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Voorwoord

Veel lijkt eerst moeilijk voor het gemakkelijk wordt. Deze quote vormt een
uitstekende samenva�ing van de voorbije vijf jaar. Al zolang ik mij kan
herinneren, hangt er een poster met deze zin in mijn kinderkamer. Er is een
hondje te zien dat door een verkeerde toetsencombinatie in te drukken een
bom hee� gecreëerd op het computerscherm. De betekenis van deze spreuk
werd voor het eerst tastbaar tijdens het middelbaar, wanneer het studeren
niet meer altijd vanzelf ging en er af en toe moeite moest gedaan worden om
sommige leerstof te begrijpen. Toen ik aan de opleiding toegepaste natuur-
kunde begon, zat ik tijdens de soms eindeloos ogende examens te studeren
met uitzicht op deze poster. Ook al leek het soms onhaalbaar, de voldoening
nadien was des te groter als ik weer een bepaald vak onder de knie had.
Tijdens mijn doctoraat hee� deze zin echter nog meer betekenis gekregen
toen het meermaals is voorgevallen dat een bepaald probleem onoplosbaar
leek, maar dat er uiteindelijk, na soms wat frustraties en met het nodige
doorze�ingsvermogen, dan toch steeds een lampje ging branden waardoor
alles vorm kreeg en ik u nu dan ook met trots dit doctoraat kan voorstellen.

Natuurlijk weten we allemaal dat een werk als dit niet tot stand kan komen
door slechts één persoon en daarom wil ik dan ook deze kans grijpen om een
aantal mensen te bedanken.

Eerst en vooral wil ik mijn promotor, Veronique, bedanken. Bedankt voor
alle kansen die u mij hee� gegeven en om in mij te geloven als onderzoeker.
Door uw boeiende lessen werd mijn interesse in de kwantummechanica
aangewakkerd en volgden een thesis op het CMM en vervolgens ook een
doctoraat als logische stappen. Ik ben dankbaar dat u mij met al uw ervaring
en kennis door de voorbije jaren gegidsd hee�. Zonder u zou dit onderzoek
er in de eerste plaats nooit geweest zijn en ook zeker niet in de huidige vorm.

Ook Michel verdient een woord van dank. Bedankt om mij bij de start
wegwijs te maken in de theorie achter DFT en TDDFT en om mijn kritisch
denkvermogen aan te scherpen.
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gevlogen. Het voelt pas een half jaar geleden toen we star�en als de CMM
babies, maar ondertussen is het tijd voor mijn ’pensioen’ op het CMM. Jullie
hebben de afgelopen jaren zoveel aangenamer gemaakt, waarvoor dank.

Ook alle andere CMM’ers wil ik graag bedanken voor de leuke sfeer op het
werk.

Daarnaast wil ik ook graag enkele mensen buiten het CMM bedanken die op
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Samenva�ing

De interactie tussen elektromagnetische golven en materie wordt bestudeerd
aan de hand van spectroscopie. De rol ervan in toepassingen gaande van
de atomaire tot de astronomische schaal kan niet worden onderschat
doordat het een brug vormt tussen theoretische/computationele studies en
experimentele waarnemingen. Zo speelde het bijvoorbeeld een belangrijke
rol bij de ontwikkeling van de kwantummechanica. Computationele
spectroscopie is zeer belangrijk omdat het een link legt tussen de moleculaire
schaal en experimenteel waargenomen spectroscopische signalen. In dit
werk ligt de nadruk op overgangen van valentie-elektronen die leiden
tot excitaties van de grondtoestand naar geëxciteerde toestanden en die
onderzocht worden in ultraviolet en zichtbare (UV-Vis, afgeleid van de
Engelstalige naamgeving ultraviolet and visible) spectroscopie. In het
bijzonder bestuderen we spectroscopische vingerafdrukken van excitaties
tussen elektronische energieniveaus in nanoporeuze roosters en transitie
metaal complexen (TMCs, afgeleid van de Engelstalige naamgeving
transition metal complexes).

Om dit te bereiken worden geavanceerde theoretische berekeningen gebruikt
die gebaseerd zijn op de dichtheidsfunctionaaltheorie (DFT). Deze bieden
een goed evenwicht tussen nauwkeurigheid en computationele kost. De
geëxciteerde toestanden worden bereikt via adiabatische tijdsafhankelijke
DFT (TDDFT, afgeleid van de Engelstalige naamgeving time-dependent DFT)
in het lineair respons regime. Bovendien wordt de elektronische structuur
van TMCs onderzocht via technieken die uit de tijd stammen waarin er nog
geen geavanceerde kwantummechanische berekeningen mogelijk waren,
maar die nog steeds zeer waardevol zijn. Zo worden kristalveldtheorie en
uitbreidingen ervan behandeld. Ligand-veld DFT wordt ook gebruikt, omdat
hiermee kwantitatieve resultaten verkregen kunnen worden door gebruik te
maken van DFT berekeningen.

xi



Dit proefschri� bestaat uit twee grote onderdelen. Ten eerste worden
de eigenschappen van fotokatalytische complexen ingebed in covalente
triazine roosters (CTFs, afgeleid van de Engelstalige naamgeving crystal
triazine frameworks) onderzocht. Dit werk werd uitgevoerd in samenwerking
met onze experimentele partners bij COMOC (Center for Ordered Materials,
Prof. Van Der Voort) en SynBioC (Synthesis, Bioresources and Bioorganic
Chemistry, Prof. Stevens). We concentreren ons op Ru2+ complexen ingebed
in een CTF, aangezien deze heterogene katalysatoren veelbelovende,
milieuvriendelijke kandidaten zijn voor fotokatalytische toepassingen.
TDDFT is bij uitstek geschikt om deze TMCs met gesloten schil en de
CTF-linkers te bestuderen. Bovendien kan het ingebedde complex in de CTF
ook bestudeerd worden dankzij de lage computationele kost.

In een eerste stap onderzoeken we welke factoren de structurele en
fotokatalytische eigenschappen van de CTF beïnvloeden. Daarom richten
we ons op verschillende polypyridyl-liganden, die veelbelovende CTF-
bouwstenen zijn, en bestuderen de ladingstransfer excitaties die hun
UV-Vis spectra domineren. Hoe groter het π-systeem en hoe hoger de
π-elektronendeficiëntie, hoe meer de belangrijkste absorptiepiek verschui�
naar grotere golflengten. Grote π-systemen worden verkregen wanneer
aromatische ringen aanwezig zijn en voor planaire structuren. Een grotere
π-electkronendeficiëntie kan worden bekomen door het stikstofgehalte te
verhogen of de linker te termineren met elektronenon�rekkende groepen.
Voorts kan ook het toevoegen van functionele groepen een aanzienlijke
invloed hebben op de eigenschappen van de geëxciteerde toestanden. Ten
tweede onderzoeken we het fotokatalytische Ru2+ complex en hoe de
eigenschappen ervan kunnen worden beïnvloed door het stikstofgehalte
van de linkers te veranderen. Naast de singlet excitaties, worden ook triplet
geëxciteerde toestanden onderzocht. Hoewel hun oscillator sterkte veel
kleiner is, spelen zij een belangrijke rol in het fotokatalytische proces. Deze
excitaties zijn moeilijk om experimenteel waar te nemen, maar vormen
geen extra uitdaging voor TDDFT. Zowel de band gaps, verkregen uit
grondtoestand-berekeningen, als de ladingstransfer excitaties, verkregen
uit geëxciteerde toestand-berekeningen, blijken sterk af te hangen van het
stikstofgehalte in de linkers. Ten slo�e onderzoeken we ook op welke manier
de heterogenisering van de Ru2+ complexen in een CTF invloed hee� op
de energie en het karakter van de geëxciteerde toestand. Uit berekeningen
volgt dat lagere energieën kunnen worden gebruikt om ladingstransfer-
excitaties te bevorderen, wat gunstig is voor bijvoorbeeld nabij-infrarood
fotokatalyse. Bovendien verandert de verankering van het complex het
karakter van de excitaties. Het zijn metaal-ligand ladingstransfer excitaties



in het geïsoleerde complex, terwijl bij het verankerde systeem een elektron
wordt overgedragen van het kristal naar de liganden van het complex. Als
zodanig tonen wij aan dat het systeem in brede zin kan worden afgestemd
door het complex in te bedden in een CTF en door de componenten van het
rooster en die van het verankerde fotokalytisch complex te veranderen.

In het tweede deel, geïnspireerd door het experimentele werk van dr. ir.
Ma�hias Filez van de Weckhuysen onderzoeksgroep aan de Universiteit van
Utrecht, onderzoeken we TMCs die relevant zijn tijdens het nucleatieproces
van Co-ZIF-67 om een spectroscopische vingerafdruk voor te stellen. We
starten met een onderzoek naar de invloed van symmetrie op de d-orbitaal
splitsing, gevolgd door een studie van de d-d overgangen.

We onderzoeken d-orbitaal splitsingen in Co2+ aqua-complexen met
octahedrale, vierkant-pyramidale, trigonale bipyramidale en tetrahedrale
symmetrie. Hierbij wordt zowel de invloed van de coördinatie omgeving
als van de specifieke puntgroep beschouwd. Kwalitatieve technieken, zoals
kristalveldtheorie, laten zien dat de d-orbitaal splitsing karakteristiek is
voor het aantal liganden dat gecoördineerd is met het TM. Aangezien de
partieel gevulde d-orbitalen deze TMCs computationeel zeer uitdagend
maken, voeren we zowel berekeningen uit met fractionele beze�ingsgetallen
(AOC, afgeleid van de Engelstalige naamgeving average of configuration)
als berekeningen met gehele beze�ing (UDFT, afgeleid van de Engelstalige
benaming unrestricted DFT) om kwantitatieve resultaten te bekomen. In
tegenstelling tot AOC, is UDFT niet in staat om de kwalitatief verkregen
d-orbitaal splitsingen te reproduceren omdat slechts een deel van de
d-orbitalen bezet is. Het energieverschil tussen de beze�e en niet-beze�e
orbitalen wordt overschat met één groo�e-orde in vergelijking met de
AOC en experimentele resultaten. Bovendien is de ordening van de
d-orbitalen soms omgewisseld. De verschillen tussen beide technieken
zijn te wijten aan de andere elektronenbeze�ingen wat resulteert in
verschillende interelektron repulsies. De AOC-orbitalen komen overeen met
de chemische intuïtie zoals gegeven door CFT aangezien beide technieken
de elektron-elektron interacties op een sferische manier beschrijven. De
d-orbital splitsing verkregen door UDFT verschilt hiervan door de gehele
beze�ingsgetallen die resulteren in andere elektron-elektron repulsies.

Om de performantie van beide technieken verder te testen, berekenen
we de d-d overgangen, startend van zowel een AOC- als van een UDFT-
referentie via respectievelijk ligand-veld DFT en TDDFT. Bijkomende
moeilijkheden treden op voor de berekening van deze geëxciteerde
toestanden aangezien ontaarding niet alleen voorkomt in de grondtoestand



maar ook in de geëxciteerde toestanden en dubbele excitaties aanwezig
kunnen zijn. Bovendien zijn d-d overgangen Laporte-verboden in systemen
met een symmetrie-centrum, en hebben ze dus lage oscillator sterktes.
Daarom beginnen we bij het testen van de technieken met eerste rij
octahedrale aqua-complexen om de complexiteit van de elektronische
structuur te onderzoeken als functie van het aantal d-elektronen. Hoewel
het energieverschil tussen beze�e en onbeze�e orbitalen wordt overschat
door UDFT, in vergelijking met AOC, is het beeld van d-d excitaties
verkregen met beide technieken kwalitatief hetzelfde. Dit geldt zelfs voor
moeilijke systemen met een ontaarde grondtoestand en waarbij dubbele
excitaties aanwezig zijn. Bovendien geven beide technieken complementaire
informatie, terwijl ligand-veld DFT dubbele excitaties kan beschrijven, levert
TDDFT oscillator sterktes. Met deze kennis berekenen we de d-d-excitaties
van TMCs die relevant zijn voor het nucleatieproces van Co-ZIF-67 via beide
technieken en vergelijken de resultaten met de experimentele spectra van
Filez et al. Alhoewel ligand-veld DFT niet geschikt is voor complexen met
niet-compacte liganden, kunnen de octahedrale en tetrahedrale structuren
worden onderscheiden op basis van TDDFT. De oscillator sterkte is veel
groter en de absorptiepiek is verschoven naar kleinere energieën voor de
tetrahedrale complexen in vergelijking met de octahedrale complexen.
Bovendien zijn de tetrahedrale complexen, die het nucleatieproces op gang
brengen, 107-108 keer minder aanwezig dan de octahedrale structuren.
Tenslo�e worden geëxciteerde toestanden bij zeer kleine energieën alleen
waargenomen voor octahedrale systemen. Toch zijn er andere technieken
nodig om de door Filez et al. geobserveerde toestanden die zich in het
UV-Vis gebied bevinden te berekenen, aangezien ze voornamelijk bestaan
uit dubbele en spin-flip-excitaties, die niet bereikbaar zijn met TDDFT.

Samenva�end is TDDFT, door de uitstekende balans tussen computationele
kosten en accuraatheid, perfect geschikt om spectroscopische
vingerafdrukken te bepalen voor systemen met een gesloten schil en
gee� het een beter inzicht in de onderliggende moleculaire mechanismen.
Bovendien kan een kwalitatief beeld worden verkregen voor de berekening
van d-d transities in meer uitdagende TMCs. Als zodanig benadrukt dit
werk het belang en de veelzijdigheid van theoretische UV-Vis spectroscopie
voor verschillende toepassingen.



Summary

The interaction between electromagnetic waves and ma�er is studied by
means of spectroscopy. Its significance in applications ranging from the
atomic up to the astronomic scale can not be underestimated, as it builds
a bridge between theoretical/computational studies and experimental
observations. For example, it played an important role in the development
of quantum mechanics. Computational spectroscopy is, in this regard, of
utmost importance to link the molecular scale to experimentally observed
spectroscopic signals. The focus of this work is on transitions of valence
electrons which cause excitations from the ground state to excited states
and are probed in ultraviolet and visible (UV-Vis) spectroscopy. In particular,
we study spectroscopic fingerprints of excitations between electronic energy
levels in nanoporous frameworks and transition metal complexes (TMCs).

In order to achieve this, advanced theoretical calculations based on
density functional theory (DFT) are used in this PhD, as they provide a good
balance between accuracy and computational cost. The excited states are
reached via adiabatic time-dependent DFT (TDDFT) in its linear response
regime. Furthermore, the electronic structure of TMCs is investigated with
crystal field theory and its extensions. These techniques stem from the
time before advanced quantum mechanical calculations were possible, but
still have their merits today. Ligand field DFT will be employed too, as it
allows one to retrieve quantitative results by making use of DFT calculations.

This thesis consists of two large components. First of all, the properties
of photocatalytic complexes embedded in covalent triazine frameworks
(CTFs) are investigated. This work is performed in collaboration with our
experimental partners at COMOC (Center for Ordered Materials, Prof.
Van Der Voort) and SynBioC (Synthesis, Bioresources and Bioorganic
Chemistry, Prof. Stevens). We focus on Ru2+ complexes with CTF supports,
as these heterogeneous catalysts are very promising, environmentally clean
candidates for photocatalytic applications. TDDFT is ideally suited to study
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these closed-shell TMCs as well as the CTF linkers. Furthermore, due to its
low computational cost, the embedded complex in the CTF can be examined
too.

In a first step, we investigate which factors influence the structural
and photocatalytic properties of the CTF. Therefore, we focus on various
polypyridyl ligands, being promising CTF building blocks, and study the
charge-transfer excitations, which dominate their UV-Vis spectra. The
larger the π-system and the higher its π-electron deficiency, the more the
main absorption peak shi�s to larger wavelengths. Large π-systems are
obtained when aromatic rings are present and for planar systems. A larger
π-electron deficiency can be acquired by increasing the nitrogen content or
by terminating the linker with electron withdrawing groups. Furthermore,
adding functional groups can have a significant influence on the excited
state properties. Second, we examine the photocatalytic Ru2+ complex and
how its properties can be influenced by changing the nitrogen content of
the linkers. Besides the singlet excitations, triplet excited states are also
investigated. Although their oscillator strength is much smaller, they play a
significant role in the photocatalytic process. They are di�icult to discern
experimentally but pose no additional challenges for TDDFT. Both band
gaps, obtained from ground state calculations, and charge-transfer states,
retrieved from excited state computations, are found to be strongly adaptable
by changing the nitrogen content of its linkers. Finally, we also investigate
how the heterogenizaiton of the Ru2+ complexes on a CTF support a�ects
the energy and character of the excited states. Calculations reveal that lower
energies can be harvested to promote charge-transfer excitations, which
is beneficial for near-infrared photocatalysis, for example. Furthermore,
anchoring of the complex changes the character of the transitions. They are
metal-ligand charge-transfer states in the isolated complex, whereas for the
embedded system, an electron is transferred from the crystal to the ligands
of the complex. As such, we show that the system can be tuned in a broad
sense by embedding the complex in a CTF and by varying the framework
components as well as these of the anchored photocalytic complex.

In the second part, inspired by the experimental work performed by dr. ir.
Ma�hias Filez at the Weckhuysen research group in Utrecht University, we
investigate TMCs relevant to the Co-ZIF-67 nucleation process in order to
propose a spectroscopic fingerprint. We start with an investigation of the
influence of symmetry on the d-orbital spli�ing, followed by a study of the
d-d transitions.

We investigate the d-orbital spli�ing of Co2+ aqua-complexes with



octahedral, square pyramidal, trigonal bipyramidal, and tetrahedral
symmetry. Hereby, both the influence of the coordination environment
and the specific point group are considered. �alitative techniques, such
as crystal field theory, reveal that the d-orbital spli�ing is characteristic
of the number of ligands coordinated to the TM. As the partially filled
d-orbitals make these TMCs very challenging from a computational point
of view, we perform both average of configuration (AOC), with fractional
occupation numbers, and unrestricted DFT (UDFT) calculations, in which
integer occupations are considered, in order to obtain quantitative results. In
contrast to AOC, DFT is not capable of reproducing the qualitatively obtained
d-orbital spli�ings as only part of the d-orbitals are occupied. Indeed, the
gap between the occupied and unoccupied orbitals is overestimated by
one order of magnitude compared to the AOC and experimental results.
Furthermore, the ordering of the d-orbitals is sometimes interchanged. The
discrepancies between both techniques are due to the di�erent electron
occupations resulting in di�erent interelectron repulsions. The AOC orbitals
confirm the chemical intuition as given by crystal field theory, as both
techniques describe the electron repulsion in a spherical way. The d-orbital
spli�ing obtained by UDFT is di�erent, due to the integer occupation
numbers resulting in di�erent interelectron repulsions.

To further test the performance of both techniques, we calculate the
d-d transitions, both from an AOC and UDFT reference via ligand field DFT
and TDDFT, respectively. Additional challenges are encountered for the
calculation of these excited states as degeneracies do not only occur in the
ground state but also in the excited states and double excitations can be
present. Furthermore, in systems with a center of symmetry, d-d transitions
are Laporte-forbidden and hence have low oscillator strengths. Therefore,
we first test these techniques for first-row octahedral aqua-complexes in
order to investigate the complexity of the electronic structure as a function
of the number of d-electrons. Although the gap between occupied and
unoccupied orbitals is overestimated by UDFT compared to AOC, the
picture of d-d excitations obtained from both techniques is qualitatively
similar. This even holds for challenging systems with a degenerate GS
and for which double excitations are present. Moreover, both techniques
give complementary information, whereas ligand field DFT is capable of
describing double excitations, TDDFT yields oscillator strengths. With
this knowledge, we calculate the d-d excitations of TMCs relevant for
the Co-ZIF-67 nucleation process via both techniques and compare the
results with the experimental spectra of Filez et al. Although ligand field
DFT is not suited for complexes with extended ligands, the octahedral and
tetrahedral species can be distinguished based on TDDFT. The oscillator



strength is much larger and the main absorption peak is shi�ed toward
smaller energies for the tetrahedral complexes compared to the octahedral
ones. Furthermore, the tetrahedral complexes, which trigger the nucleation
process, are 107-108 times less present than the octahedral structures.
Finally, excited states at very small energies are only observed for octahedral
systems. Nevertheless, other techniques are needed to calculate the
excited states proposed by Filez et al. which are situated in the UV-Vis range
and mainly contain double and spin-flip excitations, not reachable by TDDFT.

Summarizing, TDDFT is, due to its excellent balance between computational
cost and accuracy, perfectly suited to determine spectroscopic fingerprints
for closed-shell systems and provides a be�er understanding of the
underlying mechanisms. In addition, a qualitative picture for the calculation
of d-d transitions in more challenging TMCs can be obtained. As such,
this work highlights the importance and versatility of theoretical UV-Vis
spectroscopy for various applications.
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ᾱ Mean polarizability
αkj Di�erence between the occupation numbers of orbitals k and

j
δ Delta function
δij Kronecker delta
εi Kohn-Sham single-particle energies
ζ Spin-orbit coupling constant
θ polar angle
σ Reflection operation

spin variable
σd Reflection operation with dihedral mirror plane
σh Reflection operation with mirror plane perpendicular with

respect to the principle axis



σv Reflection operation with mirror plane containing principle
axis

τ Time
φ Azimuthal angle
φi Kohn-Sham single-particle orbitals
Φ Kohn-Sham Slater determinant
χ Spin part of the wave function
χnn Density-density response function
χs Kohn-Sham response function
χαβ General response function
|Ψn〉 nth wave function in the Hilbert space
|Ψe

n〉 nth electronic wave function in the Hilbert space
|Ψ(t)〉 Time-dependent wave function in the Hilbert state space
Ψ(xxx1 · · ·xxxN ) Time independent wave function in the coordinate space
Ψ(xxx1 · · ·xxxN , t) Time-dependent wave function in the coordinate space
ω Angular frequency
ωjk Excitation energy in the non-interacting system for a transi-

tion between the jth and kth single particle orbital
Ωn nth excitation energy of the true interacting system

Mathematical symbols
a0 Ground state of a/ evaluated at t0
a1 Linear order response of a
a2 �adratic order response of a
a† Hermitian adjoint of a
aI Interaction picture representation of α
I(a) The imaginary part of a
R(a) The real part of a
∇a Gradient of a
Tr(AAA) Trace of the square matrix AAA
[A,B] Commutator between A and B
A ? B

∫
dxxxA(rrr,xxx)B(xxx,rrr′)



List of Abbreviations

1,2-dmIm 1,2-dimethylimidazole
2-mIm 2-methylimidazolate
AMS Amsterdam modeling suite
AOC Average of configuration
AOM Angular overlap model
AQ Antiquinoid
bipm 2,2’-bipyrimidine
bipy Cis-2,2’-bipyridine
bipz Cis-2,2’-bipyrazine
CCCT Crystal-to-crystal charge-transfer
CFT Crystal field theory
CLCT Crystal-to-ligand charge-transfer
CMM Center for Molecular Modeling
COF Covalent organic framework
COMOC Center for Ordered Materials, Organometallics and Catalysis
COSMO Conductor-like screening model
CShM Continuous shape measure
CT Charge-transfer
CTF Covalent triazine framework
DFT Density functional theory
ES Excited state
GGA Generalized gradient approximation
GS Ground state
HF Hartree-Fock
HK Hohenberg-Kohn
HPC High performance computers
HOMO Highest occupied molecular orbital
HS High-spin
ISC Inter-system crossing
IUPAC International Union of Pure and Applied Chemistry
JT Jahn-Teller
KS Kohn-Sham

xxiii



LDA Local density approximation
LF Ligand field
LFT Ligand field theory
LFDFT Ligand field density functional theory
LMCT Ligand-to-metal charge-transfer
LR Linear response
LUMO Lowest unoccupied molecular orbital
LS Low-spin
MD Molecular dynamics
MLCT Metal-to-ligand charge-transfer
MO Molecular orbital
MOF Metal-organic framework
PCM Polarizable continuum model
PES Potential energy surface
Q �inoid
RSH Range-separated hybrid
SCF Self-consistent field
SF Spin-flip
SF-TDDFT Spin-flip time-dependent density functional theory
SP Square pyramidal
SOC Spin-orbit coupling
SynBioC Synthesis, Bioresources and Biooranic Chemistry
TBP Trigonal bipyramidal
TDDFT Time-dependent density functional theory
TD Time-dependent
TM Transition metal
TMC Transition metal complex
TTET Triplet-triplet energy transfer
UDFT Unrestricted density functional theory
UV-Vis Ultraviolet and visible
XC Exchange-correlation
ZIF Zeolitic imidazolate framework
ZORA Zeroth order regular approximation



Part I

Spectroscopic Fingerprint of
Electronic Excitations in

Nanoporous Frameworks and
Transition Metal Complexes

1





1
Introduction

Our fingerprints are di�erent for each of us due to their unique line pa�ern,
making them ideally suited to use as marks of human identity. In exactly
the same way, molecular systems possess spectroscopic fingerprints which
can be used to identify them. Their fingerprint is, however, in contrast to
humans, not straightforward to reveal. This is where spectroscopy comes
into play.

