be observed at the FC minimum geometry. Overall, the fact that
the S1 to S4 states are energetically close matches the expectation of encountering nearly
degenerate excited states in transition metal complexes. This circumstance furthermore
implies that many interaction processes will take place between different singlet states as
soon as Ruwich is excited.

When further focusing on the interpolations it can be observed that the states S2, S3, and
S4 come very close in energy around the interpolated structure 4 for both functionals. For
ωB97XD, a degeneracy can be observed between these three states while PBE0 again shows
larger energy gaps. After structure 4, the S1, S2, and S3 states become closer in energy for
ωB97XD while the S4 state shows a continuously growing energy deviation. For PBE0 the
energy gaps between all states increase such that no near-degeneracy between particular
states is observable anymore after the interpolated structure 12.

Figure 9: Geodesic interpolation[46] from the S0 minimum structure (FC region) to the S1
minimum using ωB97XD (left panel) and PBE0 (right panel). The interpolation
was performed with 17 frames, including the start and end structures. Four ex-
cited states were included in the LR-TDDFT calculations. Spheres on the energy
curves indicate the oscillator strength of transitions from S0 with size varying
proportionally.

The LR-TDDFT transitions of each frame were analyzed and compared to investigate
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the character of the transitions occurring for the frames of the interpolation. Hereby, the
focus lied on the analysis of the ωB97XD transitions, as this functional was shown in sec-
tion 5.2 to yield a more accurate description of the excited state energies and transitions.
The oscillator strength of the transitions is indicated in figure 9 by using spheres sized in
proportion to this quantity. For the first four frames, ωB97XD yields similar excitation
characters as around the ground state equilibrium presented in figure 8 and discussed in
section 5.2. The first and second transitions occur between the bonding dz2 orbital and the
two-degenerate dxz,yz orbital, which is antibonding with respect to the Bz-Ru and Cp-Ru
bonds. The third and fourth transitions correspond to excitations from the two-degenerate
π back bonding dx2y2,xy orbitals lying in the plane parallel to the Bz and Cp rings again to
the two-degenerate dxz,yz antibonding orbitals. The excitation energies start to decrease as
from the beginning of the scan onwards, the excited state energies decrease while the S0 en-
ergy increases. At the fourth interpolated structure, the first transition still occurs between
the dz2 bonding orbital and the two-degenerate dxz,yz antibonding orbital. However, the
second transition changes to an excitation from the dx2y2,xy π back bonding orbital to the
antibonding dxz,yz orbital and does thus no longer involve the binding dz2 orbital. The
third and fourth transitions do not change character but increase their oscillator strengths
from both 0.0000 to 0.0001 and 0.0003, respectively, indicating that geometrical changes in
Ruwich cause these transitions to now be allowed. At the interpolation structure 5, the
fourth transition changes character to now occur between the bonding dz2 orbital and the
antibonding dxz,yz orbital. From the character changes taking place from the FC to the in-
terpolated structure 5, one can generally gather that the dz2 to dxz,yz transition increases
in energy while the energy required for the dx2y2,xy to dxz,yz transition is lowered. Further-
more, the states S3 and S4 which are degenerate for the first four frames of the interpolation
diverge in energy after the fifth interpolation structure while the states S2 and S3 become
closer in energy as they now share the excitation character. At the interpolation structure
8, the character of the first transition also changes from the dz2 orbital to the dx2y2,xy being
the electron donating orbital while the third transition changes to a dz2 to dxz,yz excitation.
From structure 8 until the last interpolated structure 16, the S1 minimum structure, the
character of the states S1 to S4 doesn’t undergo any further change while the degeneracy
between states S2 and S3 is slightly reduced. In addition, the excitation energies show fur-
ther decrease until frame 16 owed to an increase in the S0 energy by a total amount of
almost 1 eV accompanied by a lowering in energy for the excited states.

To summarize the change of excitation energies and characters observed in the geodesic
interpolation between the FC region and the S1 minimum obtained with ωB97XD it can
be stated that the excitation character is opposed between the start and end of the inter-
polation. As this opposition occurs between the interpolated structures 0 and 8, it can be
stated that the character exchange occurs closer to the FC region while the excitation char-
acters remain more constant in the region around the S1 minimum. Regarding the change
in excitation character, one should bear in mind that only the character of the donating
orbital changes. The character of the acceptor orbital remains antibonding with respect
to the Ru-Bz bond throughout the entire interpolation. This finding indicates that at least
in the FC and the S1 minimum region the four lowest excitations lead to a destabilization
of the Ru-Bz bond. Excitations on corresponding Ruwich structures are thus suspected to
cause hapticity fluctuations comparable to the slip distortions for complexes exceeding the
18 electron rule[20].
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5.4 Hapticity scans

Linear scans between structures of different hapticity are shown in figure 10 for the S0
minimum structure and a modified S0 structure, where the Ru-Bz and the Ru-Cp distances
are increased to the values obtained for the S1 minimum structure. Structures of different
hapticity were obtained by setting the projection value p̄′1 (see section 4.2.4) that is defined
to lie in an interval of [0.0,1.0] to values between 0.0 (η2) and 1.0 (again η2) while using a
step size of 0.05. In this way, a total of 20 structures were generated for each hapticity scan.
The structures with a p̄1 value of 0.25 and 0.75 were considered to be η4 while the p̄1=0.5
geometry corresponds to the ground state structure of η6 (see fig. 5). The linear hapticity
scan corresponds to a translation of the Ru and Cp fragment along the B1 axis of the Bz
ring.

Figure 10: Hapticity scan with a projection interval of 0.0 to 1.0 with a 0.05 step size along
the first bisection axis B1. η2 corresponds to a projection factor of 0.0 and 1.0,
η

4 to 0.25 and 0.75, and η6 to 0.5. S0 refers to the S0 minimum geometry, S1 dist
to the S0 minimum with the Cp and Bz ligand having the respective distances
to the Ru atom as encountered in the S1 minimum structure. The Bz ligand
was translated along the B1 axis while Ru and the Cp ligand remained fixed.
For each scan structure, the oscillator strength of the LR-TDDFT transitions is
indicated by the size of the spheres. All energies are given relative to the S0
minimum geometry.

When focusing on figure 10 it can be seen that for both structures the energy minimum
lies at a scalar projection value of 0.5, which corresponds to a hapticity of η6. This result is
fully in line with the expectations. Furthermore, both energy scans presented in figure 10
are symmetric, which again represents an expected result as both Ru complexes are sym-
metric, and thus no side of the Bz ring should be energetically more favorable. Concerning
the energy value encountered at both minima it can be said that for the structure with
increased Ru-Bz and Ru-Cp distances a higher minimum energy is obtained than for the
optimized ground state structure. In addition, the increase in energy encountered when
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lowering the hapticity is less pronounced for the modified structure than for the optim-
ized structure. These findings are in line with the expectation as increasing the Ru-ligand
distances hinders the orbital interaction thus destabilizing the whole complex and caus-
ing the higher minimum energy. The weakened Ru-Bz interaction also explains the less
pronounced energy increase when lowering the η value found for the modified structure.
The optimized structure, having a more favorable interaction between the Ru and the Bz
ligand, is more affected by any distortion it is submitted to.

When examining the LR-TDDFT transitions computed for the scan structures it can be
observed that the character of the brightest transitions is preserved in between the S0 and
the distance modified structures as can be gathered from the spheres indicating the oscil-
lator strengths in figure 10. For both scans the character of the brightest transition changes
from an S1 transition for hapticities not lower than η4 to a predominant S2 character for η
values further below 4. For the optimized structure, S3 and S4 transitions overweigh at the
very end points of the scan corresponding to η2 coordination.