In spectroscopy, the interactions between electromagnetic waves and
ma�er are studied. The early beginnings of this discipline can be situated in
optics. In the 17th century, Newton discovered that sunlight, although we
perceive it as white light, is in fact made up of a wide range of colors. By
le�ing sunlight pass through a prism, he discerned a rainbow of colors, which
he denoted by the word "spectrum". In the 19th century, spectroscopy was
extended by Maxwell from visible light to cover the entire electromagnetic
spectrum. The role this research field plays, can not be underestimated as it
builds a bridge between theoretical/computational studies and experimental
observations. This is also reflected in the considerable amount of Nobel
prizes which have already been awarded to researchers who contributed
to the field of spectroscopy, including optical, X-ray, laser, electron, and
neutron spectroscopy.

Spectroscopy allows one to investigate the composition, physical properties,
and electronic structure of ma�er from the atomic up to the astronomic
scale. The areas of application are therefore widespread. First, we can

3



4 UV-Vis spectroscopy

Figure 1.1: Classification of the electromagnetic radiation associated with
nuclear and electronic transitions based on their frequency. Fig-
ure taken from Ref. 6

not ignore its importance in chemistry and physics.1 Spectroscopic studies
played a crucial role in the development of quantum mechanics as the first
atomic models were capable of producing the spectral lines of hydrogen,
hereby providing the basis for discrete jumps. Due to the quantized energy
levels, only electromagnetic waves with specific frequencies are allowed
to interact with the system. Besides, we would also like to mention its
applications in bio-medicine, in which it has an important function in the
diagnosis of diseases,2 the analysis of tissue,3 and medical imaging.4 Finally,
spectroscopy has become an indispensable tool in astronomy to study for
example the properties of stars.5 Not only their chemical composition,
temperature, distance and luminosity can be investigated, but also their
velocity by measuring the Doppler shi�.

In Figure 1.1, an overview of the electromagnetic spectrum divided in
several frequency ranges is given. Each nuclear and/or electronic transition
is situated in a specific region of the electromagnetic spectrum and can be
probed by a particular spectroscopic technique. In chemical analysis, some
common methods include ultraviolet and visible (UV-Vis) spectroscopy,
infrared spectroscopy, electron paramagnetic resonance, and nuclear
magnetic resonance, which are used to investigate electronic excitations,
vibrational excitations, electron spin transitions, and nuclear spin transitions,
respectively. In this work, we exclusively focus on electronic excitations
explored by UV-Vis spectroscopy.

1.1 UV-Vis spectroscopy

Spectroscopic observations located in the UV-Vis region are linked to
transitions of valence electrons causing excitations and emissions between
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Figure 1.2: Graphical representation of the GS and ES potential energy
surfaces in the le� pane. Examples of vertical excitations are
indicated with arrows in red, green, and blue. The correspond-
ing absorption spectrum is plo�ed as a function of the photon
wavelength in the right pane.

the ground state (GS) and excited states (ESs). A distinction needs to be
made between absorption and emission spectroscopy.

On the one hand, absorption occurs when radiant energy is absorbed
by the material, causing a transfer from the GS to an ES. Figure 1.2 shows
a graphical representation of the potential energy surfaces (PESs) of the
GS and several ESs. Absorption of photons then corresponds to the vertical
excitations presented by red, green, and blue arrows. Vertical excitations
are good approximations for the true excitations due to the Franck-Condon
principle, stating that in electronic transitions the nuclear movement is
much smaller than the electronic one.7 The plot on the right in Figure 1.2
shows the amount of light absorbed by a sample as a function of the photon
wavelength. The absorption in the visible range directly a�ects the perceived
color of the sample. For example, healthy plants are green because the
chlorophyll in the chloroplasts absorbs significantly more blue and red light
than green light, which is reflected by plant structures like cell walls.8 In the
fall, chlorophyll breaks down causing less absorption of red and blue light,
which results in leaves showing a beautiful color pale�e.

On the other hand, emission is the process in which radiant energy is
emi�ed by the material, which thereby undergoes a transition from an ES
back to the GS. A luminescent material spontaneously emits light without
the presence of heat. Fluorescence and phosphorescence are two di�erent
types of luminescence and are depicted in Figure 1.3 with purple and
yellow arrows, respectively. The electronic and vibrational energy levels are
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Singlet GS
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Inter-system 
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Figure 1.3: Graphical representation of a fluorescence and a phosphores-
cence process, two types of luminescence. The photon undergoes
inter-system crossing in the la�er. Electronic and vibrational
energy levels are indicated by thick and thin lines, respectively.

indicated by thick and thin lines, respectively. In these processes, first a
photon is absorbed, taking the material from its GS to an ES. In Figure 1.3, we
assumed that the absorption is from a singlet GS to a singlet ES. The system
relaxes vibrationally, a�er which a photon of lower energy is emi�ed such
that it returns to the GS. As such, the emissions correspond to non-vertical or
adiabatic transitions. The lifetime of the absorbed photon is notably larger
in phosphorescence compared to fluorescence as it undergoes inter-system
crossing (ISC) into a state with a di�erent spin multiplicity, in this case a
triplet ES. Well-known examples of phosphorescence are glow-in-the-dark
stickers which continue to emit light long a�er the stimulating light source
has been removed.

1.2 Nanoporous materials

In this work we focus on electronic excitations in nanoporous materials,
which contain voids with diameters between 1 and 100 nm.9 These structures
are very interesting as due to their pores they can have specific interactions,
not only at the surface, but also throughout the bulk of the material. High
surface area, chemical versatility, excellent accessibility to active sites,
and improved di�usion and mass transport are some of the outstanding
properties typical for porous materials.10–13 As a result, they are extensively
used and explored in various application fields such as absorption, catalysis,
separations, etc.

In this work we concentrate on two specific types of nanoporous materials,
namely covalent triazine frameworks (CTFs) and zeolitic imidazolate
frameworks (ZIFs). These choices are inspired by collaborations with
experimental partners. The work on CTFs was part of a concerted research
action (GOA) with our experimental partners at the Center for Ordered
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Figure 1.4: Synthesis of CTFs via trimerization of aromatic nitriles. Figure
reproduced from Ref. 25 with permission of Chemistry Europe.

Materials, Organometallics and Catalysis (COMOC, Prof. Van Der Voort)
and Synthesis, Bioresources and Biooranic Chemistry (SynBioC, Prof.
Stevens), whereas the study on ZIFs was inspired by experimental work
performed by dr. ir. Ma�hias Filez (CoCooN, Ghent University and Roe�aers
group, KU Leuven) at the Weckhuysen Research group, Utrecht University.
In what follows, these two types of materials are briefly introduced.

1.2.1 Covalent triazine frameworks

CTFs, a subclass of covalent organic frameworks (COFs), are porous 2D
materials made by trimerization of aromatic nitriles as shown in Figure 1.4.
Due to their high surface area,14 chemical and thermal stability,14–23 and
tunability because of the availability of various building blocks,24 they are
very promising to use as support materials for heterogeneous catalysis.
Furthermore, they are much lighter than most other porous supports and
contain no toxic or environmentally unfriendly elements.

The search for new heterogeneous catalysts is a hot topic today. Indeed,
one of the major challenges of our society is how to provide materials and
chemicals in a more sustainable and energy e�icient way. Even today most of
our energy resources originate from fossil fuels.26 Sunlight is an abundantly
available energy source and may provide sustainable opportunities for
activating chemical reactions based on photocatalysis.27–34 However, most
of the currently used photocatalytic homogeneous catalysts necessitate an
environmentally unfriendly cycle to remove them from the products.32, 35 In
this respect, it is important to develop recyclable and reusable heterogeneous
photocatalysts, which can be achieved by anchoring the photocatalytic
complexes on a porous framework. The step to remove the catalyst can
thus be avoided and, as such, heterogeneous photocatalysis can serve as an
environmentally cleaner alternative than homogeneous catalysts.36–39
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Figure 1.5: Schematic representation of a CTF (grey). The CTF linker is
indicated in green, the ligands and the TM of the photocatalytic
complex in blue and red, respectively.

A schematic representation of a CTF is given in gray in Figure 1.5.
The CTF linker is presented in green and the photocatalytic transition
metal complex (TMC) consists of a transition metal (TM) surrounded
by ligands, indicated in red and blue, respectively. The photocatalytic
properties depend on the energy ranges of the electromagnetic spectrum
which are absorbed by the material, corresponding to the excitation energies
of the system. It has been shown that CTFs display photocatalytic activity
in their pristine form,40–42 without even anchoring an active complex.
Therefore, we will investigate the structural and photophysical properties of
various CTF ligands. In addition, we will estimate how the photocatalytic
properties can be tuned by varying the linkers of the complex. With the
application as photocatalyst in mind, we are interested in excitations at
small energies/large wavelengths and with large oscillator strengths, as
in this way, the freely available sunlight can be exploited to the fullest.
In the relevant excitations in the photocatalytic complex, an electron is
transferred from the TM to the ligands or vice versa, and these processes are
therefore conveniently called metal-to-ligand charge-transfer (MLCT) and
ligand-to-metal charge-transfer (LMCT) excitations, respectively.

In order to further illustrate these transitions, a schematic representation of
the molecular orbitals (MOs) in TMCs is shown in Figure 1.6. We distinguish
the occupied and unoccupied ligand orbitals, presented in blue, and the eg-
and t2g-orbitals, indicated in red. The la�er are mainly located on the TM
and originate from the TM d-orbitals.43 In Chapter 3 and Chapter 5, we
will show that the spli�ing of these orbitals is characteristic for the ligand
environment. In the specific case shown in figure 1.6, we present the results
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Figure 1.6: Schematic representation of the MOs and di�erent types of
excitations in an octahedral TMC.

for an octahedral complex. Other frequently encountered configurations
as well as the nomenclature of the d-orbitals will be discussed in more
detail in Chapter 3. The MLCT and LMCT transitions, in which an electron
is transferred from the TM to the ligands or vice versa, are indicated in
purple.43 Transitions from the t2g- to the eg-orbitals, indicated in green, are
generally labeled as d-d transitions and will be addressed in the next section.

1.2.2 Zeolitic imidazolate frameworks

The second type of materials investigated in this work are ZIFs. These are
a sub-class of metal-organic frameworks (MOFs) in which divalent metal
cations, mostly Fe2+, Co2+, Cu2+, or Zn2+, are tetrahedrally coordinated
by bridging imidazolate-type linkers.44–49 Since the cation-linker-cation
angle in ZIFs is similar to the Si-O-Si angle in zeolites, they are topologically
isomorphic, hence their name.44, 50–52 We exclusively focus on Co-ZIF-
67,53–56 in which tetrahedrally coordinated Co2+ ions are bridged by
2-methylimidazolate (2-mIm) linkers. The crystal structure is shown in
Figure 1.7. ZIFs are due to their chemical stability, robust porosity, and
resistance to thermal changes very promising candidate materials for several
applications. Among others, we mention the use as catalysts or carbon
dioxide caption materials,57 molecular sieves for gas separation,58 and
high-impact shock absorbers.59

An in-depth understanding of the formation process of these materials
is indispensable for a targeted search for structures with the best properties
for a specific application as, unfortunately, this is at the moment mainly
done via high-throughput synthesis.61 Although the particle nucleation step
is more or less understood by now,62, 63 the underlying molecular assembly
processes in the pre-nucleation stage have been less thoroughly investigated
and remain largely unknown. Only very recently, a combined experimental-
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Co2+

2-mIm

Figure 1.7: Crystal structure of Co-ZIF-67. Figure adapted from Ref. 60 with
permission of Elsevier, 2015.

computational study has been conducted,64 in which it is suggested
that, during Co-ZIF-67 nucleation, a metal-organic pool with a variety of
complexes is formed caused by ligand elimination and substitution reactions.
This is visualized with green and blue arrows in Figure 1.8, respectively. In
this way, the symmetry of the octahedral precursors with simple ligands like
water, methanol, and/or NO-

3, shown in the upper le� corner, is lowered by
two mechanisms during the nucleation process. On one hand, some of the
ligands are substituted with 2-mIm, on the other hand, some of them are
eliminated. The complex thus goes from octahedral Co2+ complexes with
simple ligands over a five-coordinated system toward [Co(2-mIm)4]2−, a
tetrahedral complex with four 2-mIm ligands. The la�er is presented in the
bo�om right corner of Figure 1.8 and forms the building blocks of Co-ZIF-67,
visualized in Figure 1.7.

In order to fully understand this complicated mechanism, we aim to
characterize the d-d excitations, indicated in green in Figure 1.6, of the
TMCs observed during the nucleation process.43, 64 Hereto, we focus on their
number, intensity, and position as they change during the course of the
formation process and therefore can serve as a fingerprint. As already briefly
mentioned above, the d-orbital spli�ing is characteristic for the coordination
environment as it depends on the number and type of ligands coordinated
to the TM and the specific symmetry of the system. This will be explored
further in Chapter 3 and Chapter 5.

Analyzing d-d spectra poses various challenges. Indeed, due to the
partially filled d-orbitals, there might be degeneracies in the GS and/or ES
as well as numerous ESs lying closely together, making the assignment of
peaks ambiguous. Furthermore, in complexes with a center of symmetry,
d-d transitions conserve the parity and are therefore Laporte-forbidden and
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Figure 1.8: Reaction network of ligand elimination and substitution reac-
tions leading to fast pre-equilibrium formation toward a metal-
organic pool. Figure adapted from Ref. 64 with permission of
Elsevier, Copyright 2021.

hence not intense.43 This is in contrast to the MLCT and LMCT transitions
encountered in Section 1.2.1, which are usually spin- and Laporte-allowed
and therefore easier to discern experimentally.

1.3 Computational chemistry

Spectroscopic experiments reveal a lot of information by measuring
macroscopic properties. However, it is not always possible to fully unravel
the obtained spectra and to understand the underlying atomic mechanisms.
For example, as will be shown in Chapter 4, triplet ESs from a singlet GS play
an important role in photocatalytic processes. However, as these transitions
are spin-forbidden, they have a low probability of occurrence, making
it di�icult to observe them experimentally. Meanwhile, computational
techniques describe triplets without extra e�ort and provide in this way
complementary information to the experimental findings. Moreover,
computational studies allow one to screen a broad set of possible interesting
materials for a specific application, without the need for synthesizing and
experimentally characterizing them. Among the vast amount of candidates,
even systems di�icult to synthesize can be included. Furthermore, the
character of the ESs can be investigated which can help to unravel
complicated spectra. Indeed, for challenging systems such as TMCs,
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experimental studies are almost routinely accompanied by theoretical
calculations.65–70 Finally, simulations can be controlled very precisely and
environment e�ects can be avoided when desirable, as opposed to most
experimental methods.

The accuracy of the computational results depends on both the atomic
representation of the system under study and the computational method
used to approximately solve the Schrödinger equation.

1.3.1 Atomic representation of system under study

The first step in a computational calculation consists of constructing a molec-
ular representation that is able to represent the material or system as closely
as possible. As most materials extend in three dimensions, they can be
represented by constructing a unit cell and subjecting it to periodic boundary
conditions or by extracting a cluster, for which a trade-o� needs to be made
between its size and the computational accuracy. Furthermore, experiments
are o�en conducted in a solvent. As in computational models, it is very costly
to include all solvent molecules explicitly, the continuum model, in which the
system is embedded in a cavity representing the continuous environment,
is widely used. Common implementations are the polarizable continuum
model (PCM)71 and conductor-like screening model (COSMO)72. In this way,
the influence of the solvent can easily be estimated, as will be shown in
Chapter 4.

1.3.2 Computational method

Once the molecular model for the system under study is determined, a series
of approximations needs to be made to approximately solve the Schrödinger
equation. �antum mechanical computational techniques are, in general,
divided in two groups. A distinction is made according to whether the
method is based on the wave function or on the density, as visualized in
the le� bo�om corner of Figure 1.9. Post-Hartree-Fock methods are part of
the first category and are conceptually rather simple. Nevertheless, their
key quantity, being the wave function, is very complicated. The tables are
turned for the other group of methods, which are based on the much simpler
density, but are characterized by a more complex formalism.

For the systems studied in this work, not all of these techniques are
computationally feasible due to their increasing computational cost. High
level wave function based techniques, for example, might yield extremely
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Figure 1.9: Schematic overview of length and time scales of computational
methods. Reproduced from Ref. 37 with permission from the
Royal Society of Chemistry.

accurate results but are only applicable for very small systems, as shown
in Figure 1.9. In this regard, density functional theory (DFT) and time-
dependent DFT (TDDFT), its most common extension to include excitations,
o�er a good balance between computational cost and accuracy.73 These
methods gained an increasing popularity in the last decades and are
now widely used in diverse research fields going from biology to material
science.74 They are based on the fact that any property of the system can
in principle be expressed as a functional of the density. Although these
techniques are formally exact, the precise expression of the exchange
correlation functional is not known and a broad range of functionals, o�en
referred to as the functional zoo, are available to approximate it. We refer
the reader to Chapter 2, in which these techniques will be introduced in
more detail.

In many situations, static calculations provide su�iciently accurate
results. Nevertheless, sometimes the dynamical nature of the system under
study has a large influence on the properties in which one is interested. In
these situations, one has to rely on dynamical techniques such as molecular
dynamics (MD) simulations, which are applied in Chapter 4.75 Furthermore,
additional choices need to be made in order to set up the calculation. We
mention, among others, the basis set, convergence criteria, inclusion of
relativistic e�ects, etc. More details are given in Chapter 4 and Chapter 5.
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Computational techniques such as DFT have become widely popular
since the invention and development of high performance computers (HPC),
resulting in an increase of the available computational power. Prior to
this, methods such as crystal field theory (CFT) and modifications like
ligand field theory (LFT) were commonly used to study TMCs. Even though
experimental input data are needed to obtain quantitative results, these
techniques are very important from a historical point of view. Up until today,
certain concepts are used in order to gain a qualitative understanding of
many properties of these challenging systems. Therefore, an introduction to
these techniques should not be missing in this thesis. In this regard, ligand
field density functional theory (LFDFT) will be studied too as it allows one to
retrieve quantitative results in the framework of CFT via DFT calculations.
We refer the reader to Chapter 3 for more theoretical background and to
Chapter 5 for applications of these methods.

1.4 Goals and outline

The overall aim of this PhD thesis is to provide more fundamental insight
in the spectroscopic fingerprints of electronic excitations in nanoporous
frameworks and TMCs. This is very important in order to explore these
materials for specific applications and to unravel their nucleation process.

On the one hand, inspired on experimental collaborations, we investigated
how the photocatalytic properties of heterogeneous catalysts can be
tuned. In order to do so, TDDFT, providing a good balance between cost
and accuracy, has been applied to calculate the UV-Vis spectra of CTF
linkers and both isolated and embedded photocatalytic complexes. As
CTFs display photocatalytic activity in their pristine form,40–42 we first
investigated how the structural and photocatalytic properties of CTFs
can be tuned by changing the polypyridyl ligands. Second, we studied
how the optical properties of isolated Ru complexes can be adapted
via changing the nitrogen content of the ligands. Finally, we examined
the influence of embedding the complex in the CTF on the optical properties.

On the other hand, we investigated small TMCs, which are of interest
in the formation of Co-ZIF-67. These complexes have a challenging
electron structure and we examined in how far the d-d transitions can
serve as a spectroscopic probe to unravel the nucleation process. In order
to do this, we first investigated the d-orbital spli�ing of the TMCs using
computational techniques based on DFT and compared the results with
these from qualitative techniques such as CFT. We focus on the influence of
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the number of ligands and point group on the d-orbital spli�ing. Second, the
performance of TDDFT and LFDFT for the calculation of d-d excitations has
been studied. Di�iculties such as degeneracies in the GS and/or ES and the
presence of double excitations are addressed and the results are analyzed
along with experimental spectra.

The remainder of this PhD thesis is organized as follows:

• In Chapter 2 time-dependent density functional theory, used to inves-
tigate the electronic transitions in nanoporous materials and TMCs, is
introduced. The theory behind this method is discussed in-depth as
it was less commonly employed at the Center for Molecular Modeling
(CMM) and very thoroughly used in this thesis.

• In Chapter 3, we focus on the aspects of coordination chemistry which
are relevant in this work. In addition, the theory behind ligand field
density functional theory, which will be used to study d-d excitations
in challenging TMCs, is elucidated.

• In Chapter 4, the first part of the major research results obtained dur-
ing this PhD is presented. Here, the work on photocatalytic ruthenium
complexes and CTF supports is considered, which focuses on how
the photocatalytic properties can be tuned by altering their building
blocks. Furthermore, the influence of anchoring of the complex is
examined. These results were published in international peer-reviewed
journals, which can be found in Part II.

• In Chapter 5, the second part of the major research results obtained
during this PhD is presented. This Chapter covers the research on
the spectroscopic fingerprint of cobalt complexes relevant during the
nucleation process of ZIFs. Most of these results were also published in
international peer-reviewed journals or are currently under evaluation,
which can be found in Part II.

• In Chapter 6, the main conclusions of this PhD research and an outlook
to future research is given.





2
Foundations of Density Functional

Theory and Time-Dependent
Density Functional Theory

As discussed in Chapter 1, various techniques exist to approximately solve
the Schrödinger equation. We will focus in Section 2.1 on static Hamiltonians
and we will elucidate how the GS of a molecular system can be determined
via DFT. In Section 2.2, time-dependent electromagnetic fields are included
in the Hamiltonian in order to study ESs. TDDFT will play an important role
in this thesis and therefore, the underlying theorems and working equations
will be introduced in detail.

2.1 From the Schrödinger equation to density func-
tional theory

In the first part of this Chapter, we focus on the GS of molecular systems. We
start with an introduction of the Schrödinger equation, followed by a brief
discussion of DFT.

2.1.1 Schrödinger equation for static Hamiltonians

Molecular systems consist of electrons and nuclei, as schematically shown
in Figure 2.1, and can be described quantum mechanically by the non-
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Figure 2.1: Schematic representation of the electron-electron, electron-
nucleus, and nucleus-nucleus interactions in a molecular system,
indicated with a do�ed, dashed, and full line, respectively.

relativistic time-dependent (TD) Schrödinger equation, which has been pos-
tulated in 1925 by Erwin Schrödinger:76

i
∂

∂t
|Ψ(t)〉 = Ĥ(t)|Ψ(t)〉. (2.1)

Note that we will use atomic units throughout this work. The Hamiltonian
of a general molecular system contains the following contributions:

Ĥ = T̂e + T̂n + V̂ee + V̂en + V̂nn. (2.2)

T̂e and T̂n are the kinetic energy operators of the electrons and nuclei,
respectively:

T̂e = −1

2

N∑
i=1

∇2
i and T̂n = −1

2

Nn∑
α=1

∇2
α

Mα
, (2.3)

with N and Nn the number of electrons and nuclei in the system and
Mα the mass of nucleus α. ∇i and ∇α denote the gradient operator with
respect to the position of electron i, ririri, and the position of nucleus α, RαRαRα,
respectively.