An observable difference between the two scans is that the oscillator strengths encoun-
tered for the S0 minimum scan are higher than those for the modified S0 structure scan.
This result might indicate that orbital interactions are more pronounced for the optimized
structure as an optimal distance for the ligand-Ru interaction is provided. For the excited
state energies the same behavior is observed with regard to the modified structure as for
the S0 energy. The increase in excited state energies for lowered hapticities is less pro-
nounced in the modified structure than for the optimized structure which again indicates
that increasing the Ru-ligand distance lowers the interaction.

In summary it can be stated that the linear hapticity scans support the assumption dis-
cussed in section 4.2.4 that hapticity changes along the two symmetrical sides of the Bz
hexagon are identical. From this observation it can be gathered that no information is lost
when the projection values p̄′i in the [0.0,1.0] interval are transferred into the [0.0,0.5] inter-
val of p̄i. Furthermore, a comparison of the scan on the optimized and the modified struc-
ture shows that increasing the Ru-ligand distances weakens the Ru-Bz bond and lowers
the energy barrier for hapticity fluctuations. This finding indicates that a further weaken-
ing of the Ru-Bz bond due to excitation into the antibonding Ru-Bz orbital will most likely
further facilitate a lowering of hapticity.
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6 Time-resolved hapticity - An adiabatic perspective

In the following, we propose to investigate how the geometry descriptors presented in sec-
tion 4.2 behave in different adiabatic dynamics of Ruwich. To achieve this goal, dynamics
in the S0 and S1 state were performed on Ruwich. In the ground state, a simulation period
of 10 ps was chosen to get representative equilibrium data on the geometrical changes
of Ruwich. The obtained data served as a test case for the four geometrical descriptors
presented in section 4.2. The adiabatic S1 dynamics simulation, carried out for 1400 fs was
performed to obtain more insight into the possible deformations and hapticity changes in
Ruwich. Further details on the adiabatic simulations are provided in section 3.2.

6.1 The S0 reference

A 10 ps ground state dynamics simulation was performed to obtain a measure of equi-
librium values for the four geometry descriptors in Ruwich. From this simulation, the
centroid distances δ, hapticity projection factors p̄i, tilt angles θ, and claw angles κ presen-
ted in figure 11 were extracted. The simulation started from one initial condition taken
from a Wigner sampling around the ground state minimum structure. From figure 11 it
can be gathered that all four parameters show only little deviation from an initial value,
as expected for a ground state dynamics simulation in proximity of the minimum. The
Ru-Bz centroid distance δ (see fig. 11a) never reaches a value above 0.2 Å within the en-
tire simulation suggesting that the Ru-Bz coordinative bond is stable in the ground state.
Equivalently, the hapticity parameters p̄i (see fig. 11b), calculated with respect to the three
bisection axes B1, B2, and B3 do not diverge from the equilibrium value of 0.5, implying
an η6 hapticity mode for Bz. Obtaining an η6 hapticity agrees well with the weak distance
variations suggested by δ. Both findings indicate the Ru-Bz six-fold coordination to be
stable in the ground state. The stability of the ground state η6 geometry is additionally
supported by the tilt angles θi (see fig. 11c), showing only slight oscillations around 90°.
A value close to 90° for all three θ angles indicates that Bz remains parallel to its initial
orientation. With further focus on the θi values correlated oscillations around the equilib-
rium value of 90° can be observed. The correlated oscillations suggest that tilt movement
undergone by Bz is reflected in each of the three tilt angles. This finding suggests that the
Bz ring remains planar during the ground state dynamics as all θi are equally affected by
a tilt movement. The claw angle κ (see fig. 11d) oscillates around the equilibrium value
of 180°, the angle expected for the S0 minimum geometry where the Bz centroid, the Cp
centroid, and Ru are aligned.

To summarise the findings obtained from the Ruwich ground state dynamics simulation
presented in figure 11, it can be stated that all geometry parameters presented in section
4.2 yield values expected for the ground state minimum structure of Ruwich. Therefore,
a first validation of the definitions used for the geometry parameters δ, p̄i, θi, and κ was
achieved. The oscillations around equilibrium values observed for p̄i are used in the fol-
lowing analysis to define a threshold for the determination of hapticity changes. Hereby, a
value of 0.4324, which corresponds to the ground state standard deviation of p̄i multiplied
by 3, was used to define the lower bound of the hapticity threshold window.
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Figure 11: The four parameters δ, p̄i. θ, and κ for the Ruwich geometry changes during
the S0 dynamics. Panel a: the distance between the initial and the current Bz
centroid, δ. Panel b: the hapticity projection factor for Ru with respect to Bz,
p̄i. Panel c: the tilt angle θ between the current and the initial Bz ring position.
Panel d: the claw angle κ between the two lines from Ru to the Bz and the Cp
centroid.

6.2 Geometry changes in the adiabatic S1 dynamics

We investigated the adiabatic molecular dynamics on S1 presented in figure 12 to get a
first insight into the excited state dynamics of Ruwich and to obtain a further validation
of the four geometrical descriptors δ, p̄i, θi, and κ. The corresponding geometry-based
parameters δ, p̄i, θi, and κ can be found in figure 12. The Ru-Bz centroid distance δ given
in reference to the distance of 1.73 Å in the starting structure is presented in figure 12a. As
a first remark, it can be stated that δ increases up to an end value of 0.80 Å. The growth
tendency of δ is accompanied by an oscillation where one oscillation period has a duration
slightly above 200 fs. An exemplary snapshot of the Ruwich structure for the δ peak in
the first oscillation period is provided in figure 12 where a light grey rectangle indicates
the peak interval around 110 fs. The displayed snapshot is a representative example of a
structure with near equilibrium projection factors p̄i, tilt angles θi, and claw angle κ but a

49



6 TIME-RESOLVED HAPTICITY - AN ADIABATIC PERSPECTIVE

local maximum in δ. From examining the snapshot it can be seen that the structure shows
distortion in the Bz arrangement while the overall ring remains parallel to the Cp ligand.

Figure 12: The four parameters δ, p̄i, θi, and κ for the Ruwich geometry changes during
the S1 dynamics. Panel a: the distance between the initial and the current Bz
centroid, δ. Panel b: the hapticity projection factor for Ru with respect to Bz,
p̄i. Panel c: the tilt angle θ between the current and the initial Bz ring position.
Panel d: the claw angle κ between the two lines from Ru to the Bz and the Cp
centroid. Light-grey rectangles and snapshots of representative Ruwich struc-
tures are used to indicate time intervals where the geometry parameters suggest
strong changes in the Ruwich structure.

Focussing on the two parameters, p̄i and θi, specific to the bisection axes Bi, it can
be gathered from figure 12b and 12c that extreme values for these two parameters peak
whenever high δ values are reached. This behavior is observable in the time interval
shortly before 600 fs indicated by a light-grey rectangle in figure 12. The local maximum
in δ is accompanied by a local minimum in p̄1, and p̄2 as well as local minima in θ1 and
θ2. The corresponding Ruwich structure is shown as a snapshot in figure 12 next to the
rectangle indicating the respective time interval. The Bz ligand is elevated on one side and
is subjected to a slip distortion causing the lower θi and p̄i values. However, the snapshot
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shows that, despite the substantial deviation from the ground state geometry, the Bz ligand
remains planar.

When δ reaches a local minimum as e.g. at 475 fs, the opposite behavior can be observed.
The projection factors p̄i lie closer to the equilibrium value of 0.5 while the tilt angles θi
meet at their equilibrium value of 90°. This finding indicates that a decrease in the Ru-Bz
distance favors an η6 hapticity which is reflected by the p̄i and θi values. An increase in δ
favors a lowering of the hapticity which is mirrored by changes in the p̄i and θi values. The
observed correlation between the Ru-Bz distance δ and the Bi axes dependent parameters
p̄i and θi suggests that at higher distances the interaction between Ru and Bz is weakened.
Being more loosely bound to Ru allows the Bz structure to undergo more pronounced
geometrical changes.

When going back to figure 12a depicting the Ru-Bz distance δ, an interruption in the
aforementioned oscillation can be observed between 800 and 900 fs. In this time interval,
the Ru-Bz distance remains at a constant value of around 0.30 Å. While δ remains constant,
a global minimum is encountered for κ at a value of 148◦at 825 fs (see fig. 12d). The low κ
value indicates that, while the Ru-Bz distance remains constant, one side of Ruwich opens
up for potential coordination of a new ligand. A snapshot is provided in figure 12 next to
the light-grey rectangle indicating the time interval from 800 to 900 fs to give an impression
of how this opening movement reflects on the structure of Ruwich. The depicted structure
shows that the Bz centroid is no longer aligned with the Ru and Cp centroid positions.
One might expect the opening of a coordination site to be accompanied by a strong tilt of
the Bz ligand and a significant decrease of the projection factors p̄i indicating decreasing
hapticity. When focusing on 12c, it can indeed be observed that the Bz ligand shows a
strong tilt along the axes B2 and B3 of 76° and 67°, respectively, during the indicated time
interval while the B1 tilting angle increases towards 99°. Observing low tilt angles for B2
and B3, but an angle above 90◦for B1 implies that the ring shows a strong upwards bend
at the side of C atoms 5, 6, and 1 (see fig. 3 and sec. 4.2 for more details) while the C-C
bond where B1 terminates points downwards. Combining the findings of a low claw angle
κ and tilt angles θi yields the insight that Ruwich opens up for potential new coordination
partners at the side of the carbon atoms 1, 5, and 6. At the same time, the Ru atom becomes
shielded towards any new coordination at the side of the C atoms 2, 3, and 4. The geometry
descriptors do not only indicate that a coordination site opening occurred but also allow
for determining the exact position in the Ruwich complex that is now more reachable. The
κ angle serves to indicate the opening while the θi values serve to identify which side of
Ruwich becomes more accessible. The so-acquired piece of information could be of high
interest when studying complexes with non-symmetric substitution patterns.

The projection values p̄i in the time interval of 800 to 900 fs are close to 0.50 for the
projection along B1 and close to 0.33 for B2 and B3 (see fig. 12b). When compared to
the overall encountered fluctuations these values for p̄i are not particularly low. As up
to this point, no approach of combining the three projection values p̄i into one hapticity
value has been applied, the relatively high values between 800 and 900 fs could indicate
that the hapticity remains close to the equilibrium. However, focussing on the snapshot
representative of the respective time interval (see fig. 12) reveals that Ru is not located at
a central position below Bz. This contradiction highlights the crucial role of combining the
three projection values into one hapticity value that incorporates the information from all
three Bi axes.
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When focusing solely on figure 12b depicting the projection values p̄i, the highest devi-
ation from the value of 0.5 is encountered around 550 fs where p̄1 reaches a value of 0.13
and p̄2 takes a value of 0.11 while p̄3 remains close to 0.50. The snapshot provided for the
respective time interval before 600 fs indicated by a light-grey rectangle (see fig. 12) has
been described above in the discussion of δ. The hapticity values in this time interval sug-
gest that ruthenium is mostly coordinated to the carbon atoms 1, 2, and 3, where the axes
B1 and B2 originate, while the other four carbon atoms are located further away from Ru.
This observation is also supported by the tilt angles θ1 and θ2 below 90° encountered for
the B1 and B2 axes (70° and 72° respectively). The κ angle in the respective time interval is
not differing substantially from the equilibrium value of 180°, indicating that Bz remains
aligned with Ru and the Cp centroid. Taken together, the information from p̄i, θi, κ and δ
can be interpreted as a shift in hapticity from η6 to a lower value caused by an upwards tilt
of three C atoms. During the upwards tilt the Bz ring remains in a position aligned with
the Cp ligand. From the latter finding, it can be deduced that the hapticity change, not
caused by a change in the claw angle κ, must originate from a slip-like translation of the Bz
ring. This assumption is supported when focusing on the respective snapshot presented in
figure 12.

After examining the time intervals between 800 and 900 fs and 525 and 600 fs more
closely, two distinct patterns of movement causing hapticity change can be deduced. The
first, encountered between 800 and 900 fs, consists of a rotation of the Bz centroid around
Ru reflected in a strong change of the claw angle κ. The rotation around Ru is also indicated
by an interruption of the otherwise oscillating Ru-Bz distance δ. The second movement
pattern is indicated by a strong lowering in hapticity projection values p̄i and tilt angles
θi while κ and δ show no remarkable changes. The resulting geometry is characterized
by a tilt and slipping of the Bz ring whose centroid remains aligned with Ru and the Cp
centroid.

The clear distinction between the two movement patterns described above offered by
the geometrical parameters δ, θi, κ, and p̄i supports the ability of these descriptors to de-
tect geometry changes undergone by Ruwich. However, the lack of a method to combine
the three projection values p̄i into one hapticity value is also prominent. Without a well-
defined value unambiguously determining the hapticity it remains impossible to connect
observed movement patterns to an η value. We will tackle this substantial problem in the
upcoming sections.

6.3 Role of the dihedral angle changes - Does the Bz ring bend?

Before tackling the question of how to combine the three projection values p̄i into one
hapticity parameter, we wanted to assess the influence of dihedral angle changes in Bz on
geometry changes in Ruwich. To this end, the dihedral angles of the ground state dynamics
and the S1 dynamics were compared. In this way, the influence of kinks in the Bz ring on
hapticity changes was investigated. This additional analysis was carried out as hapticity
changes can either be associated with a ring bend[76] or the slip distortion of a planar ring
as discussed in chapter 1.2. In figure 13 the six dihedral angles of the Bz ring for the S0 and
S1 dynamics are presented. To give a notation of the dihedral angles in Bz, d1,2 describes the
torsion between C1 and C2, up to d6,1 giving the torsion between C6 and C1. During the S0
dynamics (see fig. 13a), the Bz dihedral angles remain at values below 30° while showing
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Figure 13: The dihedral angles di,j for the six C atoms of the Bz ring, numbered in accord-
ance with figure 3 of the ground state (panel a) and the S1 dynamics (panel b).

fluctuations. When comparing the dihedral angle changes of the S1 dynamics to the S0
reference, it can be observed that the ground state equilibrium value of 30° is only rarely
surpassed in the first excited state. However, in a few time intervals, the equilibrium value
is surpassed by several C-C bonds. Structures in the time interval between 900 and 1000 fs,
indicated by the light-grey rectangle in figure 13b, were analyzed to further investigate this
behavior. A geometry representative for the considered time interval is presented next to
the light-grey rectangle in figure 13b. The geometry parameters p̄i, θi, and κ were analyzed
for this structure with local dihedral angle maxima. The hapticity projection factors p̄i,
encountered in the 900-1000 fs interval, lie around 0.33 for B1 and B2, and at 0.25 for B3.
The tilt angles θi and the claw angle κ stay rather close to the ground state equilibrium
values of 90° and 180°, respectively. The projection values indicate a reduced coordination
of Bz to Ru while the angle parameters suggest that the overall Ruwich structure does not
deviate substantially from the ground state minimum geometry. This finding is well in
line with the high dihedral angles encountered that suggest a bent within the Bz ring to be
responsible for the reduced hapticity. The snapshot in figure 13b indeed shows an upward
bent in the Bz ring as a cause for the reduced coordination. The presented analysis suggests
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that, during the time interval from 900 to 1000 fs, Ruwich follows the conventional picture
of a Bz ring bend being responsible for the hapticity change.