V̂ee represents the electron-electron repulsion operator, which can be
described by the Coulomb interaction:

V̂ee =
1

2

N∑
i 6=j

1

|rrri − rrrj |
. (2.4)

V̂en is the Coulomb a�ractive operator between the electrons and nuclei:

V̂en = −
Nn∑
α=1

N∑
i=1

Zα
|RRRα − rrri|

, (2.5)
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where Zα is the charge of nucleus α. This coupling term between the nuclear
and electronic degrees of freedom makes the problem di�icult to solve as
it prohibits the separation of the wave function in a nuclear and electronic
contribution.

Finally, V̂nn designates the Coulomb repulsion operator between two
nuclei:

V̂nn =
1

2

Nn∑
α 6=β

ZαZβ
|RRRα −RRRβ|

. (2.6)

Because none of the terms in the Hamiltonian does explicitly depend on the
time, one can find the general solution of Eq. (2.1) via the solutions of the
stationary Schrödinger equation:

Ĥ|Ψn〉 = En|Ψn〉, (2.7)

which has the general form of an eigenvalue problem. E0 is the energy of
the GS Ψ0, E1 the energy of the first ES Ψ1, and so on. Using the eigenstates
Ψn, which remain unaltered through evolution of time, one can construct the
general solution of the TD Schrödinger equation given in Eq. (2.1):

|Ψ(t)〉 =
∑
n

cne
−iEnt|Ψn〉, (2.8)

where the coe�icients cn are determined by the initial conditions of the
system. Hence, the behaviour of a molecular system can be completely
determined via the eigenstates of the time-independent Hamiltonian given
in Eq. (2.2).

In order to solve Eq. (2.7), two assumptions are invoked. First, we
suppose that the nuclear mass is much larger than the electron mass. This
is the so-called clamped nuclei approximation, as the nuclei are supposed to
be fixed in space. Second, we assume that all ESs are much higher in energy
than the GS, which is the adiabatic approximation. These two assumptions
form the basis of the Born-Oppenheimer approximation,77, 78 as a result of
which the nuclear coordinates are no longer degrees of freedom, but appear
as parameters in the Hamiltonian. Consequently, the wave function Ψn

can be separated in a nuclear and electronic contribution. The la�er is the
solution of the Schrödinger equation with the electronic Hamiltonian Ĥe

and describes the electronic structure of the system:

Ĥe|Ψe
n〉 = Een|Ψe

n〉 (2.9)

with
Ĥe = T̂e + V̂ee + V̂en. (2.10)
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Compared to the Hamiltonian of the full system given in Eq. (2.2), Ĥe does
not include the kinetic energy operator of the nuclei T̂n. Furthermore, the
potential energy operator of the nuclei V̂nn is dropped out, as for a fixed
configuration this contribution is constant and the energy is only determined
up to a constant. Of course, when describing the PES in terms of the nuclear
coordinates, as shown in the le� pane of Figure 1.2 for example, this term is
important and needs to be taken into account. However, in other cases, only
the one-body operators T̂e and V̂en and two-body operator V̂ee remain in the
electronic Hamiltonian.

2.1.2 Density functional theory

Many techniques with the aim of solving the electronic structure problem
start from the wave function, which completely describes each observable
of the system in its GS. However, it is very complex and depends on N spin
and 3N spatial coordinates as the position of one electron is correlated with
the positions of all other electrons.

According to the Hohenberg-Kohn (HK) theorems, the GS electron
density n0(rrr) also completely characterizes the system in its GS.74, 79 Note
that the notation n0(rrr) is used in this work to represent the electron density,
while it is denoted by ρ(rrr) in various textbooks. The GS electron density is
defined as follows:

n0(rrr) = 〈Ψ0|n̂(rrr)|Ψ0〉

= 〈Ψ0|
N∑
i=1

δ(rrr − rrri)|Ψ0〉,
(2.11)

where Ψ0 is the GS wave function. In order to transform to the coordinate
representation, we insert a completeness relation in the spacial and spin co-
ordinates, for which the shorthand notationxxxi ≡ (rrri, σi) is introduced. A�er
recognizing that all terms are equal as the electrons are non-distinguishable,
the following expression for the density in the coordinate representation is
obtained:

n0(rrr) = N
∑
σ

∫
dxxx2 · · ·xxxN |Ψ0(rrr,xxx2 · · ·xxxN )|2, (2.12)

where
∫

dxxxi =
∑

σi

∫
drrri. As such, the GS electron density n0(rrr) describes

the probability of finding one of the electrons at a specific position rrr.

Before continuing, we introduce the notation used by Hohenberg and
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Kohn.74, 79 As stated before, V̂en describes the potential generated by the
nuclei resulting in an a�ractive interaction with the electrons. However, this
term can be generalized to include all forces acting on an electron that are
not caused by other electrons. In general, this external potential operator is
a sum of one-body operators and can be wri�en as follows:

V̂0 =
N∑
i=1

v0(rrri). (2.13)

The subscript indicates that the external potential is time-independent. In
the case that we consider the a�ractive Coulomb potential generated by the
nuclei, the external potential v0(rrr) is expressed as follows:

v0(rrr) = −
Nn∑
α=1

Zα
|RRRα − rrr|

. (2.14)

With this notation, the total electronic Hamiltonian given in Eq. (2.10) can
be rewri�en:

Ĥe = T̂e + V̂ee + V̂0. (2.15)

The expectation value of the external potential in the GS is formulated as a
functional of the density:

〈Ψ0|V̂0|Ψ0〉 =

∫
dxxx1 · · ·xxxNΨ∗0(xxx1 · · ·xxxN )

[
N∑
i=1

v0(rrri)

]
Ψ0(xxx1 · · ·xxxN )

=

∫
drrrv0(rrr)n0(rrr).

(2.16)
The first HK theorem states that there is a one-to-one correspondence be-
tween the external potential and the density in the GS. As a result, the
external potential is a unique functional of the GS density. All properties
of the system are thus uniquely determined by the GS density, being a much
simpler quantity than the wave function, as it only depends on three spatial
coordinates. By using Eq. (2.16), the energy is then expressed as a functional
of the density:

Ev0 [n0] = 〈ψ[n0]|T̂e|ψ[n0]〉+ 〈ψ[n0]|V̂ee|ψ[n0]〉+ 〈ψ[n0]|V̂0|ψ[n0]〉

= Te[n0] + Vee[n0] +

∫
drrrv0(rrr)n0(rrr).

(2.17)

The electron-electron repulsion and the electronic kinetic energy terms
are generic as they are independent of the nuclear configuration. Various
N -electron systems thus only di�er in the term generated by the external
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potential.

The second HK theorem provides a procedure to find the GS density
via the Rayleigh-Ritz variational principle, stating that the GS energy is
minimized by the GS density:

E0 = min
n0

Ev0 [n0]. (2.18)

Based on these two theorems, Kohn and Sham proposed an independent
particle model with the same GS density as the real system.80 The energy
expression given in Eq. (2.17), is then wri�en as

Ev0 [n0] =Te,s[n0] +

∫
drrrv0(rrr)n0(rrr) + J [n0] + EXC [n0], (2.19)

with Te,s[n0] the kinetic energy of the KS system, J [n0] the direct Coulomb
contribution, and EXC [n0] the exchange-correlation (XC) term which is
defined as follows:

EXC [n0] = Te[n0]− Te,s[n0] + Vee[n0]− J [n0]. (2.20)

The Schrödinger equation is then replaced by N independent particle equa-
tions, the Kohn-Sham (KS) equations, in which the interactions with other
electrons are replaced by an e�ective KS potential vs[n0](rrr):[

−∇
2
i

2
+ vs[n0](rrr)

]
φi(rrr) = εiφi(rrr), (2.21)

with φi the KS orbitals and εi the corresponding KS single-particle energies.
The KS potential is given by:

vs[n0](rrr) = v0(rrr) +

∫
drrr′

n0(rrr′)

|rrr − rrr′| + vXC [n0](rrr), (2.22)

where the first term is the external potential v0(rrr) and the second term the
classical Coulomb potential. The last part is the XC potential, defined as

vXC [n0](rrr) =
δEXC [n0]

δn0(rrr)
, (2.23)

which includes all nontrivial many-body e�ects. No exact expression is
known for this term and approximations are needed.
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The GS of the non-interacting system is then wri�en as a Slater determinant
composed of the KS orbitals φi:

Φ0(xxx1 · · ·xxxN ) =
1√
N !

∣∣∣∣∣∣∣∣∣
φ1(rrr1) φ2(rrr1) . . . φN (rrr1)
φ1(rrr2) φ2(rrr2) . . . φN (rrr2)

...
...

...
φ1(rrrN ) φ2(rrrN ) . . . φN (rrrN )

∣∣∣∣∣∣∣∣∣ . (2.24)

Once the KS equations are solved, the GS density can simply be calculated
as follows:

n0(rrr) =

N∑
i=1

|φi(rrr)|2. (2.25)

In practice, a basis set needs to be introduces to solve the KS equations
given in Eq.(2.21). In order to reduce the computational cost, the basis
set must be chosen to enable an accurate description of the system albeit
with a computationally feasible number of basis functions. For molecules,
which will be the subject of this work, a localized basis set is typically used.
Di�erent types are available, but the most common ones are Gaussian and
Slater-type orbitals.81

We conclude that, on the one hand, the quantity used to describe the
system is much simpler, i.e., the density instead of the wave function.
However, on the other hand, the methodology becomes more complicated
as we have to deal with an unknown KS potential instead of the interactions
given in Eq. (2.15). The price we have to pay for transforming the true
interacting problem to a non-interacting one is that we have to come
up with approximations for the XC potential. An enormous amount of
functionals have in the course of time been developed and have been
arranged on Jacob’s ladder based on their complexity.82 We will go more
into details in Section 2.2.5

2.2 Time-dependent potentials in time-dependent
density functional theory

The GS of molecular systems subjected to time-independent external
potentials can be described by DFT, as outlined in the previous section.
However, this approach cannot be applied to describe ESs reached when the
system interacts with light. Indeed, when the system is exposed to a TD
electromagnetic field, the external potential becomes time-dependent and
DFT is no longer applicable.
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In this section, we discuss how we can solve the TD Schrödinger equation in
Eq. (2.1) where the Hamiltonian is given by the TD analogue of Eq. (2.15),
where we dropped the subscript e to ease the notation:

Ĥ(t) = T̂e + V̂ee + V̂ (t), (2.26)

with V̂ (t) the TD external potential:

V̂ (t) =
N∑
i=1

v(rrri, t). (2.27)

One might be tempted to interpret the KS single-particle energy di�erences
as excitation energies. This interpretation, however, has no rigorous basis as
KS orbital energy di�erences do not, in general, stand for electron addition
or removal energies. Throughout the years, various techniques based on
DFT have been developed to calculate ESs. One of the most straightforward
techniques is ∆ self-consistent field (SCF).83–85 In this time-independent
technique, separate SCF calculations are performed for the GS and the ES
of interest. The la�er is obtained via a non-Aufbau occupation of the KS
orbitals. The excitation energy is then determined as the energy di�erence
between both states. An advantage is that orbital relaxation is taken into
account. However, when there are other states with the same symmetry
as the ES of interest but lower in energy, one might converge to these
states instead of to the target ES. By far, the most widely used technique
is TDDFT.86, 87 In contrast to ∆SCF, orbital relaxation is not included but
configuration mixing in the ESs emerges as a natural consequence of the
formalism.

The remainder of this section is organized as follows. First, we thoroughly
describe the fundamental theorems behind TDDFT. This is followed by a
description of linear response theory, a�er which the working equations
of TDDFT in the linear response regime are derived. A short note on the
treatment of spin in TDDFT is given a�erwards and we briefly touch upon
the commonly made approximations. The above can be found in standard
textbooks about TDDFT, like for example in Ref. 88, but for completeness it is
included in this work. Finally, we conclude with the well-known deficiencies
of TDDFT and possible solutions, where the focus is on the challenges which
will be encountered in Chapter 4 and Chapter 5.
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n(r,t)
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Definition
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v(r,t)

Ψ0(x1,...,xN)

Figure 2.2: Illustration of the relations between the TD potential, wave func-
tion, and electron density. The Runge-Gross theorem closes the
triangle.

2.2.1 Fundamental theorems behind time-dependent density
functional theory

In the same way as for GS DFT, there are two fundamental theorems which
form the basis of TDDFT. We start with a generalization of the first HK
theorem to TD potentials, which is the subject of the so-called Runge-Gross
theorem86. Consider an initial state Ψ(xxx1 · · ·xxxN , t0) ≡ Ψ0(xxx1 · · ·xxxN ), or in
the bra-ket notation: |Ψ(t0)〉 ≡ |Ψ0〉. When the TD potential v(rrr, t) is given,
the wave function is obtained as the unique solution of the TD Schrödinger
equation given in Eq. (2.1), as shown in Figure 2.2. The density can then
be retrieved via its definition given in Eq. (2.12). As such, the density is a
functional of the potential and the initial state. The Runge-Gross theorem
closes the triangle in Figure 2.2 and is formulated as follows:

Two densities n(rrr, t) and n′(rrr, t), evolving from an initial state Ψ0(xxx1 · · ·xxxN )
under the influence of two di�erent TD potentials v(rrr, t) and v′(rrr, t) will start
to di�erentiate infinitesimally later than t0. Therefore, there is, for a fixed
initial state, a one-to-one correspondence between densities and potentials.86

This is graphically shown in Figure 2.3 and the proof is given in Appendix
B.1.1. As a result of the Runge-Gross theorem, both the TD external
potential v(rrr, t) and the wave function Ψ(xxx1 · · ·xxxN , t), and by extension
every property of the system, are functionals of the TD density n(rrr, t) and
the initial state Ψ0(xxx1 · · ·xxxN ).

The Runge-Gross theorem only ensures that a unique potential corresponds
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Figure 2.3: Graphical visualization of the Runge-Gross theorem: if a many-
body system evolves under the influence of two di�erent TD
potentials v(rrr, t) and v′(rrr, t), starting from a fixed initial state
Ψ0(xxx1, · · · ,xxxN ) , then the resulting TD densities n(rrr, t) and
n′(rrr, t) will become di�erent infinitesimally later than t0. Fig-
ure adapted from Ref. 88 with permission of Oxford Publishing
Limited, copyright 2012.

to a given density. When reverting to GS DFT in Section 2.1.2, it was stated
that Kohn and Sham also made use of the second HK theorem, providing a
variational principle to find the GS density, to prove the existence of a KS
potential such that an independent particle model can be constructed with
the same density. However, straightforward extension to the TD domain
is not possible since the total energy is no longer conserved and therefore
the variational principle is not applicable.88 We need the van Leeuwen
theorem89 stating the following:

For a TD density n(rrr, t) associated with a system with a given electron-electron
interaction V̂ee, external potential v(rrr, t), and initial state Ψ0(xxx1 · · ·xxxN ),
a di�erent system exists featuring an interaction V̂ ′ee and a unique external
potential v′(rrr, t) which reproduces the same density. The initial state of this
system Ψ′0(xxx1 · · ·xxxN ) must be chosen such that it correctly yields the given
density and its time-derivative at t0.89

The van Leeuwen theorem is visualized in Figure 2.4 and proven
in Appendix B.1.2. Remark that by choosing V̂

′
ee = V̂ee and

Ψ′0(xxx1 · · ·xxxN ) = Ψ0(xxx1 · · ·xxxN ), it follows that there exists a unique
potential yielding n(rrr, t), which is just the Runge-Gross theorem. This
is the reason why the van Leeuwen theorem is also called the extended
Runge-Gross theorem.
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Figure 2.4: Graphical representation of the true system and a di�erent sys-
tem with the same density n(rrr, t). Figure adapted from Ref. 88
with permission of Oxford Publishing Limited, copyright 2012.

Now, if we choose V̂
′
ee = 0, the second system is a non-interacting

one. When we assume that there exists a non-interacting state
Ψ′0(xxx1 · · ·xxxN ) = Φ0(xxx1 · · ·xxxN ) with the correct initial density and
time-derivative of the density, the van Leeuwen theorem states that each
external potential v(rrr, t) uniquely determines a density n(rrr, t), which in
turn uniquely determines another potential vs(rrr, t) such that the density
of non-interacting particles moving in vs(rrr, t) is identical to the density of
the true system moving in the external potential v(rrr, t). Whether or not
the initial state can be chosen as a non-interacting GS cannot be definitely
answered in general and boils down to the non-interacting v-representability
problem for GS systems. We will not go into the details here but refer the
reader to more specialized literature.88, 90

In the most general case, vs(rrr, t) is a functional of the TD density and
the initial wave functions of the interacting and non-interacting systems.
When the system is in the GS at the initial time t0, the functional-
dependence on the initial wave functions drops out as both are functionals
of the GS density n0(rrr) due to the HK theorem. Now, vs(rrr, t) is only a
functional of the TD density: vs[n](rrr, t).

In this way, the van Leeuwen theorem allows for the construction of
the TD KS system and we arrive at the TD analogue of the KS equations
given in Eqs. (2.21), (2.22), and (2.25):

[
−∇

2
i

2
+ vs[n](rrr, t)

]
φi(rrr, t) = i

∂

∂t
φi(rrr, t) (2.28)
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with

vs[n](rrr, t) = v(rrr, t) +

∫
drrr′

n(rrr′, t)

|rrr − rrr′| + vXC [n](rrr, t). (2.29)

The density is then calculated as follows:

n(rrr, t) =
N∑
i=1

|φi(rrr, t)|2. (2.30)

The procedure to solve the Schrödinger equation for molecular systems
with TD external potentials consists of two steps. First, an initial set of KS
orbitals is chosen, reproducing the exact density of the true initial state and
its time-derivative. In the second step, the TD KS equations are then used to
propagate the initial orbitals over time.

The TD XC potential vXC(rrr, t) is a very complex quantity. Although
it is local in space, it functionally depends on the density and its history.
Therefore, TDDFT is most commonly applied in the linear response (LR)
regime and we investigate in the remainder of this Chapter how the
properties which define the absorbance UV-Vis spectrum are retrieved from
the linear response of the system.

2.2.2 Linear response time-dependent density functional the-
ory

A�er a thorough discussion of the fundamental theorems laying the foun-
dation of TDDFT, we now focus on the practical working equations. We
will work in the LR regime, which can be applied when the e�ect of a weak
perturbation is studied, and prove that the LR of a system contains all the
information about its excitation spectrum.

I. Linear response theory

Consider a system, which is acted upon by a TD perturbation:

Ĥ(t) = Ĥ0 + Ĥ1(t), (2.31)

with
Ĥ1(t) = F (t)β̂H(t− t0), (2.32)

where F (t) is an external field that couples to an observable β̂ and H is
the Heaviside step function. At t0, the system is in its GS, determined by
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Ĥ(t0) = Ĥ0. We consider a quantum mechanical observable α̂, for which
the GS expectation value is given by

α0 = 〈Ψ0|α̂|Ψ0〉. (2.33)

Due to the perturbation, the wave function changes and the expectation
value of α̂ becomes TD:

α(t) = 〈Ψ(t)|α̂|Ψ(t)〉. (2.34)

In the interaction picture representation, we have:

α̂→ α̂I(t− t0) = eiĤ0(t−t0)α̂e−iĤ0(t−t0) (2.35)

and similar for β̂. |Ψ(t)〉 can, by using the time evolution operator Û(t, t0),
be wri�en as follows: 88

|Ψ(t)〉 = Û(t− t0)|Ψ0〉

= e−iĤ0(t−t0)

[
1− i

∫ t

t0

dt′ F (t′)β̂I(t′ − t0)

]
|Ψ0〉.

(2.36)

The response of α̂ to the perturbation in Eq. (2.32) is defined as α(t) − α0

and can be expanded in powers of the field F (t)

α(t)− α0 = α1(t) + α2(t) + · · · (2.37)

where α1(t) is the linear, α2(t) the quadratic order response, and so on.
When only the first order terms are taken into account, we obtain, by using
Eq. (2.36), an expression for α1(t):

α1(t) = α(t)− α0

= 〈Ψ0|
[
1 + i

∫ t

t0

dt′ F (t′)β̂I(t′ − t0)

]
α̂I(t− t0)×[

1− i
∫ t

t0

dt′ F (t′)β̂I(t′ − t0)

]
|Ψ0〉 − 〈Ψ0|α̂|Ψ0〉

= − i
∫ t

t0

dt′ F (t′)〈Ψ0|
[
α̂I(t− t0), β̂I(t′ − t0)

]
|Ψ0〉

= − i
∫ t

t0

dt′ F (t′)〈Ψ0|
[
α̂I(t), β̂I(t′)

]
|Ψ0〉.

(2.38)

Since Ĥ0 is time-independent, the commutator
[
α̂I(t), β̂I(t′)

]
can be re-

placed by
[
α̂I(t− t′), β̂

]
. The LR of α̂ can then be rewri�en as

α1(t) =

∫ ∞
−∞

dt′ χαβ(t− t′)F (t′), (2.39)
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where we introduced the LR function:

χαβ(t− t′) = −iH(t− t′)〈Ψ0|
[
α̂I(t− t′), β̂

]
|Ψ0〉. (2.40)

The presence of the step function is a reflection of the fact that the external
potential is a causal functional as it depends at time t on the density at
earlier times t′.

In the next step, we transform to frequency space in order to extract the
excitation energies of a system from its LR. The relations for transforming
between time and frequency domain are given below:

F (t) =

∫ ∞
−∞

dω

2π
F (ω)e−iωt

F (ω) =

∫ ∞
−∞

dt F (t)eiωt.

(2.41)

The LR function given in Eq. (2.39) then becomes in frequency space:

α1(ω) = χαβ(ω)F (ω), (2.42)

where we applied the convolution property.

We now introduce the Lehmann representation or spectral decomposition
of the LR function. This representation is very useful because it explicitly
shows the coupling between a frequency-dependent perturbation and the
excitation spectrum of the system:

χαβ(ω) = lim
η→0+

∞∑
n=1

{
〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉

ω − Ωn + iη
− 〈Ψ0|β̂|Ψn〉〈Ψn|α̂|Ψ0〉

ω + Ωn + iη

}
.

(2.43)
The response function shows poles at the excitation energies Ωn = En−E0

and at the negative values of the excitation energies −Ωn. The strength of
the poles is determined by the matrix elements of the operators α̂ and β̂
coupling the GS to the ESs. The derivation of Eq. (2.43) is given in Appendix
B.1.3.

II. Linear response applied to time-dependent external potentials

A�er this general introduction to LR theory, we apply it to molecular
systems subject to TD external potentials. We investigate how the density
of a system at position rrr and time t is influenced by the external potential
changes at position rrr′ and earlier time t′, as shown in Figure 2.5. The
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v1(r',t')
n1(r,t)

Figure 2.5: We observe how the density of a system at position rrr and at time
t responds to all small perturbations in the external potential at
position rrr′ and earlier time t′. Figure adapted from Ref. 88 with
permission of Oxford Publishing Limited, copyright 2012.

Lehmann representation of the LR function in Eq. (2.43) will prove to be very
useful in this regard as it contains the exact excitation energies in its poles.