From the comparison between S0 and S1 dihedral angle changes it can be deduced that
the excited Bz ring does only in a few cases experience any bending motion considerably
stronger than in the ground state. This observation implies that the priorly discussed vari-
ations in the geometrical parameters δ, p̄i, θi, and κ shown in figure 12 are required to
obtain a more broad depiction of geometry changes in Ruwich. Solely focusing on dihed-
ral angle changes would not allow for the detection of all hapticity changes occurring in
the excited state dynamics. The observation that hapticity changes do not only arise from
changes in the dihedral angles is contrary to the classical picture of hapticity change in
the Bz ligand. As shown above, variations in the coordination must be provoked by other
structural changes, such as slip distortion of the Bz ligand, a tilt of the whole ring, or a
lowering of the claw angle. These geometry changes are depicted in the p̄i values, the θi
angles, and the κ angle. The analysis of the Bz dihedral angles highlights that a Bz hapti-
city change must not necessarily arise from a bending within the ring, but might as well be
caused by translation, bending, and rotation undergone by the entire ring.

6.4 From three projection factors to one hapticity value

As already hinted at in the previous analysis, special care should be directed to the fact that
the deduction of a single hapticity value from the three p̄i projection values is not straight-
forward. The question of how to evaluate the interplay between the three projection values
arises. In a first attempt to answer this question, we focussed on the interval between 525
and 600 fs in the adiabatic S1 dynamics (see fig. 12b) already discussed in section 6.2.
Between 525 and 600 fs, two p̄i values deviate substantially from the equilibrium value of
0.5 while one remains at 0.5. From discovering this clear difference between the p̄i values
we further observed that several similar cases are encountered throughout the dynamics.
To state an example, between 1000 and 1150 fs two projection values are again noticeably
below 0.5 while one p̄i remains close to 0.5. The observation of this pattern suggested that
the distinction between projection values close to and far from 0.5 is often easily achieved.
Thus, we developed a hapticity scheme only relying on the question of whether the pro-
jection values are close to the equilibrium value of 0.5. The subsequent deliberations gave
rise to the distinguishing equation (56) in section 4.2.4.

When combining the p̄i projection values into one hapticity according to equation (56)
one arrives at the step function for hapticity change provided in figure 14a. The hapticity
obtained according to equation (56) is referred to as ἁ, where a sub-script shall indicate the
coordination number, to distinguish this clearly defined value of hapticity from the η value
established by Cotton. ἁ is pronounced halpha as the ῾ accent signifies the rough breathing
(spiritus asper) sound the latin alphabet represents with the letter h. In figure 14 the ἁ value
is shown alongside the symmetrized p̄i (14b) and the non-symmetrized p̄′i ranging from 0 to
1 (14c). The presented view of increasing detail allows for comparison between the effect-
ive hapticity value ἁ and its contributions. The p̄′i represents the exact position of Ru below
the Bz ring as information from the two halves of the ring is not condensed. The sym-
metrized p̄i allows for a better overview of the Ru position, as distinguishing between two
sides of the hexagon does not provide new information in the symmetric Ruwich complex.
One should note that, in principle, condensing the information into one triangle formed
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Figure 14: The time-dependent hapticity of Ruwich at different levels of detail. Panel
a: the hapticity value ἁ, panel b: the projection values p̄i, panel c: the non-
symmetrized projection values p̄′i from the adiabatic S1 dynamics. The light-
grey rectangle in panels b, and c indicates the threshold value used in the de-
termination of ἁ.

between two bound C atoms and the Bz centroid would be sufficient to include all inform-
ation. However, as this view of the Bz ligand is rather counterintuitive, the representation
was discarded. The symmetrized p̄i values are then condensed into a value of ἁ6, ἁ4 or ἁ3
allowing for quick identification of structures with similar Ru coordination throughout the
simulation. A way to quickly identify Ruwich structures with similar binding modes is, as
highlighted before, crucial and made possible by computing the ἁ value.

To further discuss the composition of the ἁ value, the reader’s attention shall be drawn
to the threshold area indicated by the light grey rectangle in figure 14. In figure 14b, one
can effortlessly identify whether the p̄i values lie within or outside of the threshold area.
When focussing on instances where Ruwich shows a ἁ6 hapticity it can be seen that the cor-
responding p̄i values all lie within the threshold. This becomes especially clear at around
450 fs and 1150 fs where all p̄i show a short dip of reaching 0.5. Throughout these instances
ἁ peaks to a value of 6. It can equally be seen for periods of ἁ4, as e.g. around 700 fs, that
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the corresponding p̄i all lie outside the threshold window For episodes of ἁ3, which can
e.g. be encountered in the aforementioned interval between 525 and 600 fs, one p̄i, in this
case p̄3, lies within the threshold. For a ἁ3 coordination, the displacement axis of Ru can
be deduced from the p̄i found to remain in the threshold. To explain this behavior for the
525-600 fs interval, where p̄3 remains in the threshold, the orientation of the B3 axis needs
to be considered. B3 connects the edge mid points e34 and e61 (see fig. 3). Therefore, Ru
must be displaced along the axis connecting C2 and C5 to yield a projection value of 0.5
with respect to B3. Similarly, the Ru displacement axis can be obtained for all ἁ3 coorina-
tions. When further considering the non-symmetrized p̄′i values in the interval from 525 to
600 fs figure 14c shows that p̄′1 and p̄′2 both lie below the threshold window. p̄i values lower
than 0.5 indicate that Ru must be located below the area spanned by the parallelogram of
C atoms 1,2, and 3, and the Bz centroid. From considering the non-symmetrized p̄′i values,
one can thus obtain the full information on the Ru position with respect to the Bz ring. One
can thus always reconstruct the exact Ru position from a certain ἁ value when taking into
account all non-condensed information.

However, identifying the Ru displacement axis for ἁ4 coordinations is less straightfor-
ward as all p̄i lie outside the threshold window. But, from focussing on the ἁ4 cases in
figure 14a, identifying a minimal p̄i, significantly lower than the other two, is possible. To
state an example, the ἁ4 interval between 300 and 400 fs shows a p̄2 value further below
0.5 than the p̄1 and p̄3 values (see fig. 14b). This finding indicates that Ru is displaced
along the B2 axis, causing a more pronounced decrease in the respective projection value.
Taking into account the more detailed information provided by the non-symmetrized p̄i
values (see fig. 14c), it can furthermore be seen that Ru followed the B2 axis to approach
the C atoms 5 and 6, as the corresponding p̄i values all lie above 0.5. ἁ4 coordinations thus
equally offer the possibility to identify a more precise location of Ru, when taking into
account the full picture provided by the p̄i values.

The presented discussion of figure 14 highlights the ability of the Bi axes to serve as a
coordinate system in the description of the Ru position below the Bz ring. Equally, the ἁ
value is suitable for condensing the information from this coordinate system into one hapti-
city value. Therefore, the Bi axes yielding the ἁ value make the identification of Ruwich
structures with similar coordination more straightforward.

When exchanging the p̄i values shown in figure 12b with the ἁ value, one obtains the
overview presented in figure 15. From examining figure 15b it can be gathered that the
previously discussed intervals from 525 to 600 fs and from 800 to 900 fs correspond to the
same coordination mode of ἁ3. Arriving at this equal hapticity value from visual identific-
ation of structures obtained in these time intervals would have proven complicated if not
impossible. Identifying the hapticity from visual inspection is rendered more complicated
for the presented time intervals as the δ and κ values show very distinct behavior. The
high δ and equilibrium κ before 600 fs indicate a slip distortion while the low κ after 800 fs
can be attributed to the opening of a new coordination site. The ἁ value makes it straight-
forward to observe that in both highly differing Ruwich geometries, Ru is located below
three C atoms of the Bz ring. Furthermore, an inspection of figure 15 shows that the ἁ value
supports the aforementioned assumption that low δ values cause hapticities of 6. With the
overview provided by ἁ, it can more easily be seen that around 425 fs, 775 fs, 850 fs, and
1150 fs, when δ reaches a local minimum, ἁ takes a value of 6.

When asking the question whether the ἁ classification is still valid when the ring starts to
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Figure 15: The four parameters δ, ἁ, θi, and κ for the Ruwich geometry changes during
the S1 dynamics. Panel a: the distance δ between the initial and the current Bz
centroid. Panel b: the hapticity value ἁ for Ru with respect to Bz. Panel c: the tilt
angle θi for the Bz ring. Panel d: the claw angle κ between the Bz centroid, the
Ru atom, and the Cp centroid is shown. Light-grey rectangles and snapshots of
representative Ruwich structures are used to indicate time intervals where the
geometry parameters suggest strong changes in the Ruwich structure.

deform by dihedral distortions, focus should be laid on the time interval between 900 and
1000 fs highlighted in figure 13b where high dihedral angles are encountered. In this time
interval, the Bz ring shows a distortion that, by visual inspection, resembles the classical
picture of a Bz ring with η4 coordination. Mere visual inspection would thus result in the
assumption that four C atoms are coordinated to Ru during the time interval. In figure
15b, ἁ shows indeed a value of 4 between 900 and 1000 fs. However, when examining the
dihedral angle deviations more closely, it can be seen that d4,5 and d5,6 lie above 30°. d4,5
and d5,6 are the two adjacent dihedral angles describing the torsion between C atoms 4 and
5, and C atoms 5 and 6. However, to obtain the classic ring bend associated with η4, the
two dihedral angles with high deviation should not be adjacent but have a gap of one bond
in between. A further examination of the dihedral angle distribution thus shows that the
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ἁ4 geometries between 900 and 1000 fs do not correspond to the classic ring distortion ima-
gined for η4. Instead, the Bz ring bend involves an out-of-plane displacement of only one C
atom while the 4-fold coordination arises from a slip distortion independent of the dihed-
ral angle change. When only relying on high deviations in non-adjacent dihedral angles
for detecting η4 structures, the ἁ4 coordination between 900 and 1000 fs, as well as other
structures with reduced hapticity in regions of low dihedral angles, would be missed. The
hapticity classification achieved with ἁ can serve to discover a more refined link between
dihedral distortions and resulting coordination changes. The ἁ parameter thus shows great
potential in discovering patterns of how different ligand distortions, described by the tilt
angle θi, the claw angle κ, and the dihedral angles di,j, influence the coordination of the
metal atom in a sandwich complex.
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7 Time-resolved hapticity - A nonadiabatic perspective

In this chapter, we wanted to estimate the importance of nonadiabatic effects for the excited
state dynamics of Ruwich, in particular for a time-resolved study of light-induced hapticity
changes. To this end, we performed nonadiabatic dynamics simulations on Ruwich using
the spawning methods AIMS and AIMSWISS and extracted the time-dependent hapticity
parameters. These simulations offered a direct point of comparison to the previously dis-
cussed adiabatic AIMD simulation that allowed us to assess the importance of nonadia-
batic effects on light-induced hapticity changes in Ruwich.

Before going into discussing the nonadiabatic simulations, one should note that to obtain
a representative result from the adiabatic and nonadiabatic simulations, it would have
been necessary to simulate from a well-sampled set of initial conditions. Furthermore, it
would have been necessary to evaluate the influence of triplet states. However, for the
simulations carried out only one initial condition was used and only singlet excitations
were considered. The emphasis for the first simulations carried out on Ruwich was more
laid on validating the geometry parameters, especially the hapticity parameter ἁ. A more
accurate simulation of the excited state processes in Ruwich can follow after validation of
the geometrical parameters is achieved.

7.1 Nonadiabatic dynamics of Ruwich simulated with AIMS

The nonadiabatic dynamics simulated with AIMS was used to study the excited state dy-
namics of Ruwich starting from the S1 state. In this way, 214 fs of dynamics were obtained
that shall in the following be analyzed using the geometry-based parameters presented in
section 4.2. The parameters, already tested in the analysis of the adiabatic Ruwich dynam-
ics in section 6, shall be put to further use and help to investigate the impact of nonadiabatic
effects on the dynamics of Ruwich.

The population on S1, S2, and S3 for the AIMS simulation of Ruwich as well as the hapti-
city parameter ἁ and contributing p̄i values are provided in figure 16a and b. For compar-
ison, the ἁ parameter and the three projection factors p̄1 to p̄3 for the adiabatic dynamics
in S1 can be found in figure 16c. The AIMS simulation suggests that the S1 population is
almost entirely transferred to S2 after 66 fs of the simulation, while the first decrease in S1
population is observed after only 48 fs. This dominance, only shortly interrupted around
109 fs by a short drop in population in favor of the S1 state, persists until 149 fs. At this
time step the population becomes evenly distributed between S1 and S2. After 180 fs, the
population on S1 again outgrows the S2 population, while the population on S3 increases
from zero to a value of 0.12 at the end of the simulation.

When focussing on the change of the hapticity parameter ἁ, presented in figure 16b, one
can observe that ἁ remains at 6 for the first 142 fs. Starting from 142 fs a gradual change
from ἁ6 to ἁ3 occurs over a time period of 24 fs. After this change to ἁ3 the AIMS hapti-
city remains at 3 until the end of the simulation is reached. In the adiabatic S1 dynamics,
presented in figure 16c, a change from ἁ6 to ἁ3 occurs already after 108 fs, 59 fs earlier than
in the AIMS simulation. The adiabatic dynamics simulation thus predicts the first hapticity
change to happen too early. When combining the information from the AIMS population
and the ἁ values, one observes that the ἁ change in AIMS occurs when the population mi-
grates from being mostly in S2 to being evenly distributed between S1 and S2. One can thus

59



7 TIME-RESOLVED HAPTICITY - A NONADIABATIC PERSPECTIVE

Figure 16: Populations and the hapticity parameter ἁ with its contributing projection val-
ues p̄i for the AIMS and AIMD simulations. Panel a: the population in S1, S2,
and S3 of the AIMS dynamics. Panel b: hapticity values ἁ and projection factors
p̄i for AIMS. Panel c: hapticity values ἁ and projection factors p̄i for AIMD.

suspect that this interplay between S1 and S2 population is necessary to correctly predict
the first hapticity change. Therefore, the adiabatic dynamics, limiting the population to
evolve on S1, does not show the first change in ἁ at the same time as the AIMS simulation.
The evolution of half of the population on S2 obtained from AIMS cannot be captured in
the AIMD simulation, due to the BO approximation applied in the latter. An adiabatic tra-
jectory launched from S2 might also fail to predict the time of hapticity change correctly, as
this trajectory would also be unable to capture the population exchange between S1 and S2
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necessary to reflect the interplay between electronic state characters.
When comparing the projection values p̄1, p̄2, and p̄3 for AIMS and AIMD presented

in figure 16b and c, respectively, it can be stated that the projection values in AIMS stay
rather close to their initial value of 0.5 while the hapticity remains at ἁ6. Only when ἁ
gradually decreases to 3, do the projection values change significantly for the first time.
In the AIMD simulation however, a change in projection values is already noticeable from
the beginning, when ἁ does not change yet. At the moment of hapticity change in AIMD
the change in ἁ does not become noticeably stronger but continues with the same intensity.
When ἁ increases back to 6 at 196 fs in the AIMD simulation, the p̄i value change is again
not located around the respective time step. From this observation, one can deduce that
the AIMD simulation yields projection values p̄Bi not as instantaneously changing as in the
AIMS dynamics.