The TD external potential is given by:

v(rrr, t) = v0(rrr) + v1(rrr, t)H(t− t0). (2.44)

The system starts in its GS and at t0 a small TD perturbation, described by
the potential v1(rrr, t), is switched on. The external perturbation couples to
the density operator according to Eq. (2.32):

Ĥ1(t) =

∫
drrr′v1(rrr′, t)n̂(rrr′). (2.45)

Similarly to Eq. (2.37), the density response can be expanded in powers of the
perturbation v1(rrr, t)

n(rrr, t)− n0(rrr) = n1(rrr, t) + n2(rrr, t) + ... (2.46)

The LR of the density is given by Eq. (2.39)

n1(rrr, t) =

∫ ∞
−∞

dt′
∫

drrr′χnn(rrr,rrr′, t− t′)v1(rrr′, t′), (2.47)

where the density-density response function, measuring the response in the
density to a perturbing external potential, is defined as in Eq. (2.40)

χnn(rrr,rrr′, t− t′) = −iH(t− t′)〈Ψ0|
[
n̂(rrr, t− t′), n̂(rrr′)

]
|Ψ0〉. (2.48)

In order to find an expression for v1(rrr, t), we first formally write the TD
density as a functional of the external potential, without any dependence
on the initial wave function

n(rrr, t) = n[v](rrr, t). (2.49)
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Indeed, the initial GS wave function is uniquely determined by the HK
theorem of GS DFT and, according to the Runge-Gross theorem, there exists
a one-to-one correspondence between v(rrr, t) and n(rrr, t). In addition, since
Eq. (2.46) represents a Taylor expansion of the density response, we obtain
the following expression for the density-density response function:

χnn(rrr,rrr′, t− t′) =
δn[v](rrr, t)

δv(rrr′, t′)
|v0(rrr). (2.50)

Via the HK theorem, the initial potential v0[n0](rrr) is a functional of n0.
Eq. (2.50) thus explicitly shows that the density-density response function
χnn is a functional of n0 only.88

The one-to-one correspondence between TD densities and potentials
implies that the perturbing potential can be calculated from the linear
density response:

v1(rrr, t) =

∫ ∞
−∞

dt′
∫

drrr′ χnn(rrr,rrr′, t− t′)-1n1(rrr′, t′). (2.51)

When transforming Eq. (2.47) to the frequency domain, the frequency-
dependent density response has the following form:

n1(rrr, ω) =

∫
drrr′χnn(rrr,rrr′, ω)v1(rrr′, ω) (2.52)

and the Lehmann representation of the density-density response function is
given by Eq. (2.43):

χnn(rrr,rrr′, ω) = lim
η→0+

∞∑
n=1

{〈Ψ0|n̂(rrr)|Ψn〉〈Ψn|n̂(rrr′)|Ψ0〉
ω − Ωn + iη

−

〈Ψ0|n̂(rrr′)|Ψn〉〈Ψn|n̂(rrr)|Ψ0〉
ω + Ωn + iη

}
.

(2.53)

In Section 2.2.1, we concluded that a KS system of non-interacting particles
yields the same density as the true system containing interacting particles.
Following the above reasoning, the LR equation for the KS system is given
by:

n1(rrr, t) =

∫ ∞
−∞

dt′
∫

drrr′χs(rrr,rrr
′, t− t′)vs1(rrr′, t′). (2.54)

In analogy to Eq. (2.49):

n(rrr, t) = n[vs](rrr, t) (2.55)
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and equivalently to Eq. (2.50), we obtain:

χs(rrr,rrr
′, t− t′) =

δn[vs](rrr, t)

δvs(rrr′, t′)
|vs[n0](rrr). (2.56)

Following Eq. (2.29), the linearized e�ective potential can be expressed as
follows:

vs1[n](rrr, t) = v1(rrr, t) +

∫
drrr′

n1(rrr′, t)

|rrr − rrr′| + vXC1(rrr, t). (2.57)

The last term is the linearized XC potential, and an explicit expression for it
is obtained by functional Taylor expansion:88

vXC1(rrr, t) =

∫ ∞
−∞

dt′
∫

drrr′
δvXC [n](rrr, t)

δn(rrr′, t′)
|n0(rrr)n1(rrr′, t′). (2.58)

The exact linear density response n1(rrr, t) of an interacting system is in
this way wri�en as the linear density response of a non-interacting system
subjected to the e�ective perturbation vs1(rrr, t). The Lehmann representation
of the linear KS response function then becomes:

χs(rrr,rrr
′, ω) = lim

η→0+

∞∑
j,k=1

(ak − aj)
φ∗k(rrr)φk(rrr

′)φ∗j (rrr
′)φj(rrr)

ω − ωjk + iη
, (2.59)

where aj and ak are occupation numbers of the KS GS single-particle
orbitals. In the double summation, only those terms contribute where one
index indicates an occupied orbital, while the other refers to an unoccupied
orbital. wjk = εj − εk are di�erences between KS orbital energies and their
absolute values correspond to the excitation energies of the KS system.
The non-interacting KS response function has thus poles at the excitation
energies of the KS system. This expression is derived from Eq. (2.53) by
replacing the wave functions with the KS Slater determinants constructed
using the KS orbitals φi, as shown in Appendix B.1.4.

We can take advantage of the simple form of the LR function of a KS
system with non-interacting particles, shown in Eq. (2.59), in order to
determine, in principle exactly, the true density and any property which
depends on the density. The only input that is required for the determination
of the excitation energies are GS properties, namely occupied and virtual KS
orbitals of the system in its GS.

2.2.3 Working equations of time-dependent density func-
tional theory

The excitation energies of the KS and true system are situated at the poles
of the response functions given in Eqs. (2.59) and (2.53), respectively. In the
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following, we start with a derivation of a Dyson-like equation, which provides
a relation between both response functions. From this, we determine expres-
sions for the excitation energies Ωn. A�erwards, the oscillator strengths fn
are determined. The UV-Vis absorption spectrum is now completely defined
by the excitation energies and oscillator strengths. Finally, we briefly touch
upon the assignment problem.

I. Dyson equation

Eq. (2.59) has poles at the excitation energies ωjk of the KS system which
di�er from the poles of the true density-density response function given in
Eq. (2.53), which are situated at the true excitation energies Ωn. We need
a shi� to transform the KS excitation energies to the true ones. In order to
a�ain this, we determine the relation between the LR functions of the true
and the KS system. Therefore, we first introduce the XC kernel fXC as the
functional derivative of the XC potential evaluated at the GS density:

fXC(rrr, t, rrr′, t′) =
δvXC [n](rrr, t)

δn(rrr′, t′)
|n0(rrr). (2.60)

This XC kernel, which is a functional of the GS density, is the key quantity
of TDDFT in the LR regime.

We rewrite Eq. (2.54) by inserting Eqs. (2.57) and (2.58), and the definition of
the XC kernel given in Eq. (2.60):

n1(rrr, t) =

∫
dt′
∫

drrr′χs(rrr, t, rrr
′, t′)×[

v1(rrr′, t′) +

∫
dτ

∫
dxxx

(
δ(t′ − τ)

|rrr′ − xxx| + fXC(rrr′, t′,xxx, τ)

)
n1(xxx, τ)

]
.

(2.61)
From now on, the integration boundaries are omi�ed to ease the notation.
The density response entering in each side of the equation can be rewri�en
using Eq. (2.47):∫

dt′
∫

drrr′χnn(rrr, t, rrr′, t′)v1(rrr′, t′) =

∫
dt′
∫

drrr′χs(rrr, t, rrr
′, t′)v1(rrr′, t′)+∫

dτ

∫
dxxxχs(rrr, t,xxx, τ)

∫
dτ ′

∫
dxxx′
(
δ(τ − τ ′)
|xxx− xxx′| + fXC(xxx, τ,xxx′, τ ′)

)
×∫

dt′
∫

drrr′χnn(xxx′, τ ′, rrr′, t′)v1(rrr′, t′),

(2.62)
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where we changed the integration variables in the second term on the right-
hand side. Since this equation holds for any perturbation of the external
potential, we obtain the following relation between the interacting and non-
interacting response functions:

χnn(rrr, t, rrr′, t′) = χs(rrr, t, rrr
′, t′)

+

∫
dτ

∫
dxxx

∫
dτ ′

∫
dxxx′χs(rrr, t,xxx, τ)

(
δ(τ − τ ′)
|xxx− xxx′| + fXC(xxx, τ,xxx′, τ ′)

)
×

χnn(xxx′, τ ′, rrr′, t′),
(2.63)

which is a Dyson-like equation. In general, Dyson-like equations express
any type of Green’s function for an interacting system in terms of its non-
interacting counterpart and the self-energy, implicitly containing all correla-
tion e�ects of the many-body system.88 In short-hand notation, we get a�er
a Fourier transformation:

χ̂nn(ω) = χ̂s(ω) + χ̂s(ω) ? f̂HXC(ω) ? χ̂nn(ω), (2.64)

where we have dropped the spatial indices and introduced the shorthand
? to indicate integrals like A ? B =

∫
dxxxA(rrr,xxx)B(xxx,rrr′), thinking of χ,

χs, and fHXC as infinite-dimensional matrices depending on the frequency.
Operators in rrr-space are indicated with .̂ The Hartree-XC kernel is defined
as:

fHXC(rrr,rrr′, ω) =
1

|rrr − rrr′| + fXC(rrr,rrr′, ω), (2.65)

where the frequency-dependent XC kernel fXC(rrr,rrr′, ω) is the Fourier
transform of Eq. (2.60). Eq. (2.64) expresses the true density-density response
function in terms of the KS response function and a frequency-dependent
Hartree-XC kernel. While this kernel is still more complex than the GS XC
potential vXC(rrr), it is much more manageable than the full TD XC potential
vXC(rrr, t) entering the TD KS equations in Eqs. (2.28) and (2.29). Indeed, it is
only a functional of the initial GS density. The kernel is memory-dependent
as it depends on the frequency. This is much simpler than for the TD
XC potential which functionally depends on the density and its history.
However, the spatial-dependence of the XC kernel is more complicated as it is
a non-local function of rrr and rrr′, whereas the TD XC potential is local in space.

Starting from the Dyson-like equation given in Eq. (2.64), we derive
the Casida equation. A�er a unitary transformation, an eigenvalue problem
is retrieved from which the excitation energies are obtained via the
eigenvalues.
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II. Excitation energies via the Casida equation

Integrating Eq. (2.64) against v1(ω) yields:[
1̂− χ̂s(ω) ? f̂HXC(ω)

]
? n1n1n1(ω) = χ̂s(ω) ? v1v1v1(ω), (2.66)

where vectors in rrr-space are indicated in bold. χnn and thus n1 have poles
at the true excitation energies Ω, whereas χs has poles at the KS excitation
energies ωjk. Hence, the right-hand side remains finite for ω = Ω. Therefore,
the integral operator acting on n1 on the le�-hand side cannot be invertible
for ω = Ω as it must cancel out a pole in n1 in order to create a finite
right-hand side. The true excitation energies Ω are therefore precisely those
frequencies for which the eigenvalues of the operator on the le� vanish. This
can be expressed via the following eigenvalue equation:

χ̂s(ω) ? f̂HXC(ω) ? γγγ(ω) = λ(ω)γγγ(ω), (2.67)

where λ(ω) is a scalar which equals one for ω = Ω.

We define the di�erence between the GS occupation numbers of orbitals j
and k and Φjk as follows:

αkj =ak − aj
Φjk =φj(rrr)φ

∗
k(rrr).

(2.68)

Furthermore we introduce the following quantity:

ξjk(ω) =

∫
drrr′
∫

drrr′′Φ∗jk(rrr
′)fHXC(rrr′, rrr′′, ω)γ(rrr′′, ω). (2.69)

The eigenvalue equation in Eq. (2.67) can then, by using Eq. (2.59) for χs, be
rewri�en as follows:

∞∑
j,k=1

αkjΦjk(rrr)

ω − ωjk
ξjk(ω) = λ(ω)γ(rrr, ω). (2.70)

Remark that we eased the notation by dropping limη→0+ and iη in the
denominator. Next, we define the coupling matrix elements

Mjkj′k′(ω) =

∫
drrr

∫
drrr′Φ∗jk(rrr)fHXC(rrr,rrr′, ω)Φj′k′(rrr

′). (2.71)

We multiply Eq. (2.69) with λ(ω) and use Eq. (2.70) to rewrite the right-hand
side:

λ(ω)ξjk(ω) =
∞∑

j′k′=1

αk′j′Mjkj′k′(ω)

ω − ωj′k′
ξj′k′(ω). (2.72)
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Evaluating Eq. (2.72) for ω = Ω and thus λ(Ω) = 1 yields:

βjk(Ω− ωjk) =
∞∑

j′k′=1

αk′j′Mjkj′k′(Ω)βj′k′ , (2.73)

where, in order to simplify the notation, the following quantity is introduced:

βjk =
ξjk(Ω)

Ω− ωjk
. (2.74)

Eq. (2.73) is an eigenvalue equation which yields the exact excitation energies
Ω of the system:

∞∑
j′k′=1

(
αk′j′Mjkj′k′(Ω) + ωj′k′δjj′δkk′

)
βj′k′ = Ωβjk (2.75)

A visualization of the density changes induced during a particular excitation
is obtained from the eigenvectors βj′k′ . As proven in Appendix B.1.5, this is
expressed as:

n1(rrr,Ω) =
∞∑

j,k=1

αkjΦjk(rrr)βjk, (2.76)

which corresponds to the γ(ω) eigenvector with eigenvalue λ(ω) = 1 in
Eq. (2.67).

We cast Eq. (2.75) in a matrix equation. Reasonably, we only consider
transitions between occupied and unoccupied KS states, labeled with p, p′

and h, h′, respectively. Eq. (2.75) can then be rewri�en as two coupled
equations:

∞∑
j′k′=1

(
αk′j′Mphj′k′(Ω) + ωj′k′δpj′δhk′

)
βj′k′ =Ωβph

∞∑
j′k′=1

(
αk′j′Mhpj′k′(Ω) + ωj′k′δhj′δpk′

)
βj′k′ =Ωβhp,

(2.77)

where j = p and k = h in the first line, whereas in the second line j = h
and k = h. We consider two cases. In the first term: j′ = p′ and k′ = h′,
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whereas j′ = h′ and k′ = p′ in the second term:

∞∑
p′h′=1

{(
αh′p′Mphp′h′(Ω) + ωp′h′δpp′δhh′

)
βp′h′ + αp′h′Mphh′p′(Ω)βh′p′

}
= Ωβph

∞∑
p′h′=1

{
αh′p′Mhpp′h′(Ω)βp′h′ +

(
αp′h′Mhph′p′(Ω) + ωh′p′δhh′δpp′

)
βh′p′

}
= Ωβhp.

(2.78)
Now we use that αp′h′ = 1 and αh′p′ = −1 and notice that ωh′p′ > 0 and
ωp′h′ = −ωh′p′ < 0. Furthermore, we define

Xph = −βph Yph = βhp (2.79)

such that Eq. (2.78) yields:

∞∑
p′h′=1

{(
Mphp′h′(Ω) + ωh′p′δpp′δhh′

)
Xp′h′ +Mphh′p′(Ω)Yp′h′

}
= −ΩXph

∞∑
p′h′=1

{
Mhpp′h′(Ω)Xp′h′ +

(
Mhph′p′(Ω) + ωh′p′δhh′δpp′

)
Yp′h′

}
= ΩYph.

(2.80)
The density given in Eq. (2.76) can, by using the definitions given in Eq. (2.79),
be expressed as follows:

n1(rrr,Ω) =
∑
ph

[Φph(rrr)Xph + Φhp(rrr)Yph] . (2.81)

Since the GS Hamiltonian has time-reversal symmetry, we assume that the
KS orbitals are real.88 In this case: Mabcd = Mbacd = Mabdc = Mbadc. The
set of coupled eigenvalue equations given in Eq. (2.80) can then be cast into
the following matrix form, known as the Casida equation:(

LLL MMM
MMM LLL

)(
XXX
YYY

)
= Ω

(
−111 000
000 111

)(
XXX
YYY

)
(2.82)

with
Lphp′h′(Ω) = δpp′δhh′ωh′p′ +Mphp′h′(Ω). (2.83)

LLL and MMM are called the magnetic and electric hessian matrices 91 or orbital
rotation Hessians 92, 93. Eq. (2.82) has the structure of an infinite-dimensional
anti-Hermitian eigenvalue problem, i.e., taking the Hermitian conjugate
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leads to the same eigenvalue equation, but with eigenvalue −Ωn instead of
Ωn. Hence, the solutions come in pairs (Ωn,−Ωn), which is also evident
from the pole structure of the response function given in Eq. (2.53).

In practice, the Casida equation is o�en cast into the alternative form:

CCCZZZ = Ω2ZZZ, (2.84)

with

CCC =(LLL−MMM)1/2(LLL + MMM)(LLL−MMM)1/2

ZZZ =(LLL−MMM)1/2(XXX − YYY ).
(2.85)

The proof is given in Appendix B.1.6. Via a 2 × 2 unitary transformation,
given in Eq. (2.85), the anti-Hermitian eigenvalue problem in Eq. (2.82) is
reformulated as an Hermitian eigenvalue problem of half the dimension.
The eigenvalues of CCC are the squares of the true excitation energies.

Given the definition of LLL in Eq. (2.83), we can write the matrix element in
Eq. (2.84) as follows:

Cphp′h′ =
∞∑

p̃h̃=1

∞∑
p̂ĥ=1

√
δpp̃δhh̃ωh̃p̃(2Mp̃h̃p̂ĥ(Ω) + δp̃p̂δh̃ĥωĥp̂)

√
δp̂p′δĥh′ωh′p′

= 2Mphp′h′(Ω)
√
ωphωp′h′ + δhh′δpp′ω

2
p′h′

(2.86)
Hence, Eq. (2.84) becomes,

∞∑
p′h′=1

[
δhh′δpp′ω

2
p′h′ + 2

√
ωphωp′h′Mphp′h′(Ω)

]
Zp′h′ = Ω2Zph. (2.87)

In Eq. (2.87), one clearly sees the shi� applied to the excitation energy of the
non-interacting KS system to transform them to the true excitation energy.

III. Oscillator strengths

The next step in the characterization of the UV-Vis spectrum is to determine
the oscillator strengths. Therefore, the dynamic dipole polarizability is intro-
duced and we show how the oscillator strengths are retrieved from a matrix
equation.
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Dynamic dipole polarizability

The electric dipole moment is a measure of the separation of the positive and
negative electric charges in a system:

ppp(t) = −
∫

drrr rrrn(rrr, t), (2.88)

where a minus-sign is introduced because we consider the charge density
instead of the electron density. The electric dipole moment can be expressed
as follows:

ppp(t) = ppp+ ppp1(t) + · · · (2.89)

The first term corresponds to the permanent dipole moment of the system
without the presence of external fields. The second term is the LR of the
dipole moment, i.e., the first-order induced electronic dipole polarization,
which can be wri�en as follows:

ppp1(t) =

∫
dt′ααα(t− t′)EEE(t′), (2.90)

where EEE is a TD but space-independent externally applied electric field
and ααα, the dynamic dipole polarizability tensor, describes the dynamical
response of the electric dipole moment to a TD external field. A�er a Fourier
transformation of Eq. (2.90), we obtain:

ppp1(ω) = ααα(ω)EEE(ω). (2.91)

The mean polarizability ᾱ is defined as one third of the trace of the dynamic
dipole polarizability tensor

ᾱ(ω) =
1

3
Trααα(ω) (2.92)

and can be wri�en as follows:

ᾱ(ω) =

∞∑
n=1

fn
ω2 − Ω2

n

. (2.93)

The poles of ᾱ are the excitation energies Ωn and the residues are the
oscillator strengths fn, which are dimensionless quantities defined as the
ratio of the absorption rate of a given transition in a molecular system to the
absorption rate of a classical, single-electron oscillator with frequency Ωn.88

It counts how much of the total oscillating potential is used for a specific
transition. Furthermore, fn satisfy the Thomas-Reiche-Kuhn sum rule or f -
sum rule:88

∞∑
n=1

fn = N. (2.94)
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Let us now consider the external potential associated with an electric field,
assumed to be linearly polarized along the z-direction:

v1(rrr, ω) = zE(ω) (2.95)

According to Eq. (2.91), the zz element of the dynamic dipole polarizability
tensor is given by:

αzz(ω) = − 1

E(ω)

∫
drrrzn1(rrr, ω), (2.96)

where we used the Fourier transform of the z-component of the first order
term in Eq. (2.88). Introducing Eqs. (2.52) and (2.95) in Eq. (2.96) results in:

αzz(ω) = −
∫

drrr

∫
drrr′zz′χnn(rrr,rrr′, ω). (2.97)

By inserting the spectral decomposition of χnn, given in Eq. (2.53), we obtain:

αzz(ω) =

∫
drrr

∫
drrr′zz′

∞∑
n=1

{〈Ψ0|n̂(rrr)|Ψn〉〈Ψn|n̂(rrr′)|Ψ0〉
ω − Ωn

−

〈Ψ0|n̂(rrr′)|Ψn〉〈Ψn|n̂(rrr)|Ψ0〉
ω + Ωn

}
=

∞∑
n=1

{
〈Ψ0|

∫
drrr
∑N

i=1 zδ(rrr − rrri)|Ψn〉〈Ψn|
∫

drrr′
∑N

i=1 z
′δ(rrr′ − rrri)|Ψ0〉

ω − Ωn
−

〈Ψ0|
∫

drrr′
∑N

i=1 z
′δ(rrr′ − rrri)|Ψn〉〈Ψn|

∫
drrr
∑N

i=1 zδ(rrr − rrri)|Ψ0〉
ω + Ωn

}

=

∞∑
n=1

{ |〈Ψn|ẑ|Ψ0〉|2
ω − Ωn

− |〈Ψn|ẑ|Ψ0〉|2
ω + Ωn

}

=
∞∑
n=1

2Ωn|〈Ψn|ẑ|Ψ0〉|2
ω2 − Ω2

n

,

(2.98)
where ẑ =

∑N
i=1 zi. In a similar way, expressions are obtained for the other

elements ofααα, which are inserted in Eq. (2.92). Comparing to Eq. (2.93) results
in the following definition for the oscillator strengths fn:

fn =
2

3
Ωn

(
|〈Ψ0|x̂|Ψn〉|2 + |〈Ψ0|ŷ|Ψn〉|2 + |〈Ψ0|ẑ|Ψn〉|2

)
. (2.99)
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Oscillator strengths from a matrix equation

It can be shown that, using a similar derivation and assuming that the KS
orbitals are real,94 the Fourier-transform of Eq. (2.54) can be recast into[(

LLL MMM
MMM LLL

)
− ω

(
−111 000
000 111

)](
XXX
YYY

)
= −

(
v1v1v1

v∗1v
∗
1v
∗
1

)
, (2.100)

where the elements of the vector v1 are given by

v1,ph =

∫
drrrΦph(rrr)v1(rrr, ω). (2.101)

This can be rewri�en as follows:

(LLL + ω)(R(XXX) + iI(XXX)) + MMM(R(XXX)− iI(XXX)) = −(R(v1v1v1) + iI(v1v1v1))

MMM(R(XXX) + iI(XXX)) + (LLL− ω)(R(XXX)− iI(XXX)) = −(R(v1v1v1)− iI(v1v1v1)),
(2.102)

where we used the fact thatXXX = R(XXX) + iI(XXX) is the complex conjugate of
YYY .88 Subtracting and summing those equations results in:

− R(XXX)(LLL + MMM)− iωI(XXX) = R(v1v1v1)

ωR(XXX) + iI(XXX)(LLL−MMM) = −iI(v1v1v1),
(2.103)

from which we obtain separate equations for the real and imaginary parts of
X : (

−LLL−MMM +
ω2

LLL−MMM

)
R(XXX) = R(v1v1v1)− iI(v1v1v1)

ω

LLL−MMM(
− ω2

LLL + MMM
+ LLL−MMM

)
iI(XXX) = R(v1v1v1)

ω

LLL + MMM
− iI(v1v1v1).

(2.104)

If there is only a real perturbation, Eq. (2.104) simplifies to:

R(XXX) = SSS−1/2
(
CCC− ω2

)−1
SSS−1/2v1v1v1, (2.105)

with
SSS = (LLL−MMM)−1 (2.106)

and CCC has already been defined in Eq. (2.85). Next, we use the following
spectral expansion88

(CCC− ω2)−1 =
∑
n

ZnZnZnZnZnZn
†

Ω2
n − ω2

, (2.107)
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which is implied by the completeness of the eigenvectors
∑

nZnZnZnZnZnZn
T = 111,95

and insert it in Eq. (2.105), which is substituted in Eq. (2.81). The result is
then introduced in Eq. (2.96):88

αzz(ω) = −
∑
n

2zzzSSS−1/2 ZnZnZnZnZnZn
†

(Ω2
n − ω2)

SSS−1/2zzz, (2.108)

where the elements of zzz are given by:

zph =

∫
drrrΦph(rrr)z. (2.109)

By comparing Eq. (2.108) with Eq. (2.98), we obtain the following expression:

zzzSSS−1/2ZnZnZn = Ω1/2
n 〈Ψ0|ẑ|Ψn〉. (2.110)

Expressions for the x- and y-components are similar. Using Eq. (2.99), the
oscillator strength of transition n can be obtained from the eigenvectors ZnZnZn
via

fn =
2

3

(
|xxxSSS−1/2ZnZnZn|2 + |yyySSS−1/2ZnZnZn|2 + |zzzSSS−1/2ZnZnZn|2

)
. (2.111)

In this way, the excitation energies Ωn and oscillator strengths fn of the true
system are extracted from the KS system via Eqs. (2.87) and (2.111).

IV. Assignment problem

Expressions for the excitation energies as well as the oscillator strengths
have now been obtained. All that remains to be done in the last step, is
to determine which excited Slater determinants appear in the expressions
of the ESs. This is the subject of the so-called assignment problem.94 We
work in the second quantization, in which âh and â†p are annihilation and
creation operators for particles in orbitals φh and φp, respectively. It can be
proven that the coe�icients cnph of the singly excited Slater determinants in
the expansion

|Ψn〉 =

fh−fp>0∑
ph

cnphâ
†
pâh|Φ0〉 (2.112)

are given by

cnph =

√
εp − εh

Ωn
(ZnZnZn)ph. (2.113)

As the proof would take us too far, we do not go into the details but
refer the reader to specialized books.94 Note that only singly excited
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Figure 2.6: Schematic representation of the first three ESs obtained from
a TDDFT calculation from the KS reference Φ0. Each ES is
characterized by the excitation energy Ωn, oscillator strength fn,
and coe�icients cnph of the singly excited Slater determinants.

Slater determinants are taken into account. This is due to the adiabatic
approximation, which will be discussed in detail in Section 2.2.6.

As such, the complete UV-Vis spectrum is defined. In Figure 2.6, an
overview is given for an N -electron system. The GS of the non-interacting
KS system is described by the Slater determinant Φ0, which is constructed
with single-particle orbitals φi as indicated in black. N of them are occupied,
the others are virtual. In addition, three ESs, Ψ1, Ψ2, and Ψ3, are shown,
indicated in blue, green, and red. Each ES is characterized as follows. First
of all, we have the excitation energy Ωn, which yields the position of the
peak. The excitation energies are obtained as the eigenvalues of the matrix
equation given in Eq. (2.87). Second, the height of the peak is defined by
the oscillator strength fn, calculated using Eq. (2.111). To each ES, we fit a
Gaussian function, positioned at the excitation energy and with a height
equal to the oscillator strength. The width of the Gaussian function can
be chosen arbitrarily. Finally, each ES is wri�en as a linear combination of
singly excited Slater determinants as shown in the bo�om pane of Figure 2.6.
The coe�icients cnph are determined using Eq. (2.113).

E�icient Davidson-type algorithms are generally used in the actual
implementation of TDDFT in its LR regime to iteratively obtain a small
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number of lowest excitation energies and corresponding transition
vectors.96–98 However, we will not go into the details here.

2.2.4 Spin in time-dependent density functional theory

Up until now, we did not focus on the spin of the electrons. Detailed
discussions of the formal aspects of spin in GS DFT can be found in the
literature.74, 99–101 In restricted DFT, the spin-up or α and spin-down or β
electrons have the same spatial orbitals, whereas in unrestricted DFT (UDFT)
they are allowed to be di�erent. LR TDDFT is most commonly applied in an
explicitly spin-dependent formulation. As the generalization is for the most
part straightforward, we will not go into details but only give some results.102

The spin-dependent versions of Eqs. (2.28)-(2.30) are:[
−∇

2
i

2
+ vsσ[n↑, n↓](rrr, t)

]
φiσ(rrr, t) = i

∂

∂t
φiσ(rrr, t) (2.114)

vsσ[n↑, n↓](rrr, t) = vσ(rrr, t) +

∫
drrr′

n(rrr′, t)

|rrr − rrr′| + vXCσ[n↑, n↓](rrr, t) (2.115)

n(rrr, t) =
∑
σ=↑,↓

nσ(rrr, t)

=
∑
σ=↑,↓

Nσ∑
i=1

|φiσ(rrr, t)|2.
(2.116)

In a similar way, the LR equations are modified too. The details can be found
in Ref. 43, but we only explicitly mention the spin-dependent XC kernel:

fXC,σσ′(rrr, t, rrr′, t′) =
δvXCσ[n↑, n↓](rrr, t)

δnσ′(rrr′, t′)
|n0↑(rrr),n0↓(rrr). (2.117)

Now, consider a spin-unpolarized electronic closed-shell GS, for which:
φph↑(rrr) = φph↓(rrr) = φph(rrr) and ωph↑ = ωph↓ = ωph. Furthermore, with the
following definitions

X±ph = Xph↑ ±Xph↓

Y ±ph = Yph↑ ± Yph↓
L±ph,p′h′ = δpp′δhh′ωp′h′ +Mph↑,p′h′↑ ±Mph↑,p′h′↓

M±ph,p′h′ = Mph↑,p′h′↑ ±Mph↑,p′h′↓

f
(1)
XC(rrr,rrr′, ω) =

1

2

[
fXC↑↑(rrr,rrr

′, ω) + fXC↑↓(rrr,rrr
′, ω)

]
f

(2)
XC(rrr,rrr′, ω) =

1

2

[
fXC↑↑(rrr,rrr′,ω) − fXC↑↓(rrr,rrr′,ω)

]
(2.118)
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and by using that fXC↑↑ = fXC↓↓ and fXC↑↓ = fXC↓↑ for spin-unpolarized
systems, the eigenvalue equations are decoupled in two independent eigen-
value equations:(

L±L±L± M±M±M±

M±M±M± L±L±L±

)(
X±X±X±

Y±Y±Y±

)
= Ω±

(
−111 000
000 111

)(
X±X±X±

Y±Y±Y±

)
, (2.119)

with

M+
ph,p′h′ = 2

∫
drrrdrrr′Φ∗ph(rrr)

[
1

|rrr − rrr′| + f
(1)
XC(rrr,rrr′, ω)

]
Φp′h′(rrr

′)

M−ph,p′h′ = 2

∫
drrrdrrr′Φ∗ph(rrr)f

(2)
XC(rrr,rrr′, ω)Φp′h′(rrr

′)

(2.120)

and similarly for L±ph,p′h′ .

Two independent sets of solutions Ω± are obtained, which correspond
to the singlet and triplet excitation energies of the system. To clarify this,
let us consider the two orbital two electron model, presented in Figure 2.7.
The GS is indicated in blue. The single excitations from this reference
form a singlet and a triplet. On the one hand, the former is obtained in
TDDFT as the singlet coupled single excitation, which is indicated with the
upper arrow. For this state: n1↑(rrr,Ω+) = −n1↓(rrr,Ω+), i.e., the response
of the system is such that the spin-up and spin-down eigenmodes are out
of phase. On the other hand, the triplet consists of the triplet coupled
single excitation, i.e., the first configuration indicated by the lower arrow,
and two other configurations which are obtained by a spin-flip (SF) and
are indicated in red. SF transitions are beyond the formalism presented
here but will be addressed in Section 2.2.6. For the triplet coupled single
excitation: n1↑(rrr,Ω−) = n1↓(rrr,Ω−), i.e., the response of the system is such
that the spin-up and spin-down eigenmodes are in phase. In this way, we
demonstrated how, starting from a closed-shell GS, single excitations can
be coupled to singlet and triplet configurations, depending on the relative
phase of the spin-up and spin-down eigenmodes. These results are used in
Chapter 4 in which triplet ESs, playing an important role in photocatalytic
processes, will be calculated.

2.2.5 Approximations in time-dependent density functional
theory

In order to perform TDDFT calculations, various approximations are needed.
As stated in Section 2.1.2, the exact expression of the GS XC potential is not
known. A wide variety of approximate XC functionals has been presented
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Figure 2.7: Schematic representation of the two orbital two electron model.
The GS is indicated in blue. There are four single ESs from this
reference, forming a singlet and a triplet. Two of the single
excitations couple to the singlet coupled single excitation (upper
arrow). The two single excitations can also couple to the triplet
coupled single excitation (first configuration lower arrow). To-
gether with two additional configurations which require a spin-
flip and are indicated in red, they form the triplet.

throughout the years and the search for be�er ones is still a hot topic
today. Recently, an extensive overview and benchmark has been presented
in Ref. 103. Functionals are ordered in di�erent rungs on Jacob’s ladder
as shown in Figure 2.8.82 One starts at the Hartree level of theory at the
bo�om and climbs upwards toward chemical accuracy. The computational
complexity and cost increase the higher the functional is situated on the
ladder as more variables are taken into account. In principle, this should
also imply a higher accuracy.

Functionals based on the local density approximation (LDA) are situated at
the lowest rung of Jacob’s ladder. In generalized gradient approximations
(GGA) functionals, the gradient of the density is taken into account too,
making them semi-local. Some examples used in this work are BLYP,104

BP86,105 and PBE.106 In meta-GGA functionals, the second derivative of
the density has been included as well. The performance of M06L108 and
MN15L107 has been tested. Hybrid functionals are GGA functionals in which
parts of Hartree-Fock (HF) exchange are explicitly included. Bauernschmi�
and Ahlrichs have introduced hybrid functionals in TDDFT.119 We studied
O3LYP,110, B3LYP,104, 109 X3LYP,111 and PBE0.106 Similarly, meta-hybrid
functionals are meta-GGA functionals in which some HF exchange is taken
into account. Examples considered in this work are M06112 TPSSh,113, 114 and
MN15.115 Finally, also some range-separated hybrid (RSH) functionals have
been assessed: CAM-B3LYP,116 ωB97x,117 and LC-ωHPBE.118 They use a
growing fraction of exact exchange as the interelectronic distance increases,
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Figure 2.8: Jacob’s ladder with XC functionals: the local density approxi-
mation or LDA (first rung), the generalized gradient approxi-
mation or GGA (second rung), the meta-generalized gradient
approximation or meta-GGA (third rung), the hybrid (fourth
rung), the meta-hybrid (fi�h rung), and the range-separated
hybrid or RSH (sixth rung). The XC functionals that were used in
this work are indicated on the ladder: BLYP,104 BP86,105 PBE,106

MN15L,107 M06L,108 B3LYP,104, 109 O3LYP,110 PBE0,106 X3LYP,111

M06,112 TPSSh,113, 114 MN15,115 CAM-B3LYP,116 ωB97x,117 and
LC-ωHPBE.118

giving a long-range correction to the original DFT scheme. The performance
of the functionals listed above will be tested in Chapter 4 and Chapter 5.

In addition, when TD phenomena are studied, extra approximations
need to be introduced for the XC kernel fXC given in Eq. (2.60). In
practice, every calculation includes the adiabatic approximation, in which
we neglect the history-dependence of vXC [n](rrr, t) and assume that it
reacts instantaneously to temporal changes in the density. We take the XC
potential from GS DFT and plug in the TD density n(rrr, t). The functional-
dependence of vXC at time t is only on the density at the very same time,
making fXC no longer frequency-dependent. In practice, all regular TDDFT
calculations are performed in the adiabatic approximation, including the
applications in Chapter 4 and Chapter 5.
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Charge-transfer excitationRegular excitation

Figure 2.9: Schematic representation of a regular (le�) and a charge-transfer
(right) excitation. Figure adapted from Ref. 88 with permission
of Oxford Publishing Limited, copyright 2012.

2.2.6 Shortcomings of time-dependent density functional the-
ory

We conclude this Chapter with a section in which some shortcomings of
adiabatic TDDFT are discussed.120–122 Hereby, we focus on challenges which
will be addressed in Chapter 4 and Chapter 5. We start with a description
of charge-transfer (CT) excitations, which will be encountered in Chapter 4
when studying MLCT excitations. This is followed by a discussion of double
excitations, which are frequently observed in the d-d spectra of TMCs as will
be shown in Chapter 5.

I. Charge-transfer excitations

The dominant particle and hole contributions in CT excitations have
probability densities situated in separated parts of the system.43 As such, a
donor and acceptor can be identified. This is schematically presented in the
right pane of Figure 2.9.

In Chapter 4, we mainly focus on the appearance of CT ghost states
energetically far below the real ESs,123, 124 which could lead to a wrong
interpretation of the spectroscopic behavior. Therefore, we use the Mulliken
averaged configuration (MAC ) index of Ciofini and co-workers to spot ghost
states. This diagnostic index, which discerns unrealistic CT produced by
the limitations of the level of theory, is a generalization of the Mulliken
estimation of transition energy for CT excitations. From this, we are ensured
that our TDDFT results are reliable. Furthermore, it is also shown that for
TMCs, the CT problem is more prominent for inter-ligand excitations. The
transitions of our interest are between the TM and the ligands and are hence
usually described well.66
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Figure 2.10: Schematic representation of the GS and ESs of an N -electron
system in the many-body picture (le�) and the single-particle
orbital picture (right), where two examples of single and double
ESs are given.

II. Double excitations

CT excitations are of minor importance when studying d-d transitions. In
contrast, double excitations are encountered as will be shown in Chapter 5.
Therefore, we discuss how double excitations are treated in adiabatic TDDFT
and give a brief overview of techniques developed to cope with them in the
remainder of this Chapter.

In order to define double excitations, let us take a look at an N -electron
system with GS Ψ0 and ESs Ψi, as shown in the le� pane of Figure 2.10.
In the KS single-particle picture, the GS of this system is described by a
single Slater determinant Φ0 built with single-particle orbitals φi of which
N are occupied. In singly excited Slater determinants, one electron is
transferred from an occupied orbital φi into a virtual one φa. The set of
all single excitations out of Φ0 is denoted by Φq , q = i → a. Similarly, a
doubly excited Slater determinant is characterized by two electrons which
are promoted out of occupied orbitals φi and φj into virtual ones φa and
φb. These are labeled with ΦD , where D = (i → a, j → b). Analogous
definitions apply for triple ESs etc.

The true GS and ESs of the system can be expanded in a complete set
of Slater determinants:

Ψn = cn0Φ0 +
∑
q

cnqΦq +
∑
D

cnDΦD + · · · n = 0, 1, 2, ... (2.121)

The term single excitation is a short-hand for a state of single-excitation
character and is characterized by an expansion dominated by singly
excited Slater determinants. Double excitations are defined analogously.
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Clearly, this classification depends on the chosen non-interacting reference,
but once this is fixed, it has been shown that the labeling can be done
unambiguously.125, 126

The fact that double excitations are not treated in adiabatic TDDFT
can be made clearer by simple counting arguments.88, 94, 120, 127–129 First, we
apply Eq. (2.53) for the non-interacting KS system. The numerator involves
matrix elements in which the one-body density operator is sandwiched
between the ground and ES Slater determinants. As these matrix elements
cannot connect states di�ering by more than one orbital, the numerator will
only yield non-zero contributions for the singly excited Slater determinants
Φq . This is also visible in Eq. (2.59). Indeed, a double-excitation in a non-
interacting system means two excited electrons, and requires two photons.
This process is quadratic in the perturbation strength, and therefore beyond
LR. It was already shown in Figure 2.6 that in adiabatic TDDFT, the ESs
are obtained as a linear combination of singly excited Slater determinants
and no higher order ones are present. Now, we apply Eq. (2.53) to the true
many-body system of which the states can be expanded via Eq. (2.121) as
linear combinations of the GS, singly, doubly, and higher excited Slater
determinants. The poles of the true response function are at the true
excitation energies as the numerator remains finite due to the mixed nature
of the states. Within the adiabatic approximation, there are clearly more
poles in the interacting response function than in the KS one. Now, we
derived in Section 2.2.3 that the true response function is obtained from the
KS one through the Dyson-like equation given in Eq. (2.64). The only way
in which extra poles can be introduced in the KS response function is when
fXC is frequency-dependent. As a result, excitations with mainly double
excitation character are not present in the adiabatic approximation.

Double and higher excitations appear in spectra due to mixing with
single excitations. Consider the situation of a KS single excitation Φq with
excitation energy ωq , as shown in red in the le� pane of Figure 2.11. This
state is close to a double excitation ΦD with excitation energy ωD , presented
with a dashed line, and well separated from all other ESs. Let the true ESs
Ψ1 and Ψ2 near this frequency be mixtures of the single and double ones,
such that as the electron-electron interaction strength approaches zero:

Ψ1 =
√

1−m2ΦD −mΦq

Ψ2 = mΦD +
√

1−m2Φq,
(2.122)

where 0 < m < 1 determines how much single/double excitation character
the true excitations have. For m2 > 1/2, we say that Ψ1/2 is predominantly
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Figure 2.11: Schematic representation of how a frequency-dependent kernel
generates an extra pole. Figure adapted from Ref. 128 with
permission of AIP Publishing, copyright (2004).

a single/double excitation. The true excitation energies are presented in
green in Figure 2.11.

The density-density response functions are plo�ed in the right pane of
Figure 2.11. The true response function has two roots at Ω1 and Ω2. The KS
response function has a single pole at ωq . In adiabatic TDDFT, this root is
shi�ed toward ωA by the adiabatic XC kernel, indicated in blue.

An expression for the exact fHXC at frequencies near ωq when a double
excitation interacts with a single excitation, has been derived in Ref. 127.
For states that include only a small fraction of double excitations, adiabatic
TDDFT performs well, but as the double excitation component increases,
it begins to deviate. For example, if the two levels are 50:50 mixtures of
single and double excitations, it gives one energy approximately halfway
between the true energies. If the true energies are close, then it will appear
to give a good estimate for the state which has significant double excitation
character, just because it is close to the single-dominated state. However,
when there is strong mixing and the levels are not close to each other, it
does not give accurate results for either excitation.128

To conclude this section, some methods designed to cope with double
ESs are mentioned. For a complete overview, the reader is referred to
Ref. 127.

TDDFT is, in general, based on a closed-shell singlet GS, indicated in
blue in Figure 2.12. The double ES, shown in yellow, can not be reached in
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Regular
TDDFT

Spin-flip 
TDDFT

Figure 2.12: In regular TDDFT, the double ES indicated in yellow cannot
be reached starting from the GS reference. In SF-TDDFT, the
triplet ES with maximal spin is taken as a reference, from which
the double ES is calculated via a single spin-flip excitation.

adiabatic TDDFT. In contrast, spin-flip TDDFT (SF-TDDFT) starts from an
unrestricted KS calculation of a triplet state in which both unpaired electrons
are spin-up.130, 130–134 From this reference, excitations and de-excitations
are determined in which an electron is transferred from an α-orbital to a
β-orbital. As such, the singlet GS is retrieved as well as the double ES, which
was not reachable in regular TDDFT. Two additional states are observed,
which are neither pure singlets, nor pure triplets, as shown in the right pane
of Figure 2.12. SF-TDDFT has already been used to for example determine
spin-forbidden d-d excitations in TMCs.135

Some other promising methods to treat double excitations are constrained
variational DFT136, 137 and dressed TDDFT, in which ad hoc many-body
corrections are applied to TDDFT.128 However, these techniques are not
widely used yet.

In Chapter 5, LFDFT will be used to calculate double excitations. This
technique has a completely di�erent origin than TDDFT and will be
discussed in Chapter 3.





3
Coordination Chemistry

As stated in Chapter 1, transition metal complexes (TMCs), in which a
number of ligands is a�ached to one or multiple TMs, will play a major role
in Chapter 4 and Chapter 5. Coordination chemistry is the study of these
TMCs or coordination clusters. The foundation for modern coordination
chemistry has been laid by Werner, the first inorganic chemist to win the
Nobel Prize in Chemistry in 1913 for proposing the octahedral configuration
of TMCs.138

We start with an introduction of the building blocks of TMCs. This is
followed by a section devoted to symmetry, a concept which is indispensable
in coordination chemistry and will be very useful in Chapter 5. A short
introduction to symmetry operations and elements, point groups, and
character tables is given. A�erwards, the influence of the ligands on the TM
is studied and we will explain how to construct Tanabe-Sugano diagrams, in
which the ES energies are plo�ed as a function of the ligand field spli�ing.
Furthermore, we also show why these diagrams are so helpful for the
description of ESs in TMCs. We end this Chapter with a discussion of
di�erent electronic structure theories used to describe TMCs, starting with
historically important techniques, such as CFT and LFT, and concluding
with the more recently proposed LFDFT. These methods are applied in
Chapter 5 to study the TMCs relevant for the nucleation process of ZIFs.

55
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3.1 Transition metal complexes

In this section, the building blocks of TMCs, namely TMs and ligands, are
presented.

3.1.1 d-orbitals in transition metals

TMs are characterized by their partially filled d-orbitals. These complex
orbitals are solutions to the Schrödinger equation and can be represented
pictorially by fixing the radial part and by plo�ing the angular-dependence of
the wave function, as shown in Figure 3.1.139, 140 More information about the
spherical harmonics describing the angular part of the wave function is given
in Section 3.4.1. The plots show regions of space with a high probability of
finding the electron and the signs of di�erent lobes, indicated by a di�erence
in color intensity, reveal the relative phases of the wave functions. All orbitals
have axial symmetry around the z-axis. d0 is concentrated along this axis
and the pairs d±1/2 form rings around it, where ± indicates that the two
members of the pair only di�er in the clockwise/counter-clockwise rotation
of the electron. The d±2-orbitals are located in the xy-plane.

x

y
z

d0 d+1/d-1 d+2/d-2

x

y
z

x

y
z

Figure 3.1: Angular dependence of the electron density distribution corre-
sponding to the complex d-orbitals. Figure adapted from Ref. 139
with permission of Wiley, copyright (1999).

These complex d-orbitals are usually employed for actual calculations. How-
ever, in order to visualize the relationships among the di�erent orbitals, it is
more convenient to express them explicitly in terms of Cartesian coordinates.
The real d-orbitals are then obtained as linear combinations of the complex
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d-orbitals:
dz2 =d0

dx2−y2 =
1√
2

[d2 + d−2]

dyz =− i√
2

[d1 + d−1]

dxz =
1√
2

[d1 − d−1]

dxy =− i√
2

[d2 − d−2] .

(3.1)

They are shown in Figure 3.2. Two of them, dx2−y2 and dz2 , have lobes
along the coordinate axes, whereas the others, dxy , dxz , and dyz , have lobes
oriented in between the axes. As will be shown later, the orientation of these
lobes will play an important role when considering the bonding with ligands
to form TMCs.

dxzdxydz²

z

y

x

dyzdx²-y²

z

y

x

z

y

x

z

y

x

z

y

x

Figure 3.2: Angular dependence of the electron density distribution corre-
sponding to the real d-orbitals. Figure adapted from Ref. 139
with permission of Wiley, copyright (1999).