When further comparing the adiabatic hapticity change to the nonadiabatic it can be seen
that AIMS stays at ἁ3 until the end of the simulation at 214 fs is reached. The AIMD run
however, switches back to ἁ6 at 196 fs. At this time step, the AIMS population is distributed
between S1, S2, and S3. Therefore, the difference in predicted hapticities might again arise
because the AIMD simulations limits the dynamics to the S1 state. This observation again
highlights the importance of nonadiabatic effects for the excited state dynamics of Ruwich.

From the findings we presented one already sees that in a small time frame of 214 fs ma-
jor differences in the hapticity change arise between the nonadiabatic AIMS and the adia-
batic AIMD dynamics. It can thus be confirmed that the first three excited states highly
influence each other in the excited state dynamics of Ruwich. This finding was already in-
dicated by the geodesic interpolation between the S0 and S1 minimum presented in section
5.3, and from the fact that Ruwich, as a transition metal complex, is very prone to having
close-lying electronic states. The realization that nonadiabatic effects are crucial for the de-
piction of excited state dynamics of Ruwich asked for nonadiabatic dynamics covering a
longer time interval. To this end, AIMSWISS simulations were carried out on Ruwich.

7.2 Nonadiabatic dynamics of Ruwich simulated with AIMSWISS

Due to the aforementioned high computational cost of AIMS simulations, an additional
AIMSWISS simulation consisting of 5 individual runs was carried out on Ruwich. As
AIMSWISS simulations cover a longer time frame than the 214 fs feasible with AIMS, it was
hoped to obtain further insight into the influence of nonadiabatic effects. The AIMSWISS
simulation was performed for 1400 fs, the same time interval as covered by the adiabatic
AIMD simulation. Results obtained from the AIMSWISS simulation shall be compared to
the corresponding AIMS properties for the first 214 fs to validate the AIMSWISS approxim-
ation in the application of Ruwich. Secondly, the observables obtained from the AIMS and
AIMSWISS dynamics simulation shall be compared to the AIMD results to get an estimate
on the influence of nonadiabatic effects on the Ruwich excited state dynamics.

7.2.1 Comparing the population traces for AIMS and AIMSWISS

The populations obtained in the first 214 fs of the AIMSWISS simulation are compared to
the AIMS populations as presented in figure 17. From examining the populations in figure
17, one can see that the AIMSWISS population first differs from AIMS shortly after 50 fs,
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Figure 17: The S1, S2, and S3 populations obtained from the AIMS (heavy lines) and
AIMSWISS simulation (thin lines) with 5 individual runs. For the AIMSWISS
simulation, only the population in the time frame covered by AIMS is shown.

when the first selection happens in all of the AIMSWISS runs. For the dynamics following
these first 50 fs, the differences between AIMS and AIMSWISS populations are substantial.
One can observe that, after 105 fs, the S1 population obtained from the AIMSWISS simula-
tion is always higher than in AIMS. The AIMSWISS simulation maintains the qualitative
character of population transfer features in AIMS but does not give the same quantitat-
ive populations. This observation can be highlighted when focusing on the time interval
between around 70 and 110 fs. In this time frame, the AIMSWISS and AIMS simulations
both show a population distribution distinct from other time intervals of the simulation.
However, while AIMS yields almost all population on S2, the AIMSWISS simulation under-
estimates the amount of population in S2. When examining further features in population
change, as the dip in S2 population observed in AIMS around 115 fs, it can be stated that
AIMSWISS only agrees in the characteristic that a change in population takes place. After
115 fs, the AIMSWISS simulation does not return to a high occupation of the S2 state but
predicts most of the population to be in S1. From the disagreement between the AIMS
and AIMSWISS simulations one can suspect that the 5 AIMSWISS runs carried out were
not enough to allow the simulation to statistically converge. As was shown in reference
[56], a stochastic modification of AIMS can be brought closer to the AIMS result by car-
rying out more runs on the respective initial condition. However, as emphasis was more
laid on testing the developed hapticity definition, bringing the AIMSWISS simulation to
statistical convergence will be a future target. Despite the difficulty of AIMSWISS to be in
quantitative agreement with the AIMS simulation, the method captures the increase in S3
population after 170 fs. Although AIMSWISS underestimates the amount of S3 population,
the fact that this population feature is captured favors the application of AIMSWISS on the
Ruwich complex.

While AIMSWISS maintains a few features of population transfer, the almost even pop-
ulation split between S1 and S2 from 149 fs to 180 fs that occurs simultaneously to the
hapticity change from ἁ6 to ἁ3 (see fig. 16) is not preserved. Based on this observation,
one might assume that AIMSWISS predicts a different time scale for the first hapticity
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change than AIMS. To better understand the discrepancies between the AIMSWISS and
AIMS population traces the decoherence times and number of successful selections in the
AIMSWISS simulation were examined. In AIMSWISS, a warning is issued during the dy-
namics whenever a mismatch between the predicted decay time and the actual decay at
the selection event is observed. Selection processes for which such a warning is issued are
termed failed selections, while all other selections can be considered as successful. When
examining the ratio between successful and failed selections produced by all 5 AIMSWISS
runs, one finds that only 36 % of the performed selections are successful. A low value of
successful selections can be caused by an underestimation of the decoherence time τD (see
eq. (45) in sec. 2.5.3) compared to the actual decoherence one would observe in AIMS.[77]
Because of the underestimation, the selection process between two trajectories happens too
early, at a time step where the trajectories are not decoupled yet. As the transition metal
complex Ruwich has PESs very close in energy, the difference in nuclear forces for two
trajectories on different states is low. From this low force difference a long decoherence
time τD is obtained, as can be seen from equation (45). The long decoherence times expec-
ted for Ruwich indicate that although the τD values obtained (from 10 fs to up to 30 fs)
are unusually long for efficient stochastic selections[77], they could still suffer through an
underestimation. The selection between the TBFs might thus still be too rapid to properly
account for their interaction. Apart from a potential underestimation, there might also be
another reason for the high number of failed selections encountered for Ruwich. As the
predicted decoherence times are so long, it might happen that during the long time inter-
vals between the spawning and the selection event the potential landscape changes. Such
a change in the potential landscape might lead to new nuclear force differences that were
not predictable at the spawning time when τD was computed. So, with the almost parallel
near-degenerate PESs in Ruwich, AIMSWISS is more likely to suffer from difficulties when
applying short and efficient decoherence times as was observed for a different molecule
in reference [77]. One would have to investigate whether failed selections are more prone
to occur at high or low decoherence times τD to rule out the reason for the high number
of failed selections. A closer examination of the connection between coherence times and
TBF overlaps at the selection event will be of high interest in the future, but went beyond
the scope of this project.