Due to the partial occupation of the d-orbitals, there might be degeneracies
in the GS and/or ESs of TMCs. In these cases, not only dynamic, but also
non-dynamic correlation e�ects become important. Before specifying these
two types of correlation, we first introduce the following definition for the
total correlation energy Ecorr :

Ecorr = Eexact − EHF , (3.2)

with Eexact the exact non-relativistic energy and EHF the HF energy
calculated in a complete basis.141 The correlation energy refers to all the
deficiencies of the HF approach and can be divided into two contributions.
First, we consider the dynamic or weak correlation. It has its origin in
the fact that an electron does not instantaneously interact with the other
electrons, but rather via the mean field created by them. Classically
speaking, the movement of an electron is such that locations close to
the instantaneous positions of the other electrons are avoided. These are
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short-range, instantaneous e�ects.142, 143 Besides this, there is also static or
strong correlation due to the fact that the wave function is approximated as
a single Slater determinant in HF. These are long-range e�ects.142, 143

Both types of correlation can be taken into account by adding additional
excited Slater determinants φi with weight ci to the HF Slater determinant
φHF :

Ψ = cHFφHF +
∑
i

ciφi, (3.3)

where cHF is assumed to be close to one. On the one hand, systems with sig-
nificant dynamic correlation can be described by taking into account a large
number of φi, each having only a limited contribution. On the other hand,
the description of systems containing static correlation can be improved by
adding only a few excited determinants φi with weights close to cHF .

3.1.2 Ligands

A ligand is an atom, ion, or molecule that binds to one or multiple TM(s)
to form a TMC. The bond is called a coordination or dative bond and is a
special kind of covalent bond in which two electrons derived from the same
atom are shared. In general, these electrons originate from the ligand.

Ligands can occupy one or more coordination sites and are called mono-
and polydentate respectively. In Chapter 4, we will encounter examples of
both mono- and bidentate ligands, schematically shown in Figure 3.3.

Figure 3.3: Schematic representation of mono- (le�) and bidentate (right)
ligands in an octahedral TMC.

Later in this Chapter, we will demonstrate that the ligands generate a so-
called ligand field (LF) when they approach and bond to the TM, resulting in
a spli�ing of the degenerate d-orbitals. Some of the d-orbitals gain energy
and others lose energy. The appearance of the spli�ing depends on the
coordination symmetry and the extent to which the d-orbitals separate is
influenced by both the TM and the ligands. The spectrochemical series orders
the ligands according to their ligand strength and thus to their ability to split
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the d-orbitals, as shown in Figure 3.4.144 This classification was first proposed
in 1938 based on the results of absorption spectra of cobalt complexes.145

Negatively charged atomic ligands such as I-, Br-, Cl-, and F- possess a
smaller LF spli�ing than neutral molecules like H2O, NH3, pyridine, and
2,2’-bipyridine, which on their turn are weaker than CN- and CO, being the
strongest ligands.

CN- COI- Br- Cl- F- H2OOH- NH3pyridine 2,2'-bipyridine< < < < < < < < < <

Increasing ligand strength 

Figure 3.4: Visualization of the spectrochemical series.

The order of the spectrochemical series is linked to the donor or acceptor
character of the ligands. Some ligands, like for example NH3, are σ-donors
only and have no orbitals of appropriate symmetry for π-interactions. On the
one hand, ligands with vacant p-orbitals can be π-acceptors. When the TM
possesses d-orbitals of suitable energy, electron density can be transferred
back from the TM to the ligands. This is also called π back-bonding and
results in a stronger bond and increased LF spli�ing. Examples include
CN- and CO. On the other hand, ligands containing occupied p-orbitals are
potentially π-donors. Along with the σ-electrons, π-electrons are carried
from the ligand to the TM. Examples are the halide ligands, H2O, and OH-,
which are characterized by a smaller LF spli�ing. As such, ligands are
arranged in the spectroscopic series according to their strong/weak field
character which corresponds to π-acceptors/π-donors, respectively. We will
further elaborate on the di�erent types of bonding in Section 3.4.2.

Di�erent spin-states are possible in TMCs with four up to seven d-
electrons due to the (partial) li�ing of the degeneracy of the d-orbitals. In
TMCs with weak field ligands, the d-orbital spli�ing is smaller than the
pairing energy, making it more advantageous to place an electron in the
higher lying orbital set and forming a high-spin (HS) complex. However,
when the d-orbital spli�ing is larger than the pairing energy, usually the
case in TMCs with strong field ligands, low-spin (LS) complexes are more
stable. The relative energies of HS and LS complexes are typically small,
making it, even today, a non-trivial task to calculate the spin-state energies
accurately.146, 147

While the variable spin, oxidation state, and coordination environment
make TMCs very tunable for achieving target properties, it makes them
also very challenging to describe and model.148 The specific symmetry of
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the complex has a large influence on its electronic properties. Therefore, an
introduction to symmetry concepts relevant for the study of TMCs is given
in the next section.

3.2 Symmetry

Symmetry is not only omnipresent at the macroscopic scale, just think of
flowers, snowflakes, or leaves, but it also shows up at the molecular level.
Some examples of highly symmetric molecules include buckminsterfullerene
or buckyball, which is composed of 60 carbon atoms and resembles a soccer
ball, cubane, containing eight hydrogen-bonded carbon atoms situated at the
corners of a cube, and keplerates,149 in which some of the metals lie on the
vertices of a Platonic solid and others on the vertices of an Archimedian solid.

The underlying mathematical theory of symmetry is group theory.150

Its introduction in chemical models is extremely useful as it makes the
mathematical procedure less complicated. Analyzing the symmetry of
molecules allows one for example to predict vibrational spectra, understand
chemical bonding, interpret electronic excitation spectra, and determine the
optical activity in a very e�icient way.43

In this work, symmetry will be a valuable tool in the construction of
MO diagrams and the interpretation of electronic spectra of TMCs. First,
we discuss the symmetry operations and elements. We then describe
how molecular systems can be classified on the basis of the number and
kind of symmetry elements they possess. The symmetry of molecules is
described via point groups, which are mathematical groups of symmetry
operations with a fixed point in common. Space groups are used to describe
solids and are generated by combining a Bravais la�ice with each of
the crystallographic point groups corresponding to it.150 We will not go
further into the details of space groups, as in this work only complexes are
considered. Finally, the character tables of di�erent point groups will be
studied.

3.2.1 Symmetry operations and elements

Symmetry is defined in terms of symmetry operations. For molecules, point
symmetry operations are used, for which at least one point remains sta-
tionary. The five fundamental operations include the identity operation,
rotation, reflection, inversion, and improper rotation. It is common to denote
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the symmetry operations with Schönflies symbols.150 With every symmetry
operation, a symmetry element is associated. This is a point, line or plane
around which the symmetry operation is carried out. The five fundamental
symmetry operations are listed below.

1. The identity operationE causes no change in the molecule but must be
included for mathematical completeness. It is characteristic of every
molecule, even if there is no other symmetry.

2. Cn represents a proper rotation of 2π
n radians about a rotation axis,

which is the associated symmetry element. In molecules with more
than one rotation axis, the Cn axis with the largest value of n is the
principal axis. Multiple principal axes are distinguished by primes. An
additional rule is that an axis in the same position as the principal axis
gets the least number of primes. An example of a C6 rotation is given
in the first pane of Figure 3.5.

3. The reflection operation σ moves each point perpendicularly through
a mirror plane to an equal distance at the other side. When the mirror
plane is perpendicular with respect to an axis of highest symmetry,
it is labeled with the subscript h. The subscript v states that the
mirror plane contains the principal axis. The special case when the
mirror plane bisects the angle between a pair of twofold rotational axes,
is called a dihedral mirror plane and is denoted by σd. Convention
dictates that the subscript h takes precedence over d whenever both
are applicable. The e�ect of a reflection operation σ is shown in the
second pane of Figure 3.5.

4. During the inversion i, each point moves through the center of the
molecule to a place opposite to the original position and as far from
the central point as where it started. In the third pane of Figure 3.5, an
inversion i is shown.

5. The rotation-reflection operation or improper rotation Sn requires a
rotation of 2π

n radians followed by a reflection through a plane per-
pendicular to the rotation axis. An improper S6 rotation is visualized
in the last pane of Figure 3.5.

In order to contain a given symmetry element, the molecule obtained
a�er the symmetry operation must be indistinguishable from the initial
configuration. In the following, we will investigate the symmetry elements
for octahedral and tetrahedral structures which will play a substantial role in
Chapter 5. Also trigonal bipyramids and square pyramids will be important
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C6 i S6σ

Figure 3.5: Visualization of a proper C6 rotation, reflection operation σ,
inversion i, and improper S6 rotation. The structures before and
a�er the operation are indicated in pink and blue, respectively.

for which the symmetry elements are visualized in Appendix B.2.

The symmetry elements of octahedrons are shown in Figure 3.6. An
octahedron contains 4 C3 axes, coinciding with the body diagonals as
they go through the center of two opposite triangular faces. The structure
remains unaltered when rotated over plus or minus 120◦ around one of these
axes. This yields thus in 8 C3 symmetry elements. Furthermore, there are 3
C4 axes, piercing opposite vertices. A rotation around one of these axes over
plus or minus 90◦ yields an unaltered structure. Moreover, a rotation over
180◦ also results in the same system. Therefore the 3 C4 axes coincide with
3 C2 axes. This brings forth 6 C4 and 3 C2 symmetry elements. Additionally,
6 C ′2 axes occur, which go through two opposite edges and generate 6 C ′2
symmetry elements. There are 8 S6, 3 σh, 6 S4, 6 σd symmetry elements
too, as well as the inversion operation i. The S6 axes coincide with the C3

axes. The structure remains unaltered a�er a rotation over 60◦ followed by
a reflection in a perpendicular plane. The axes of the S4 operation, which
consists of a rotation over 90◦ followed by a reflection in a mirror plane
perpendicular to the rotation axis, coincide with the C4 axes. For the S4

operations, both the 90◦ rotation and reflection exist independently as C4

and σh, respectively. However, this is not the case for the S6 operations.

The symmetry elements of a tetrahedron are shown in Figure 3.7. It has 4
C3 axes which pass through a vertex and the opposite triangular face. A
rotation over plus or minus 120◦ leaves the system unaltered, giving rise to
8 C3 symmetry elements. There are 3 C2 axes coinciding with the S4 axes
and going through the middle of two opposite edges. This results in 3 C2

and 6 S4 symmetry elements. Furthermore, there are 3 σd mirror planes,
which contain one edge, thereby bisecting the tetrahedron. This yields 6 σd
symmetry elements.
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C2'

σd
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Figure 3.6: Visualization of the symmetry elements of an octahedron. The
first line contains the rotational symmetry elements (a): 4 C3

axes. (b): 3C4 axes coinciding with 3C2 axes. (c): 6C ′2 axes. The
mirror planes are visualized in the second line (d): One of three
σh mirror planes. (e): One of six σd mirror planes.

3.2.2 Point groups and character tables

The complete set of symmetry elements possessed by an object defines its
point group. A group is an algebraic structure formed by a set and a binary
operation, which need to fulfill the following conditions: the operation must
be closed and associative, the set must contain an identity element, and
every element of the set needs to have an inverse. Point groups are groups
of symmetry operations endowed with the group operation of composition.
The total number of symmetry operations in a group is called the order of
the group.

First, we have the high-symmetry point groups derived from Platonic
solids, being the tetrahedron, with tetrahedral Td symmetry, octahedron
and cube, belonging to the octahedral Oh point group, and dodecahedron
and icosahedron, with icosahedral Ih symmetry. In view of the systems
studied in Chapter 5, the following point groups are also very important.
Dihedral point groups Dnh and Dnd have n C2 axes perpendicular to a
principal axis. The main di�erence between both is that the former contains
a σh plane. The rotational point group Cnv possesses, in addition to vertical
mirror planes, a principal axis but no perpendicular C2 axes. The S2n point
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(a)

C2 C2

σd
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Figure 3.7: Visualization of the symmetry elements of a tetrahedron. The
first line contains the rotational symmetry elements (a): 8 C3

axes. (b): 3 C2 axes. The mirror planes are visualized in the
second line (c): One of six σd mirror planes.

group contains a principal axis and a S2n axis, but no perpendicular C2 axes
and no mirror planes. In contrast to Oh, the Th point group does not have
C4 and C ′2 axes and the corresponding improper symmetry elements.

Herea�er some concepts to represent groups via character tables are
summarized. Especially those important for this work are highlighted and
illustrated for theOh and Td point groups, which are frequently encountered
for TMCs. More general explanations on symmetry and point groups can be
found in dedicated textbooks. 43, 150, 151

Information about the symmetry aspects of point groups is summarized in
character tables, which are presented in Tables 3.1 and 3.2 for Oh and Td
symmetry, respectively. The main part of the table consists of characters,
showing how an object or mathematical function responds to the symmetry
operation. Each character can adopt a positive or negative value, depending
on the symmetric or anti-symmetric behavior of the system with respect
to the specific symmetry operation. Symmetry operations with identical
characters are grouped in classes, forming the columns of the character
table. Each row corresponds to a particular irreducible representation,
which is, broadly speaking, a fundamental type of symmetry in the group.
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The label in the first column is the symmetry species of that irreducible
representation, which is identified as follows. First of all, A, E, and T
designate the degeneracy or the dimension of the representation, indicating
singly, doubly, and triply degenerate states, respectively. Next, the subscripts
g and u reveal whether the system is symmetric (gerade) or anti-symmetric
(ungerade) with respect to the inversion operator. Finally, symmetry or
anti-symmetry with respect to a rotation around the C4/S4 axis for the
Oh/Td point group is specified by the subscripts 1 and 2.

Besides octahedral and tetrahedral complexes, square pyramidal and
trigonal bipyramidal structures with C4v and D3h symmetry, respectively,
will be studied in Chapter 5 too. Their character tables are shown in
Appendix B.3.

We would also like to mention that deviations from the ideal symmetry
can occur due to for example Jahn-Teller distortions, extended ligands, etc.
Therefore, additional tables for the Th, D3d, D2d, D2h, C2v , and S6 point
groups are listed in Appendix B.3, for which extra labels are encountered.
Similar to A, B indicates single degenerate states, the di�erence being in
the symmetry with respect to a rotation around the principal axis: A is
symmetric, whereas B is anti-symmetric. Finally, prime and double prime
indicate symmetry and anti-symmetry with respect to a reflection in the σh
plane. For complexes possessing li�le symmetry, we can determine whether
the structure is closer to one symmetry or another by calculating the
continuous shape measures (CShMs) via the program SHAPE.152, 153 CShMs
are defined as the distances to ideal reference polyhedra, independent of
the size and orientation. The coordinates of the TM along with these of the
atoms with which the ligands are anchored to it are provided to SHAPE,
which then evaluates the CShMs based on the algorithm described by
Pinsky and Avnir.154 The smaller the CShM, the closer the complex is to
that symmetry. Examples are given in Section 5.1.2 for five-coordinated
complexes, for which the reference structures can be found in Ref. 155.

3.3 Correlation diagrams

As we now have encountered the most important point groups relevant for
the study of TMCs, we focus our a�ention on the influence exerted by the
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Oh E 8C3 3C2 6C4 6C ′2 i 8S6 3σh 6S4 6σd
A1g 1 1 1 1 1 1 1 1 1 1
A2g 1 1 1 -1 -1 1 1 1 -1 -1
Eg 2 -1 2 0 0 2 -1 2 0 0
T1g 3 0 -1 1 -1 3 0 -1 1 -1
T2g 3 0 -1 -1 1 3 0 -1 -1 1
A1u 1 1 1 1 1 -1 -1 -1 -1 -1
A2u 1 1 1 -1 -1 -1 -1 -1 1 1
Eu 2 -1 2 0 0 -2 1 -2 0 0
T1u 3 0 -1 1 -1 -3 0 1 -1 1
T2u 3 0 -1 -1 1 -3 0 1 1 -1

Table 3.1: Character table of Oh.43

Td E 8C3 3C2 6S4 6σd
A1 1 1 1 1 1
A2 1 1 1 -1 -1
E 2 -1 2 0 0
T1 3 0 -1 1 -1
T2 3 0 -1 -1 1

Table 3.2: Character table of Td.43

ligands on the TM. Therefore, two extreme regimes are considered, called the
weak and strong field limit.140, 156 In the former, it is assumed that the field
created by the ligands is much weaker than the electron-electron repulsion
interactions, whereas it is supposed to be much stronger in the la�er.

3.3.1 Weak field limit

In the extreme limit of a weak field, free ions are encountered without
the presence of ligands. The atomic terms can be classified by the total
momentum L and total spin quantum number S according to the Russel-
Saunders coupling scheme, employing the complex d-orbitals d0, d±1, and
d±2.

For example, for d7 TMs, which will play a major role in Chapter 5,
the possible LS term symbols are 4F , 4P , 2H , 2G, 2F , 2 ×2 D, and 2P . As
will be shown in Section 3.4.1, the energies of the term symbols can be fully



Coordination Chemistry 67

described by the Racah parameters A, B, and C157 and are given by:158

E(4F ) =3A− 15B

E(4P ) =3A

E(2H) =E(2P ) = 3A− 6B + 3C

E(2G) =3A− 11B + 3C

E(2F ) =3A+ 9B + 3C

E(2D) =3A+ 5B + 5C ±
(
193B2 + 8BC + 4C2

)1/2
.

(3.4)

A is usually roughly the same for every TM and B is the so-called interelec-
tronic repulsion parameter.159 The energy di�erences between states of the
same spin multiplicity are, in general, multiples of B only. The di�erences
between states of di�erent multiplicity are expressed via both B and C . In
accordance to Hund’s rules, 4F is the GS. Based on these expressions and
experimental energies, values for B and C can be estimated.

3.3.2 Strong field limit

In the strong field limit, the d-electrons are much more influenced by the LF
than by the interactions with other electrons. Therefore, it no longer makes
sense to label them with atomic term symbols. In order to determine the
states in this case, only the interactions with the LF are considered, whereas
the electron-electron repulsion is neglected. The real d-orbitals dz2 , dx2−y2 ,
dxy , dyz , and dxz , which are eigenfunctions of the LF operator ĤLF , are
utilized. This operator will be addressed in more detail in Section 3.4.1.

Before proceeding, we introduce some of the results which will be derived
in Section 3.4.1. Figure 3.8 shows the d-orbital spli�ing of TMCs with a
spherical and octahedral LF. Whereas the five d-orbitals are degenerate for
the former, they split in a low-lying triply degenerate t2g set and a higher
lying doubly degenerate eg set in octahedral complexes. The orbital sets are
separated by an energy gap ∆o, where the subscript stands for octahedral.
Compared to the situation of a spherical LF, the eg-orbitals are pushed up in
energy by 3/5∆0 and the t2g-orbitals are pushed down by 2/5∆0. For now,
we will only use these results and refer the reader to Section 3.4.1 for more
information.
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Figure 3.8: Schematic representation of the d-orbital spli�ing in a spherical
and octahedral LF. For the la�er, the d-orbitals split in a lower
t2g and higher eg set.

Reverting to the example of octahedral d7 complexes, the possible electron
configurations are: t62ge

1
g , t52ge

2
g , t42ge

3
g , and t32ge

4
g , for which possible micro-

state are shown in Figure 3.9. The energies of these states are completely
described by ∆o:

E(t62ge
1
g) =− 9

5
∆0

E(t52ge
2
g) =− 4

5
∆0

E(t42ge
3
g) =

1

5
∆0

E(t32ge
4
g) =

6

5
∆0.

(3.5)

t2g
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1 t2g
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3 t2g
3eg

4

Figure 3.9: Schematic representation of a possible micro-state for the elec-
tron configurations in octahedral d7 complexes.

Of course, in actual TMCs, the situation lies in between these two extreme
limits. In the following section, we investigate how the states in the two
regimes are altered for intermediate values of the LF strength and how this
is visualized in correlation diagrams.
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3.3.3 Tanabe-Sugano diagrams

Let us again consider a d7 TM in an octahedral LF. In order for this explana-
tion to be valid for tetrahedral complexes too, we drop the subscripts g and
u in this section. The term symbols defined in the weak field limit and given
in Eq. (3.4) will split when the influence of the field increases. If the LF is not
very strong, the influence of the ligands can be taken as a perturbation.160

As terms in a LF behave in a similar way as orbitals, the various LS states of
a configuration split in the same way as the orbitals. The wave functions for
the S, P , D, F , G, and H states have the same symmetry as the s-, p-, d-,
f -, g-, and h-orbitals and give thus also the same spli�ing pa�ern, as shown
in Table 3.3.

State of free ion States in octahedral/tetrahedral LF
S A1

P T1

D E + T2

F A2 + T1 + T2

G A1 + E + T1 + T2

H E + T1 + T1 + T2

Table 3.3: Spli�ing of free ion LS term symbols in an octahedral or tetrahe-
dral field.151

Analogously, we determine how the electron configurations in the strong
field limit given in Eq. (3.5) alter and split in substates when electron-electron
interactions are taken into account. We start with the simplest example in
which electron-electron repulsion is present, i.e., d2 systems. There are three
possible electron configurations, namely t22, t12e

1, and e2, for which possible
micro-states are presented in Figure 3.10. For the first configuration, there
are 15 possibilities in which two electrons, being spin up or spin down, can
occupy the t2-orbitals. In a similar way, we obtain the degeneracies of the
other configurations, 24 and 6, respectively, resulting in a total degeneracy
of 45. For the t12e

1 configuration, we have to perform the following multipli-
cation:

T2 × E = T1 + T2. (3.6)

The fact that the two electrons can have the same or a di�erent spin, results in
the following substates: 1T1+1T2+3T1+3T2, with indeed a total degeneracy
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of 24. For the t22 state, the substates are obtained as

T2 × T2 = A1 + E + [T1] + T2, (3.7)

where square brackets indicate that the term is anti-symmetric with respect
to particle permutation. Thus, in order for the total wave function to be anti-
symmetric, T1 requires a symmetric spin part, resulting in a spin multiplicity
of three. Besides, A1, E, and T2 need an anti-symmetric spin part and thus
a spin multiplicity equal to one. As such, t22 splits in the following substates:
1A1 +1 E +1 T2 +3 T1, which results in a total degeneracy of 15. In a similar
way, the substates of e2 are obtained: 3A2+1A1+1E, with a total degeneracy
of 6.

t2
2 t2

1e1 e2

Figure 3.10: Schematic representation of a possible micro-state for the elec-
tron configurations in octahedral d2 complexes.

It becomes a bit more complicated when three electrons are present. d3 TMs
have the following possible electron configurations: t32, t22e

1, t12e
2, and e3,

for which possible micro-states are shown in Figure 3.11. The last one is the
easiest as it corresponds to 2E. For the second and third configuration, we
start from the results of the t22 and e2 electron configurations obtained above
for the d2 TM and multiply this with 2E and 2T2, respectively. The resulting
substates are 2 ×2 E +2 A1 +2 A2 + 2 ×2 T1 + 2 ×2 T2 +4 T1 +4 T2 and
2×2T2+2×2T1+4T1 for t22e

1 and t12e
2, respectively. For the t32 configuration,

things get even more complex. When one multiplies the results obtained for
t22 with 2T2, more states than the total degeneracy are obtained. Based on
symmetry arguments, it can be shown that some of the states vanish and
only 2E+2 T1 +2 T2 +4A2 remains.140 One can check that with these states
a total degeneracy of 120 is obtained, as expected for d3 TMs.

t2
3 t2

2e1 t2
1e2 e3

Figure 3.11: Schematic representation of a possible micro-state for the elec-
tron configurations in octahedral d3 complexes.

Once we have studied the d1, d2, and d3 configurations, we are able to
determine the substates for every configuration. The possible states of tn2 are
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identical to these of t6−n2 and, similarly, en and e4−n yield the same states.
Indeed, according to the particle-hole formalism, n holes may be treated
like n positrons. Therefore, their behavior in a LF is the same, except for
changes in the signs of energy terms. As a result, also the substates of the
dn and d10−n configurations are the same. The substates for all electron
configurations can be found in Ref. 161 and are shown in Table 3.4 for d7

systems.

Electron configuration States in octahedral/tetrahedral field
t62e

1 2E
t52e

2 2×2 T1 + 2×2 T2 +4 T1

t42e
3 2A1 +2 A2 + 2×2 E + 2×2 T1

+4T1 + 2×2 T2 +4 T2

t32e
4 4A2 +2 E +2 T1 +2 T2

Table 3.4: Spli�ing of the electron configurations of d7 TMs in an octahedral
or tetrahedral field.161

As now the weak and strong field limits as well as their intermediate
regions are understood, we can construct the correlation diagram shown in
Figure 3.12 for d7 systems. Hereby, we take into account that lines connect
states of the same symmetry and can therefore not cross due to the von
Neumann-Wigner non-crossing rule.162, 163 In Figure 3.12, the first excitation
from the 4T1 GS to each irreducible representation is given. Spin-allowed
transitions are drawn in solid lines, whereas spin-forbidden excitations
are indicated with dashed lines. This diagram illustrates how the energies
of electronic states change between the weak and strong field limits as a
function of the LF strength.

Correlation diagrams form the basis of Tanabe-Sugano diagrams, published
by Yukito Tanabe and Satoru Sugano with the aim of explaining the
absorption spectra of complex ions in a more quantitative way.140, 164 They
predict the character and number of ESs and can also be used to approximate
the value of the LF spli�ing. In Figure 3.13, the Tanabe-Sugano diagram for
octahedral d7 complexes is shown, with inclusion of the subscripts g and
u. The energy E is presented as a function of the LF spli�ing ∆, where
both quantities are scaled by the Racah parameter B, already encountered
in Section 3.3.1. The lowest energy state is plo�ed along the horizontal
axis. As a consequence, the vertical distance above this axis is a measure of
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Figure 3.13: Tanabe-Sugano diagram for octahedral d7 TMCs. Spin-allowed
and spin-forbidden transitions are indicated with full and
dashed lines, respectively. Figure adapted from Ref. 165 with
permission of Oxford Publishing Limited, copyright 2010.

the energy of the ES above the GS. In analogy to orbitals, terms with the
same symmetry and which are close in energy can interact with each other,
resulting in curved lines.

The other Tanabe-Sugano diagrams are presented in Appendix B.4. As
already mentioned, the substates of dn and d10−n configurations are the
same. Therefore, it is not surprising that their Tanabe-Sugano diagrams
are very similar too, with inverted d-level spli�ings for d10−n and dn systems.

As will be shown in Section 3.4.1, the spli�ing pa�ern for the d-orbitals in
a tetrahedral field is the inverse of that in an octahedral field. The energy
level diagrams in both fields are each other’s inverse too. As a result, the
Tanabe-Sugano diagrams for octahedral dn complexes are identical to those
of tetrahedral d10−n systems.

Tanabe-Sugano diagrams will be extensively employed in Chapter 5.
For example, they will be useful in determining which ESs are double
excitations and for which states degeneracies are expected.
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3.4 Electronic structure theories

In the remainder of this Chapter, a brief overview is given of some of the
earlier theories used to describe TMCs, which stem from the times when no
advanced quantum mechanical calculations were possible. Although today,
very accurate computational techniques are available, some of these earlier
methods still have their merits to interpret the results, as will be shown in
Chapter 5. We start this section with an introduction of CFT, in which only
electrostatic interactions are taken into account. This approach is extended in
LFT, which is described next. Finally, LFDFT is explained, in which concepts
from LFT are incorporated in DFT.

3.4.1 Crystal field theory

CFT was originally introduced for the description of metal ions in crystals,
hence the name. In the 1930’s, Bethe and van Vleck applied this technique to
isolated TMCs.139, 166–168 The key feature is that the ligands are represented
as point charges and the interactions between them and the TM are treated
as purely electrostatic.151 This description is thus purely ionic and the
electron transfer between the TM and the ligands is completely ignored.

First, the qualitative e�ects of the LF are discussed for octahedral and
tetrahedral complexes, which will be studied in detail in Chapter 5.
A�erwards, the e�ective Hamiltonian is introduced and expressions are
derived for the various terms. Some of these results were already used in
Section 3.3.1, but their derivations were postponed to this section.

I. �alitative e�ects of the ligand field

The ligand electrons responsible for the formation of the bonds in TMCs
repel the electrons of the TM, resulting in an increase of the average energy
of the five d-orbitals. Remark that only the energy of the d-orbitals is
considered and not the absolute binding energies. Indeed, the total energy
of the system can decrease when the a�raction between the o�en positively
charged TM and the ligands is larger than the destabilization energies of the
TM electrons. However, for many purposes we are more interested in the
e�ect of the LF on the degeneracy of the d-orbitals.160 The electron-electron
repulsion is greater the more the d-orbitals are directed toward the ligands
and therefore di�erent d-orbitals will be a�ected in di�erent ways.

First, we look at octahedral complexes with Oh symmetry. Six ligands,
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approximated as point charges, are positioned along the coordinate axes
at the corners of an octahedron with the TM in the center, as shown in
Figure 3.14. The degeneracy of the d-orbitals is partially raised as they split
in two orbital sets: t2g and eg . dz2 and dx2−y2 , with lobes directed toward
the ligands, are raised in energy by the electrostatic repulsion between the
ligands and the TM and form the eg set. The t2g set contains dxy , dxz , and
dyz , having lobes oriented in between the ligands. Therefore, their energies
remain relatively una�ected. The energy gap between these two sets is
indicated by ∆o, which was already introduced in Section 3.3.2.

In TMCs with tetrahedral Td symmetry, the ligands are situated in
between the coordinate axes and at the origin as shown in Figure 3.14. In
contrast to octahedral complexes, dxy , dxz , and dyz , grouped in the t2 set,
now point toward the ligands, whereas dx2−y2 and dz2 , forming the e set,
are situated in between the ligands. Therefore, the e set is more stable in
comparison with the t2 set. Furthermore, it can be shown that the d-orbital
spli�ing is reduced to 4/9∆o when all other factors such as the metal-ligand
distance are the same.

dz2 dx2 y2 dxy dxz dyz Ligand

eg

Δo

t2g

t2

e

Octahedral
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Tetrahedral
Td

TMd

4/9Δo

En
er
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x

Figure 3.14: Spli�ing of the d-orbitals of a TM in various environments.
For an isolated TM, all d-orbitals are degenerate, whereas for
complexes with octahedral and tetrahedral symmetry, the de-
generacy is (partially) li�ed. The spli�ing between the two
orbital sets in octahedral and tetrahedral complexes is denoted
by ∆o and 4

9∆o, respectively. The labeling of the d-orbitals in
the various point groups is also indicated.

A�er this qualitative description of the influence of the LF on the d-orbital
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spli�ing in octahedral and tetrahedral complexes, an expression for the ef-
fective Hamiltonian is now provided. It does not only form the foundation of
CFT but is also used in LFDFT.

II. E�ective Hamiltonian

As discussed in Chapter 2, the molecular system consisting of a TM sur-
rounded by ligands can be described by the eigenvalue equation shown in
Eq. (2.9), where the electronic Hamiltonian is defined in Eq. (2.10). In CFT,
we use an e�ective Hamiltonian, which acts in a reduced space of Slater
determinants Φd

µ composed of d-orbitals:169

Ĥeff |Φd
µ〉 = Edµ|Φd

µ〉, (3.8)

with µ = 1, ...,
(

10
Nd

)
, whereNd is the number of d-electrons. The eigenvalues

Edµ, also known as the multiplet energy levels, are ideally equal to those of
the true Hamiltonian. This approach is valid when the metal-ligand bond is
mainly ionic, resulting in a well-defined dNd electron configuration and d-d
excitations well separated from the other ESs.

In CFT, the e�ective Hamiltonian is given by:

Ĥeff = T̂ eff
e + V̂ eff

en + V̂ eff
ee + Ĥeff

LF + Ĥeff
SOC

= Ĥeff
0 + V̂ eff

ee + Ĥeff
LF + Ĥeff

SOC ,
(3.9)

where in the second line the one-body operators T̂ eff
e and V̂ eff

en are grouped
as Ĥeff

0 . From now on, we neglect this term as it only results in a general
shi�. V̂ eff

ee includes the electron-electron repulsion within the d-electrons
and Ĥeff

LF takes into account the presence of the surrounding ligands,
approximated as point charges in CFT. The spin-orbit coupling (SOC)
term Ĥeff

SOC represents the coupling between the spin and the angular
momenta of the d-electrons. For atoms in the first- and second-transition
series, the contribution of the SOC term is smaller than that of the LF and
electron-electron interactions.139 Therefore, Ĥeff

SOC is, at first instance, not
accounted for. Note that, as stated previously, the interaction between the
ligands and the TM nuclei are generally not included in CFT.

The e�ective Hamiltonian is parameterized in such a way that it is
almost as precise as the full Hamiltonian. Expressions for the LF multiplet
energies can be obtained as a function of the parameters, which can then
be used to construct the Tanabe-Sugano diagrams. �antitative results
are obtained when these parameters are derived from experimental input
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data.169 In the following, the electron-electron interaction and LF terms are
analyzed in detail.

V̂ eff
ee is the two-body Coulomb operator introduced in Eq. (2.4). However,

now the summation runs only over the d-electrons and describes the
electron-electron interactions between them. This term is treated like in the
free atom and thus preserves the spherical symmetry.

As the wave function is a Slater determinant composed of d-orbitals,
we can use the Slater-Condon rules to write the electron-electron repulsion
energy as follows:158

〈Φd|V̂ eff
ee |Φd〉 =

1

2

Nd∑
i 6=j

(〈didj |v̂ee|didj〉 − 〈didj |v̂ee|djdi〉)

≡ 1

2

Nd∑
i 6=j

(Jij −Kij) ,

(3.10)

where di are the one-particle d-orbitals and v̂ee is for a general matrix element
wri�en as follows:

〈dadb|v̂ee|dcdd〉 =

∫
dxxx1 dxxx2

d∗a(xxx1)d∗b(xxx2)dc(xxx1)dd(xxx2)

|rrr1 − rrr2|
. (3.11)

In the second line of Eq. (3.10), the Coulomb Jij and exchange Kij integrals
have been introduced. The first term corresponds to the classical Coulomb
repulsion between two charge distributions due to the electrons in di and dj .
This integral does not depend on the spin. In contrast, the exchange term
is zero unless the ith and jth electron have the same spin. This interaction
term has a fully quantum mechanical nature and lies at the origin of Hund’s
first rule, which states that the configuration with the highest multiplicity
is the most stable one. This term is a�ractive and diminishes the Coulomb
repulsion between orbitals having the same spin. Finally, we note that both
integrals are symmetric.

We will now express the Coulomb and exchange contributions in terms of
Slater-Condon parameters.170 We first derive an expression for the general
matrix element given in Eq. (3.11). Therefore, we consider the following
multipole decomposition:

1

|rrr1 − rrr2|
=

1(
r2

1 + r2
2 − 2r1r2cos(ω)

)1/2
=

∞∑
k=0

rk<

rk+1
>

Pk(cos(ω)),

(3.12)
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with ω the angle between r1r1r1 and r2r2r2 and r< and r> the smallest and largest
of the distances r1 and r2, respectively. Pk(cos(ω)) are the Legendre polyno-
mials. Furthermore, we use the fact that a general d-orbital can be separated
in a radial, angular, and spin part:

d(xxx) = Rnl(r)Ylm(θ, φ)χms(σ), (3.13)

with Rnl the radial wave function, Ylm the spherical harmonic and χms the
spin part. n, l, m, and ms are the principal, orbital momentum, magnetic,
and spin quantum number, respectively. Note that in our case l = 2 as we
are dealing with d-orbitals, but the following derivation is conducted for a
general orbital momentum quantum number.

Eq. (3.11) can then be reformulated as a product of an angular and a
radial integral:

〈dadb|v̂ee|dcdd〉 =
∞∑
k=0

〈RnalaRnblb |
rk<

rk+1
>

|RnclcRndld〉×

〈YlamaYlbmb |Pk(cos(ω))|YlcmcYldmd〉δσaσcδσbσd

≡
∞∑
k=0

Rk(nala, nblb, nclc, ndld)Akδσaσcδσbσd .

(3.14)

In the second line, we introduced the notation Rk for the radial part and Ak
for the angular part. The la�er can be simplified with the help of the addition
theorem for spherical harmonics:

Pk(cos(ω)) =
4π

2k + 1

k∑
m=−k

Ykm(θ1, φ1)Y ∗km(θ2, φ2), (3.15)

yielding

Ak =
4π

2k + 1

k∑
m=−k

〈YlamaYlbmb |Ykm(θ1, φ1)Y ∗km(θ2, φ2)|YlcmcYldmd〉.

(3.16)
By using the following identity171

〈Ylm|Yl1m1 |Yl2m2〉 =

√
(2l1 + 1)(2l2 + 1)

4π(2l + 1)
〈l10l20|l0〉〈l1m1l2m2|lm〉

(3.17)
we obtain that 〈Ylama |Ykm|Ylcmc〉 is zero unless ma = m + mc. Similarly,
〈Ylbmb |Y ∗km|Yldmd〉 is zero unless mb + m = md. Therefore, Ak vanishes
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unless ma + mb = mc + md. The sum in Eq. (3.16) then reduces to a single
term:

Ak =
4π

2k + 1
〈Ylama |Ykma−mc |Ylcmc〉〈Ylbmb |Ykmd−mb |Yldmd〉×

δma+mb,mc+md

=ck(lama, lcmc)c
k∗(ldmd, lbmb)δma+mb,mc+md ,

(3.18)

where we introduced the following definition of ck

ck(lm, l′m′) ≡
(

4π

2k + 1

)1/2

〈Ylm|Ykm−m′ |Yl′m′〉. (3.19)

Substituting this back into Eq. (3.14), we get:

〈dadb|v̂ee|dcdd〉 =δσaσcδσbσdδma+mb,mc+md×
∞∑
k=0

Rk(nala, nblb, nclc, ndld)c
k(lama, lcmc)c

k∗(ldmd, lbmb).

(3.20)
Now that we have obtained expressions for the general matrix element given
in Eq. (3.11), we look for expressions for the Coulomb and exchange integrals
introduced in Eq. (3.10). Therefore, we define the Slater-Condon parameters:

F k(nili, njlj) ≡Rk(nili, njlj , nili, njlj)
Gk(nili, njlj) ≡Rk(nili, njlj , njlj , nili)

(3.21)

and introduce

Ak(limi, ljmj) ≡ck(limi, limi)c
k∗(ljmj , ljmj)

Bk(limi, ljmj) ≡ck(limi, ljmj)c
k∗(limi, ljmj).

(3.22)

The Coulomb and exchange terms are then wri�en as follows:

Jij =〈didj |v̂ee|didj〉 (3.23)

=
∞∑
k=0

Ak(limi, ljmj)F
k(nili, njlj) (3.24)

Kij =〈didj |v̂ee|djdi〉 (3.25)

=δσiσj

∞∑
k=0

Bk(limi, ljmj)G
k(nili, njlj). (3.26)

A general formula for ck has been worked out by Gaunt,172 but is very
complicated and hence tabulated values are used in practice. However, we
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can still simplify the expressions in Eqs. (3.24) and (3.26) by using the fact
that ck is zero unless k, l, and l′ satisfy the conditions:158

k + l + l′ is even

|l − l′| ≤ k ≤ l + l′.
(3.27)

The expressions for Jij and Kij are then simplified for equivalent electrons
for which we can drop the arguments:

Jij =
2l∑
k=0

AkF k

Kij =δσiσj

2l∑
k=0

BkF k.

(3.28)

We are now able to express the multiplet energies of any configuration as
functions of the parameter F k. Since the radial parts of the wave functions
are in general not well known, these parameters are determined by fi�ing to
experimental electronic spectra.

Alternatively, the electron-electron repulsion energy can be expressed
as a function of the Racah parameters A, B and C .157 The relations between
the Racah and Slater-Condon parameters are given by:

A = F 0 − 49

441
F 4

B =
1

49
F 2 − 5

441
F 4

C =
35

441
F 4,

(3.29)

where A is sometimes ignored because it is roughly the same for every TM,
as stated before. The electron-electron repulsion energy is then in general
wri�en as follows:

βB + γC, (3.30)

with β and γ coe�icients, which are obtained by substituting the expression
for Jij and Kij .

To conclude, the term symbols of a given electron configuration are
in the weak-field limit completely determined by the electron-electron
interactions, as stated in Section 3.3.1. Expressions for their energies can be
determined as follows. Via the diagonal sum-rule,173 and Eq. (3.10), we can
write the energies as a function of the Coulomb and exchange integrals Jij
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and Kij , which in turn can be expressed as a function of F k via Eq. (3.28),
where the coe�icients Ak and Bk are tabulated.161 This can also be wri�en
as a function of the Racah parameters (A), B, and C by means of Eq. (3.29).
An example was already given in Eq. (3.4) for d7 complexes.

The electrostatic interaction between the ligands, approximated as point
charges with charge Zl and coordinates rrrl, and the d-electrons is included
in ĤLF . This one-body interaction is given by:

Ĥeff
LF = −

Nd∑
i=1

Nl∑
l=1

Zl
|rrri − rrrl|

. (3.31)

If Zl is negative, the electron-ligand interaction destabilizes the TM
d-electrons. Nevertheless, the complex is stable due to the a�ractive
interaction between the negatively charged ligands and the TM nuclei.
However, these interactions are independent of the electron coordinates,
and therefore rarely considered in CFT, in which the main interest goes
to the relative d-orbital energies, as already mentioned previously. Unlike
the electron-electron interactions, full account is taken for the lowering
of the symmetry when a spherical TM is introduced in a LF environment.
Therefore, it is only this term which carries information about the symmetry
in the TMC. Hence, no general expression exists for this contribution.

In Section 3.3.2, the influence of an octahedral LF environment on the
d-orbitals was already shown in Figure 3.8. The proof is given here. If we
take a look at the potential generated by the ligands and consider it as a
perturbation on the other interactions present in the system, the following
secular equation needs to be solved in order to find the e�ect of the ligands
on the d-orbitals:139, 160

|Vmm′ − Eδmm′ | = 0 m,m′ = −2,−1, 0, 1, 2, (3.32)

with Vmm′ = −〈d|∑Nl
l=1

Zl
|rrr−rrrl| |d

′〉. A general expression for Eq. (3.32) is given
by160:

Vmm′ =

Nl∑
l=1

Zl[Amm′F4(rl)Y4m−m′(θl, φl)+

Bmm′F2(rl)Y2m−m′(θl, φl) +Dmm′F0(rl)Y0m−m′(θl, φl)],
(3.33)

where Amm′ , Bmm′ , and Dmm′ are tabulated constants160 and Fk(R) is
defined as:

Fk(R) = R−(k+1)

∫ R

0
dr rkR2

nl(r)r
2 +Rk

∫ ∞
R

dr R2
nl(r)r

2. (3.34)
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For octahedral complexes with Zl = q and in which the distance between
the TM and the ligands is denoted with a, we have: θ1 = 0, θ2 = θ3 = θ5 =
θ6 = π/2, θ4 = π, φ2 = 0, φ3 = π/2, φ5 = π, and φ6 = 3π/2. The only
non-zero matrix elements are then

V22 = V−2−2 =q

[
6F0(a) +

1

6
F4(a)

]
V11 = V−1−1 =q

[
6F0(a)− 2

3
F4(a)

]
V00 =q [6F0(a) + F4(a)]

V−22 = V2−2 =q
5

6
F4(a).

(3.35)

The roots of the secular equation given in Eq. (3.32), i.e., the perturbation
corrections to the atomic energy levels, are then given by:

E1 = E2 = q[6F0(a) + F4(a)]

E3 = E4 = E5 = q[6F0(a)− 2

3
F4(a)].

(3.36)

Hence, the d-orbitals split by an octahedral LF into a doubly degenerate eg
and a triply degenerate t2g set. We label the energy gap between both sets
as ∆o, as introduced in Section 3.3.2, and obtain:

Eeg = q6F0(a) +
3

5
∆0

Et2g = q6F0(a)− 2

5
∆o,

(3.37)

where the first term equals the average repulsion energy from six negative
charges q uniformly distributed over a sphere with radius a. Furthermore,
this equation reveals that the eg-orbitals are pushed up in energy by 3/5∆o,
while the t2g-orbitals are pushed down by 2/5∆o, as previously shown in
Figure 3.8. In general, ∆o is treated as a semi-empirical parameter and is
obtained from experimental data.174

In conclusion, the e�ective Hamiltonian is now parameterized via the
Slater-Condon or Racah parameters for the electron-electron interactions
and ∆o for the e�ect of the ligands for the specific case of octahedral TMCs.
These parameters are determined based on experimental data and allow
one to obtain the multiplet energy levels associated with a given electron
configuration.

In the next section, we extend CFT to include interactions other than
electrostatic ones. Based on this, we will construct MO diagrams for
di�erent types of ligands.
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3.4.2 Ligand field theory

In CFT, many aspects of the electronic structure of TMCs can be treated
in a conceptually simple way. Nevertheless, this technique is not capable
of describing the bonding in TMCs, as the interaction between the TM
and ligands is approximated as purely electrostatic, thereby neglecting
its partially covalent nature.43 Furthermore, under this approximation,
electrons occupy pure d-orbitals. Therefore, all d-d transitions in complexes
with a center of symmetry would be spectroscopically dark as they are
completely Laporte-forbidden. Nevertheless, such transitions are observed
in experiments, albeit weakly. Therefore, we can conclude that the general
assumption of CFT is sometimes too crude.

LFT covers all techniques in which one goes beyond electrostatic metal-
ligand interactions. CFT can then be seen as a limiting special case.139 The
most straightforward way in which the simple CFT can be modified, is by
taking the Slater-Condon or Racah parameters in the e�ective Hamiltonian
as variables, which can be adjusted empirically for each TMC, rather than
taking them equal to the values found for free ions. This technique is the
so-called adapted CFT. In this way, the e�ects of covalency are introduced
implicitly in CFT. The decrease of the value of the Racah parameter B in
the TMC compared to the one in the free ion is due to the nephelauxetic
e�ect,43 a term originating from the Greek word for cloud-expanding. The
electron-electron repulsion is reduced as the d-electron cloud expands due
to the presence of the ligands, resulting in a decrease of B.

I. Ligand field theory: a combination of crystal field theory and
molecular orbital theory

Gri�ith and Orgel introduced a combination of CFT and molecular orbital
theory, named LFT .173 Before continuing, we add a small note about the
nomenclature. In the literature, it is common to denote not only this method
with LFT, but all techniques which extend the metal-ligand interactions
beyond the electrostatic approach employed in CFT, as stated before.

In molecular orbital theory,139 the bonding electrons of the TM and
ligands are not entirely associated with either of them, but rather, to some
extent, with both of them. Bonds are achieved when the ligand and TM
orbitals overlap which results in the formation of MOs.

Interactions between the TM and the ligands can be of the σ- or π-
type. In the former, the overlap between the atomic orbitals is axial, whereas
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it is lateral in the la�er. We first consider the interactions in octahedral
TMCs with σ-donor ligands, visualized in the MO diagram presented in
Figure 3.15. The reduced representation of the six ligand donor orbitals is as
follows:43

A1g + T1u + Eg. (3.38)

The Eg ligand orbitals match with the Eg d-orbitals of the TM. Therefore,
both can interact and a pair of bonding eg and anti-bonding e∗g MOs is
formed. Indeed, the lobes of the dx2−y2- and dz2-orbitals are oriented
along the σ-donor orbitals, making interactions possible, whereas this is
not the case for the dxy-, dxz-, and dyz-orbitals with lobes pointing in
between the ligands. Therefore the t2g-orbitals remain non-bonding and
their energies are una�ected by the presence of the ligands. The spli�ing
between the t2g-and e∗g-orbitals is, similar to that in CFT, indicated with
∆0 and is a measure of the magnitude of metal-ligand interactions. The
bonding and anti-bonding MOs carry large contributions from the ligands
and TM, respectively. Also the valence s- and p-orbitals of the TM, with A1g

and T1u symmetry, can interact with the ligands. As a result, four bonding
MOs, a1g and t1u, are formed along with four anti-bonding MOs, a∗1g and t∗1u.