7.2.2 The time-dependence of the geometry-based parameters in AIMD, AIMS, and
AIMSWISS

Despite the aforementioned difficulties for AIMSWISS to reproduce the AIMS popula-
tion traces, both nonadiabatic dynamics methods showed more correlation for the time-
dependence of the four geometry-based parameters and contrasted with the AIMD simu-
lation. The δ, ἁ, and κ values for AIMS, AIMSWISS, and AIMD are presented in figure 18 to
compare the geometry-based parameters obtained with the three methods. The tilt angles
θi were no longer included in the analysis as the computation includes a Kabsch align-
ment for each step of the simulation, a very time-consuming process. Furthermore, it was
thought that the θi angles do not yield information supplementary to the other three geo-
metry parameters. For three geometry parameters δ, κ, and ἁ the nonadiabatic AIMSWISS
results are closer to the AIMS result in the first 214 fs than the adiabatic AIMD simula-
tion. The centroid distance δ, shown in figure 18a, for AIMSWISS is noticeably closer to
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Figure 18: The three parameters δ, ἁ, and κ for the Ruwich geometry changes in the AIMD,
AIMSWISS, and AIMS simulation. Panel a: the distance δ between the initial
and the current Bz centroid. Panel b: the hapticity value ἁ for Ru with respect to
Bz. Panel c: the claw angle κ between the Bz centroid, the Ru atom, and the Cp
centroid.

the AIMS result than AIMD. In these first 214 fs, AIMSWISS yields a maximum in centroid
distance of 0.54 Å that is much closer to the peak value of 0.56 Å in AIMS than the AIMD
centroid distance of 0.49 Å. However, qualitative agreement in δ is fulfilled for AIMSWISS
and AIMD as both show an increase followed by a decrease of the Ru-Bz centroid dis-
tance. Furthermore, it should be noted that the final lowering of δ in the AIMS simulation
is accompanied by the increase in S3 population, which is also captured by the AIMSWISS
dynamics. But, as the local δ minimum is also reproduced by the AIMD simulation, it is
unlikely that the increase in S3 population has a high influence on this aspect of the Ruwich
dynamics.

Following the dynamics after 214 fs, it can be seen in figure 18a that until 600 fs AIMD
and AIMSWISS show a similar quantitative behavior for δ. In both cases, δ shows an
oscillation around a general increase. After 600 fs, the oscillatory increase continues for the
AIMD dynamics, only interrupted by δ remaining constant between 800 and 900 fs. This
behavior is not reflected by AIMSWISS where δ first shows further increase until remaining
constant at a value of around 0.6 Å for 900 to 1300 fs. After 1300 fs, δ further increases for
AIMSWISS to reach a final value of 0.8 Å. The constant δ value in the AIMSWISS dynamics
is not accompanied by a decrease in the claw angle κ, as is the case in the AIMD dynamics.
When examining figure 18c, κ is not significantly decreased for AIMSWISS between 900
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and 1300 fs. The constant Ru-Bz centroid distance is thus not attributable to the opening
of a new coordination side. A major difference between the reason for a constant δ values
can thus be observed for the adiabatic AIMD and the nonadiabatic AIMSWISS dynamics.

For the claw angle parameter κ depicted in figure 18c, another noticeable difference is
found for the AIMSWISS and AIMD dynamics. The AIMS simulation yields a minimum
of 169.9° while AIMSWISS reaches a local minimum of 170.6° compared to a value of
174.2° for AIMD. AIMSWISS is thus again quantitatively closer to AIMS while also re-
producing the qualitative line shape of AIMS more accurately than the AIMD simulation.
After the minimum in κ is reached an increase is obtained from all three dynamics meth-
ods. Close to 200 fs, the increase of κ is weakened for the AIMS and AIMSWISS simula-
tions, while continuing at its former pace for the AIMD simulation. Soon after, at 190 fs, the
κ value of AIMS reaches a maximum of 175.3°, that is closely matched by the AIMSWISS
local maximum of 176.5°in κ at 196 fs. In the AIMD simulation, the κ value continues to
increase until 221 fs where a local maximum of 179.9° equal to the initial claw angle value
is reached. A reasonable explanation for AIMSWISS being qualitatively and quantitatively
closer to the claw angles obtained from AIMS than AIMD could be the increasing S3 pop-
ulation observed after 170 fs, which cannot be captured by the AIMD simulation.

After the first 214 fs that are covered by the AIMS simulation, the κ values from AIMS-
WISS and AIMD continue to evolve differently. In the AIMD simulation, the κ value mostly
varies between 180 and 170° and only shows higher deviations between 800 and 900 fs, as
discussed above. The κ values obtained with AIMSWISS are generally lower and vary
within an interval between 175 and 165°. The AIMSWISS dynamics thus predicts only
small openings of coordination sites equally distributed throughout the simulation, while
AIMD suggests only one opening of the Ruwich complex that is more pronounced.

When focussing on the hapticity ἁ presented in figure 18b, it can be noticed that AIMS-
WISS is also closer to the hapticity change as predicted in AIMS than the adiabatic AIMD
simulation. As discussed above, the hapticity change in AIMD occurs 59 fs earlier than in
the AIMS dynamics. In AIMSWISS, the first change from ἁ6 to ἁ3 starts at 143 fs where
the hapticity gradually changes for 5 fs to then remain at ἁ3 after 148 fs. AIMSWISS is not
only closer to the time of first hapticity change yielded by AIMS (166 fs) but also gives
a time window for the change from ἁ6 to ἁ3. However, the time window predicted by
AIMSWISS only covers 4 fs while AIMS predicts an interval of 24 fs. AIMSWISS almost
exactly matches the time of first hapticity change encountered with the AIMS dynamics,
although the populations of the first three excited states do not show satisfying agree-
ment between AIMSWISS and AIMS (see fig. 17). Including nonadiabatic effects in the
AIMSWISS simulation does thus improve the resulting observables, in comparison to the
adiabatic AIMD simulation. This finding is reassuring, especially if one bears in mind that
the populations obtained from AIMSWISS and AIMS are not in good agreement. From
the examination of the geometry-based parameters for Ruwich one can thus learn that in-
cluding nonadiabative effects, even if in a more approximation manner than in AIMS, does
lead to an improvement, although the obtained populations are not guaranteed to agree.

7.2.3 Influence of nonadiabatic effects on the hapticity

To further compare the observables yielded from the AIMSWISS and the AIMD simulation
after the time feasible with AIMS, the hapticities ἁ for both methods were compared and

65



7 TIME-RESOLVED HAPTICITY - A NONADIABATIC PERSPECTIVE

Figure 19: The populations and the hapticity parameter ἁ with its contributing projection
values p̄i are presented for the AIMSWISS and AIMD simulation. The top panel
shows the population in S1, S2, and S3 of the AIMSWISS dynamics. The central
panel, labelled AIMSWISS, depicts the ἁ value for this simulation. In the bottom
panel, labelled AIMD, the hapticity value and projection factors for AIMD are
shown.

connected to the populations obtained with AIMSWISS.
Figure 19 shows the AIMSWISS population for the 1400 fs of simulated time (panel a)

and the ἁ parameter for the AIMSWISS (panel b) and AIMD (panel c) simulations. From
figure 19a, one can see that, although S1 remains the most populated state for most of
the simulated time, population transfers between S1 and the other two states occur. From
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around 320 fs to 390 fs, the S2 population outweighs the S1 population, and between 600
and 800 fs a strong interplay in S1 and S2 population can be observed. Over the prolonged
time period from 950 fs to around 1300 fs the S3 population increases to remain at a value
of 0.2. A frequent population transfer, as observed in the AIMSWISS simulation, is in line
with the expectation for Ruwich as this complex shows energetically close electronic eigen-
states. Moving on to the hapticity values for the AIMSWISS simulation presented in figure
19b one observes that, after the initial 143 fs of ἁ6, the hapticity value never again remains
constant for a prolonged period. For the AIMD simulation, however, periods of constant
hapticity are also observed at later times in the simulation, mostly for ἁ3 and ἁ4 (see fig.
19c). Hapticity fluctuations occur more frequently in the AIMSWISS simulation than in the
AIMD simulation. It can thus be stated that the nonadiabatic AIMSWISS simulation gives
a far more flexible picture of the hapticity in Ruwich, as far more changes in the ἁ value
are encountered during the simulation than in the AIMD simulation. Furthermore, it can
be seen in figure 19b and c that ἁ6 configurations are encountered far less frequently in the
AIMSWISS simulation than with AIMD. From this observation, one can gather that the
Bz ring in the AIMSWISS simulation undergoes more distortions than in the AIMD sim-
ulation. The claw angle κ for the AIMSWISS and AIMD simulations were compared (see
fig. 18c) to further investigate the character of these distortions. From this comparison,
one can conclude that no remarkable drop in the claw angle as for the AIMD simulation
can be observed in the AIMSWISS simulation. In the latter simulation, κ shows oscillations
combined with an overall decrease until around 900 fs when the claw angle stays almost
constant around 167°until the end of the simulation. As κ does not show a significant drop
in the AIMSWISS simulation, the decrease in ἁ to values between 3 and 4 is more likely
caused by slip distortions as depicted in the central inlet on the right-hand side of figure
19. Furthermore, the neglect of nonadiabatic effects in the AIMD simulation might be a
reason for the overestimation of the opening of a new coordination side in Ruwich.

When connecting the populations in figure 19a to the ἁ values for AIMSWISS in figure
19b a trend of influence between the two properties can be identified. In the time interval
between 900 and 1300 fs, 20 % of the population is in the S3 state. The ἁ value in this
time interval becomes higher than between 500 and 900 fs. Before 1200 fs and at around
1300 fs, ἁ shows values significantly above 4. Thus, a connection between an increase in S3
population and higher hapticities can be assumed.

In summary, the comparison of geometry-based parameters for Ruwich from an adia-
batic AIMD simulation to the nonadiabatic AIMS and AIMSWISS simulations showed that
nonadiabatic effects have an impact on geometry changes in Ruwich. In an AIMD simu-
lation, the evolution is always restricted to a single state which makes it impossible to
account for situations where the population is evenly split between two or more excited
states. Furthermore, in cases where the character of the adiabatic state changes, an AIMD
trajectory launched on that state cannot transfer to a different state and must thus continue
to evolve under this new character. As including population transfer between the singlet
states is crucial, even several AIMD runs launched from different excited states would not
be able to give an accurate picture of the Ruwich excited state dynamics. In the nonadia-
batic simulations, the hapticity parameter ἁ showed more fluctuations between ἁ3 and ἁ4
while ἁ6 was shown to play a minor role. The AIMD simulation, however, suggested for
the ἁ6 coordination to play a more prominent role. Including nonadiabatic effects also al-
lowed us to visualize that the hapticity change occurs in a time interval rather than instant-
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aneously. Using a nonadiabatic picture for the geometry change in Ruwich more smoothly
includes any population transfer induced by changes in electronic character. Opposingly,
in an adiabatic description, the population is forced to endure an instantaneous change in
electronic character as a consequence of evolving on only one state. Therefore, the nonadia-
batic AIMS and AIMSWISS simulations are more capable of depicting the hapticity change
over time, which is likely to be accompanied by a change in electronic state character. We
will have to perform more AIMSWISS runs and include different initial conditions to be
able to accurately depict the gradual hapticity change and to draw further conclusions on
underlying movement patterns. In this way, a more representative picture of electronically
exciting the Ruwich population from a ground state minimum will be obtained. However,
the performed analysis allowed us to further confirm the ability of the geometry paramet-
ers δ, κ, and ἁ to describe geometry changes in the Ruwich complex. With a more repres-
entative sampling of Ruwich structures the parameters will hopefully reveal the mechan-
isms underlying hapticity change in transition metal sandwich complexes such as Ruwich.
With this more accurate depiction, it will be possible to distinguish between movement
patterns, as the distortion-induced and the coordination side opening-induced hapticity
change observed in the AIMD simulation.
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8 Conclusion

In this work, we addressed the goals set in section 1.4 of finding an unambiguous hapti-
city definition based on atom distances that is applicable in static and time-dependent
settings. To do so, we proposed a more rigorous definition for the concept of hapticity
and tested it on the Ruwich complex in time-independent and time-dependent quantum
mechanical calculations including singlet excited states. The versatile hapticity definition
is contained in the parameter ἁ and based on a straight-forward formula (see eq. (56)).
When decomposed into its contributing projection values p̄i, the ἁ parameter can also give
side-specific information for the Ruwich complex, which can be of interest in applications
targeting non-symmetric complexes. We successfully applied this definition in static calcu-
lations that included linear interpolation scans and time-dependent settings that consisted
of adiabatic and nonadiabatic simulations. By combining the information from ἁ and the
distance and angle-based parameters δ and κ, interesting patterns on the movement un-
derlying hapticity change in Ruwich were revealed. These patterns consist of a hapticity
lowering caused by a slip distortion of Bz and due to a significant change of the claw angle
κ. The ἁ parameter, that was initially established for the Bz ligand, can be extended to other
cyclic ligands of different geometry by determining a basis of bisection vectors suitable for
the ligand of interest. In this way, our hapticity definition can easily be transferred to a
broader range of transition metal complexes with cyclic π ligands.

In future work on Ruwich, we will improve the statistical convergence of the AIMSWISS
simulations by performing more runs and including a more representative set of initial
conditions. Another interest will lie in analyzing how well justified the application of
AIMSWISS on an organometallic system such as Ruwich is, which can be achieved by
investigating the AIMSWISS specific decoherence times more closely.

On top of this more technical follow-up work, it will be interesting for us to further
investigate the excited state potential landscape of Ruwich by examining the influence of
the so far not-considered triplet states. From an analysis of the triplet states in Ruwich, we
will be able to gather to what extent excited states with different multiplicities are coupled
to each other. Furthermore, it will be of interest to us to clarify how the electronic character
of the singlet excited states is altered for different configurations of Ruwich. This insight
will give additional refinement on the picture of the PESs relevant for hapticity changes.

To diverge into an even more open field of possibilities, it will be of interest for us to view
Ruwich in a more general light by not only focussing on the Bz ligand. As a first step in
this direction, we will focus on changes in the geometry and coordination mode of the Cp
ligand. Furthermore, investigating hapticity changes in other ligands, such as substituted
Bz rings or heterocycles, will allow us to examine an entire family of Ruwiches. In this
way, the influence of asymmetry and different steric and electronic environments on light-
induced hapticity changes and the underlying mechanism can be studied.

To summarize the work carried out in this thesis, we gave a rigorous definition of hapti-
city easily transferable to different cyclic ligands. This definition can be applied to different
scenarios of quantum chemical calculations and is linked to experimental observables as
it only relies on atomic distances. With this definition and further work on the carried-out
dynamics simulations, it will be possible to examine the mechanisms underlying light-
induced hapticity changes in Ruwich, and potentially verify them with the help of an ex-
perimental study using for example time-resolved X-ray or electron diffraction techniques.
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