The six electron pairs originating from the ligands and the d-electrons
from the TM occupy more bonding MOs than anti-bonding ones in
the TMC. The resulting stabilization is an important factor in the driving
force for the formation of the TMC, an aspect which is not considered in CFT.

Now, we examine the case in which the ligands can additionally engage in
π-interactions. The reduced representation of the π-ligand orbitals is given
by:43

T1g + T2g + T1u + T2u. (3.39)

Now, there is also a match for the T2g set of the TM d-orbitals dxy , dxz ,
and dyz . If on the one hand, the ligands have low-lying occupied π-orbitals,
they can act as π-donors. This results in a decrease of the gap between
the t∗2g and e∗g sets compared to the case in which only σ-interactions are
present. This is presented in Figure 3.16. If, on the other hand, the ligands
have high-lying unoccupied π-orbitals, they can act as π-acceptors. The gap
between the t2g-orbitals and the e∗g-orbitals is now increased, as visualized in
Figure 3.17. In both cases, the T1g- and T2u-orbitals have no matching metal
orbitals and are therefore non-bonding. Furthermore, as we assumed that
the overlap between the T1u ligand orbitals and the TM p-orbitals is smaller
than that in the T1u σ-interactions, the T1u set remains non-bonding. The
di�erence between weak π-donor ligands and strong π-acceptor ligands will
be important for the study of Co2+ complexes in Chapter 5.
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Figure 3.15: MO diagram for octahedral complexes with σ-donor ligands.

II. Angular overlap model

A di�erent approach is used in the angular overlap model (AOM) in which
local contributions to the LF potential are defined in contrast to the global,
symmetry-adapted parameters encountered previously. Parameters are in-
troduced which represent the strength of the σ- and π-interactions between
the TM d-orbitals and the ligand orbitals and are based on their mutual
overlap.156, 175 The amount of overlap strongly depends on the angular po-
sition of the ligand with respect to the TM, hence the name AOM.43 Con-
tributions from all ligands are added to yield a 5×5 LF matrix. One of
the main advantages is that a variety of coordination numbers, geometries,
and ligands can be studied, where even heteroleptic complexes containing
di�erent ligands are possible. A disadvantage is that the focus is exclusively
on the d-orbitals and the role of the s and p TM valence orbitals is completely
omi�ed. This technique will be shortly addressed in the next section which
concludes this Chapter with a short introduction on LFDFT.
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Figure 3.16: MO diagram for octahedral complexes with σ-donor and π-
donor ligands.

3.4.3 Ligand field DFT

As stated at the end of Section 3.4.1, the multiplet energies are calculated
in CFT by estimating the parameters in the e�ective Hamiltonian based on
experimental data. Such calculations are especially useful for the description
of trends in the d-orbital spli�ing due to di�erences in coordination
number and geometry.176 However, as experimental input data is required,
they rather serve as a tool for interpreting than for predicting electronic
phenomena in TMCs.

The most straightforward approach to obtain multiplet energies without
experimental input data is by calculating the energies of suitable
determinants.83 Although this method has been extended by Daul,177

it remains limited as mixing between states is not included. Furthermore,
for highly symmetric TMCs, deviations are observed from the imposed
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Figure 3.17: MO diagram for octahedral complexes with σ-donor and π-
acceptor ligands.

symmetry conditions. Therefore, in this section, we will investigate LFDFT,
which will be employed for the calculation of d-d excitations in TMCs
relevant for the ZIF nucleation process in Chapter 5.

In LFDFT, the determination of the parameters entering the e�ective
Hamiltonian is not based on experimental input data, but on DFT
calculations. The method has been introduced by Atanasov et al. and
consists of three steps, where we assume that the molecular geometry is
known, either from a previously performed geometry optimization or from
X-ray data.178–181

First, the electronic structure is determined via a spin-restricted DFT
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calculation in which the KS orbitals with dominant d-character are equally
occupied. This technique is called average of configuration (AOC). One of
the great advantages of DFT is, as it is based on the electron density, that
there is no formal constraint that orbitals must have integer occupations.182

The constructed KS orbitals are ideally suited for a treatment in which
electron-electron repulsion is treated within full spherical symmetry.

Secondly, we construct the active space of KS orbitals with dominant
d-character, also called the LF manifold, and determine the energy of
the Slater determinants. In order to do so, the orbitals are kept frozen
in spin-unrestricted calculations. For example, the energy of the Slater
determinant Φd

µ can be wri�en as follows for octahedral TMCs:

Edµ = E0 +
3mµ − 2nµ

5
∆o + βµB + γµC. (3.40)

E0 represents the gauge origin of energy. The second term corresponds
to the LF contributions described by Eq. (3.36), where mµ and nµ specify
the electron configuration t

nµ
2g e

mµ
g . The electron-electron interactions are

included in the last two terms and are obtained from Eq. (3.30), where
βµ and γµ are coe�icients obtained by substituting the expressions of the
Coulomb Jij and exchange Kij integrals.

Having obtained an expression for the energy of each Slater determinant
by determining mµ, nµ, βµ, and γµ, an over-determined system of linear
equations is obtained from which the unknown parameters B, C , ∆o,
and E0 can be estimated using a least-squares fit procedure. As such, the
e�ective Hamiltonian in Eq. (3.8) is completely determined. Finally, the
multiplet spli�ing Edµ of the dNd electron configuration is then calculated
by diagonalizing the e�ective Hamiltonian with the Slater determinants as
basis. In this way, CI within the LF manifold is included. The key feature
of this approach is that both dynamical and non-dynamical correlation are
taken into account, the former via the DFT exchange-correlation functional
and the la�er via CI of the valence electrons in the d-orbitals.180

For complexes with lower symmetry, the procedure is similar, but as
the orbitals in the Slater determinant are not purely d-orbitals, the technical
details are a bit more complicated. We refer the reader to detailed
explanations in Ref.180. The LF part of the e�ective Hamiltonian is then
parameterized within the Wybourne formalism:139

Ĥeff
LF =

∑
k=0,2,4

k∑
q=−k

Bk
q (3d, 3d)C(k)

q , (3.41)
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with Bk
q the Wybourne-normalized CF parameters and

C(k)
q =

√
4π

2k + 1
Ykq. (3.42)

However, this elegant representation does not provide any chemical insight.
To circumvent this problem, the LF potential can be represented using the
5×5 LF matrix introduced in the AOM in Section 3.4.2.

We end this discussion with a short note about the inclusion of SOC
in LFDFT,183 which had not been considered yet. SOC is represented by a
sum of one-electron spin-orbit contributions.

Ĥeff
SOC =

Nd∑
i=1

ζ (̂llli · ŝssi), (3.43)

with ζ the SOC constant, which can be evaluated analytically using the
radial part of the d-orbitals or from a zeroth order regular approximation
(ZORA) calculation. llli and sssi are the angular momentum and spin of the ith

electron, respectively.

LFDFT has already been applied to Co(acacen),184 TM dimers,185 rare
earth haxachloro complexes,186 and Co(II) and Cu(II) porphyrins.187

Additionally, the 59Co shielding tensor188, 189 and the zero field spli�ing190

have been calculated. Furthermore, applications on Cr(III) complexes have
been reported.191 LFDFT has also already been used to study the 2p core
electron excitations in 3d TMs,192 and for f → d transitions in for example
actinides and lanthanides 193–200. Other applications are included in Refs.
201–204.

Finally, we also note that the parameters in the e�ective Hamiltonian
can be obtained via ab initio LFT too.205 However, as this technique is based
on the wavefunction rather than on the density it is not studied in this work.

In summary, in this Chapter we gave an overview of the most important
theories to describe the metal-ligand interactions, determine d-orbital
spli�ings, and characterize ESs, both using e�ective Hamiltonians and
more complicated methods. Empirical parameters are used in CFT, whereas
these are derived from DFT in LFDFT. The interactions between the TM
and the ligands is assumed to be purely electrostatic in CFT, whereas in
other techniques the covalent part is accounted for too. In Chapter 5,
the qualitative results obtained from CFT and LFT will be used to unravel
the nucleation process of ZIFs as well as quantitative results obtained via
LFDFT.





4
Unraveling the Photocatalytic

Properties of Heterogeneous
Catalysts

As stated in Chapter 1, CTFs are promising candidates to serve as support
materials for photocatalytic complexes. In this PhD thesis, we would like to
make a contribution to the rational design of such heterogeneous catalysts.
Indeed, the photocatalytic properties can, to a certain extent, be tuned in
order to match specific activation energies required for a certain application
or such that the portion of radiation which can be used to activate the
complex increases. First of all, as CTFs also display photocatalytic activity
in their pristine form,40–42 we investigate which factors governed by the
ligands influence the photophysical properties of the CTF and more
specifically the position of the main absorption peak. Therefore, structural
and photophysical properties of various polypyridyl linkers, which can be
used to build CTFs, have been investigated in Paper II. Subsequently, the
mechanisms responsible for the photoactivation of octahedral ruthenium
complexes are studied. We show that triplet ESs play an important role in
this process. In Paper I, we studied the influence of varying the ligands of
the complex on its optical properties and examined the e�ect of embedding
the complex in the CTF.

Both investigations were part of a concerted research action (GOA)
and were performed in collaboration with the experimental groups of

91
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Prof. Christian V. Stevens (SynBioC, Ghent University) and Prof. Pascal
Van Der Voort (COMOC, Ghent University), who were responsible for the
experiments conducted in Paper I and Paper II.

4.1 Introduction to covalent triazine framework
materials and their linkers

A guidance to design CTFs, shown in Figure 1.4, is given in Paper II, in which
we applied the principle of orthogonal electronic structure engineering,
stating that, within a COF sca�old, the overall electronic structure can
be tuned by varying the electronic structure of the constituents.206 This
combined computational/experimental study provides detailed insights in
how varying the CTF ligands influences the structural and optical properties
in order to select interesting building blocks for CTFs. We focused on a
special branch of CTFs that contain polypyridyl ligands as they allow for a
stable anchoring of photocatalytic complexes.206 A large variety of ligands
can be used, creating a versatile platform to engineer support materials
for anchoring various complexes. Therefore, a fundamental study of their
structural and photophysical properties is needed. The polypyridyl ligands
studied in this work are presented in the le� column of Table 4.1 and vary
in their ring topology, nitrogen content, termination, and the presence
of additional functional groups. Most of the linkers are terminated by
cyano groups to mimic the experimental conditions in which CTF are
synthesized by trimerization of linkers terminated by such groups, as
shown in Figure 1.4.207 The pristine pyridine (1) and bipyridine (3) linkers,
which are terminated by hydrogen atoms, are included to make a proper
comparison with literature data. For the bipyridine linker, we also included
linker (5), terminated with triazine groups, to investigate the influence of
the termination group in more detail. Complementary to the computational
study, linkers (1)-(4) and (6) have also been characterized experimentally in
this work.

The experimental and theoretical UV-Vis spectra of linkers (1)-(6) are
shown in Figures 4.1 and 4.2 and illustrate that the photocatalytic properties
of the linkers are mainly characterized by the position of the main absorption
peak, i.e., the first ES with a significant oscillator strength. As this electronic
excitation corresponds to a π→π∗ transition, the size of the π-system and
the π-electron deficiency will play an important role. The same holds for the
other linkers in Table 4.1.
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Figure 4.1: Experimental UV-Vis spectra of ligands (1)–(4) and (6) in ace-
tonitrile as solvent. The energies of the main absorption peaks
are indicated. Figure reproduced from Ref. 25 with permission of
Chemistry Europe, 2020.
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the main absorption peak are indicated. Calculations carried
out at the B3LYP/6-31++G** level of theory and with acetonitrile
as solvent. Figure reproduced from Ref. 25 with permission of
Chemistry Europe, 2020.
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Linker Etrans Ecis Cis E Dihedral Eexp
dihedral angle

angle

N

(1) 229(5.41) / 251(4.94)

N

N

(2) 240(5.17) / 264(4.70)

N N(3) 270(4.59) 257(4.82) 34.2 281(4.41)

N N

NN

(4) 311(3.99) 298(4.16) 32.4 301(4.12)

N N N

N

N

N

N

N

(5) 353(3.51) 338(3.67) 33.3

N N

NN

(6) 356(3.48) 340(3.65) 32.8 323(3.84)

N N NN

(7)
377(3.29) 345(3.59) 34.2

266(4.66)
N N

NN

(8) 377(3.29) 363(3.42) 36.4
275(4.51)-270(4.59)

NN NN

(9) 310(4.00) 112
252(4.92)

NN NN

(10) 305(4.07) 106
258(4.81)

NN

NH2H2N

NN

(11) 500(2.48) 158
351(3.53)

296(4.19)-285(4.35)

NN

NN

(12) 311(3.99) 180
289(4.29)

N

N

N

(13) 326(3.80) 180
301(4.12)
255(4.86)

Table 4.1: Dihedral angle [◦] and energy of the main absorption peak
[nm] and [eV] between brackets for all linkers. Linkers (3)-(8)
have both a cis and trans structure and Etrans, Ecis, and the
cis dihedral angle are reported whereas the other linkers only
have one optimized structure for which E and the dihedral angle
are given. For linkers (1)-(4) and (6), the experimental results
are displayed in the last column. Calculations carried out at
the B3LYP/6-31++G** level of theory and with acetonitrile as
solvent. (1): pyridine (2): pyridine-3-carbonitrile (nicotinonitrile)
(3): 2,2’-bipyridine (4): 2,2’-bipyridine-5,5’-dicarbonitrile (5): 5,5’-
bis(4-cyanophenyl)-2,2’-bipyridine (6): 5,5’-bis(4-cyanophenyl)-
2,2’-bipyridine (7): [2,2’-biquinoline]-6,6’-dicarbonitrile (8):
[3,3’-biisoquino-line]-7,7’-dicarbonitrile (9): 3,3’-dimethyl-
[2,2’-biquinoline]-6,6’-dicarbonitrile (10): 8,8’-di-tert-butyl-3,3’-
dimethyl-[2,2’-biquinoline]-6,6’-dicarbonitrile (11): 3,3’-diamino-
[2,2’-biquinoline]-6,6’-dicarbonitrile (12): phenantroline-5,5’-
dicarbonitrile (13): quinoline-2,6-dicarbonitrile.
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This Chapter is further organized as follows. A�er a short note on the chosen
level of theory, we examine the influence of the size of the π-system and the
π-electron deficiency on the main absorption band. This is followed by a
study of the dependence of the ES properties on the dihedral angle, as some
of the linkers have an extra degree of freedom, namely a rotation around the
central carbon-carbon bond. In this regard, computational techniques are
extremely useful as they allow one to easily estimate the influence of the
dihedral angle, whereas this is not the case for experimental investigations.
We conclude this section with an overview of the relative shi�s between all
ligands studied in this work and a summary of the main factors influencing
the ES properties. In this way, insight is gained in how the optical properties
of the CTF linkers are influenced and how they can be tuned by varying
their topology, making it possible to engineer the most suited candidate for
specific applications.

4.1.1 Influence of the level of theory on the ground and ex-
cited state properties

First of all, a benchmark study has been performed for the UV-Vis spectrum
of the trans conformer of linker (4), as shown in Figure 4.3. We observed
that functionals lacking the inclusion of Hartree-Fock exchange need a
significant blue-shi� to match the experimental data. Contrarily, long-range
corrected functionals require a large red-shi�. The best performance was
obtained for B3LYP and M06 and we chose to continue with the former. We
tested several basis sets too, but observed only slight changes in the UV-Vis
spectra. Furthermore, the influence of the level of theory on the geometrical
parameters was found to be negligibly small. Finally, we investigated the
influence of the acetonitrile solvent and discovered that the barrier for going
from the trans to the cis conformer, where the nitrogen atoms are either
on opposite or on the same side of the two pyridine rings, decreases with
at least 10 kJ/mol, resulting in an increase of the probability of finding the
ligand in its cis conformation.

The theoretical calculations in this work are not only based on static
approaches. Besides the geometry optimizations and ESs calculations,
we also performed MD simulations at the BLYP level of theory with the
inclusion of Grimme D3 dispersion.208 We refer the reader to Paper II for a
complete overview of the computational details.

Once the level of theory is fixed, we note that the position of the
main absorption peak strongly di�ers for the various linkers, as shown in
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Figure 4.3: UV-Vis spectra of ligand (4) for several functionals (full lines)
together with the experimental spectrum (dashed line). The
energies of the first and second absorption peak are indicated
for B3LYP, M06, and experiment. Calculations carried out with
the 6-31++G** basis set and with acetonitrile as solvent. Figure
reproduced from Ref. 25 with permission of Chemistry Europe,
2020.

Figures 4.1 and 4.2. In the next section, we investigate which factors have an
influence on the position of the main absorption peak.

4.1.2 Influence of extending the π-system and increasing the
π-electron deficiency on the excited state properties.

The position of the main absorption peak is strongly a�ected by the size of
the π-system, which can be enlarged by adding more aromatic rings, and by
the π-electron deficiency of the system. Polypyridyl linkers are π-electron
deficient due to the presence of nitrogen atoms. Indeed, their free electron
pairs are not part of the aromatic system and as a result, the linker will
accept electrons more easily. The π-electron deficiency can be increased
by adding electron-withdrawing groups such as the cyano group CN- or
termination groups containing nitrogen atoms.

For linkers (1)-(6), the influence of both properties on the position of
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parentheses. Figure reproduced from Ref. 25 with permission of
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the main absorption peak is visualized in Figure 4.4. Experimental results are
presented along with the computational findings between parentheses. We
notice a shi� toward larger wavelengths, both when the π-system increases
as when the linker becomes more π-electron deficient. This is indicated
in green and light blue, respectively. On the one hand, the influence of
extending the π-system is studied by comparing linkers (3) and (6) to linkers
(1) and (4), respectively. On the other hand, the π-electron deficiency is
increased when going from linkers (1) and (3) to linkers (2) and (4). For the
combined e�ect of increasing the size of the π-system and the π-electron
deficiency, a large shi� toward larger wavelengths is observed, as indicated
with dark blue. In this regard, linkers (2) and (4) and linkers (3) and (5) are
studied. Note that, in general, the experimentally observed shi� is smaller
than the one obtained from TDDFT calculations.

As an example, the most important orbitals for the trans conformer of
linker (4) are shown in Figure 4.5, where the first bright excitation is
indicated in green. The subscript indicates whether the orbital is quinoid
(Q) or antiquinoid (AQ), respectively. This nomenclature is borrowed from
the Jahn-Teller (JT) distorted benzene radical anion.209 We will elaborate
on the JT e�ect in TMCs in Chapter 5. Placing an electron in a π∗Q-orbital
causes a shortening of the lateral bonds, while placing it in a π∗AQ-orbital
results in an elongation of those bonds. The most intense transition is of the
type πQ → π∗Q, a conclusion which applies for the other linkers too.
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Figure 4.5: Visualization of the important orbitals of the trans conformer
of linker (4). The arrows indicate the most dominant contri-
butions of the first non-dark (blue) and two bright (green and
red) excitations, characterized by the excitation energy in nm,
oscillator strength, f , between parentheses, and amplitude in
square brackets if more contributions are reported for a specific
excitation. The occupied MOs in the le� represent respectively
the HOMO, HOMO-1 and HOMO-5 in descending order. The
unoccupied MOs in the right represent respectively the LUMO +
3 and LUMO. Calculations carried out at the B3LYP/6-31++G∗∗

level of theory and with acetonitrile as solvent. Figure repro-
duced from Ref. 25 with permission of Chemistry Europe, 2020.

4.1.3 Influence of the dihedral angle on the excited state prop-
erties

Until now, we neglected for linkers (3)-(8) the rotational degree of freedom
about the central carbon-carbon bond, as schematically shown in Figure 4.6.
We limited the study to static calculations by assuming that the linkers
are in the energetically most favorable trans configuration corresponding
to a dihedral angle of 180◦. The nitrogen atoms are then on opposite sides
of the two pyridine rings. However, some polypyridyl ligands favor the cis
conformation, in which the nitrogen atoms are on the same side, in some
specific environments, as for example for the anchoring of photocatalytic
complexes. Therefore, we extend this study by investigating the influence of
the dihedral angle for linkers (3)-(8). In order to study the dynamic behaviour
of these systems, MD simulations were performed starting from the trans
and cis conformer of linker (4). The MD calculations were carried out at
the BLYP level of theory and in gas phase. However, the overall qualitative
picture is expected to remain unaltered when solvent is taken into account.



Unraveling the Photocatalytic Properties of Heterogeneous Catalysts 99

N N

......

...

...

...

...

Figure 4.6: Schematic representation of the dihedral angle in a polypyridyl
ligand. Figure reproduced from Ref. 25 with permission of Chem-
istry Europe, 2020.

The histograms of the dihedral angle are presented in the le� and right pane
of Figure 4.7, respectively. On the one hand, for the simulation starting from
the cis structure, a transition to the trans conformer is observed a�er 48 ps,
a�er which the linker remained in the trans conformer and no transition
back to the cis structure has been observed a�er 100 ps. On the other
hand, no transitions are detected a�er 53 ps when one starts from the trans
structure. These results are expected as the barrier to go from the trans to
the cis conformer is rather high, i.e., 35.25 kJ/mol, as shown in Paper II.
Furthermore, as shown in the inset in the le� pane of Figure 4.7, it was found
that the trans conformer is not completely planar, which is in agreement
with experiment.210 Remark that for this observation the dynamic behavior
of the system plays a crucial role as the structures obtained from geometry
optimizations are completely planar.

In order to investigate the influence of the dihedral angle on the UV-
Vis spectrum, we performed a rotational scan, in which we started with the
optimized cis conformer of linker (4), possessing a dihedral angle of circa
32◦, a�er which we varied the dihedral angle with a step size of 10◦. At
every step, the structure was fully optimized except for the frozen dihedral.
The UV-Vis spectrum was calculated for each point of the rotational scan
and shown for some specific values of the dihedral angle in Figure 4.8. When
the dihedral angle decreases, the peak shi�s to smaller wavelengths and
thus the excitation energy increases. Meanwhile, the size of the conjugated
π-system decreases when the structure becomes less and less planar as
the π-interactions along the bond get weaker. Furthermore, the oscillator
strength decreases. The lowest wavelength is observed for structures with a
dihedral angle of 92◦. Then, the spectrum closely resembles that of linker (2),
as shown by the do�ed black line. Indeed, the orbitals in the two rings are
only slightly connected and the spectrum of linker (4) is just the sum of its
components, i.e., linker (2). When the dihedral angle decreases further, the
peak shi�s to larger wavelengths again. This is accompanied by an increase
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Figure 4.7: Histogram of the dihedral angle for the MD simulations starting
from the trans conformer (le�) and cis conformer (right) of linker
(4). In the le� pane, we zoomed in on the range between 160◦ and
190◦. Calculations carried out at the BLYP-D3 level of theory.
The time step for integrating the equations of motion was set at
0.5 fs and the simulations were performed in the NVT ensemble
at a temperature of 300 K. Figure reproduced from Ref. 25 with
permission of Chemistry Europe, 2020.

of the oscillator strength as the conjugated π-system increases again when
the structure becomes more planar. As such, the largest conjugated system
has the smallest excitation energy, which is in agreement with Ref. 211. As
the main absorption peak mainly consists of a HOMO→LUMO transition
for all dihedral angles, these observations are in agreement with the well
known fact that the HOMO-LUMO gap decreases when the conjugated
system increases.

The shi� of the brightest transition observed between the cis and trans
conformers is 13 nm and amounts to circa 50 nm between structures with a
dihedral angle of 2° and 92°. Finally, we also note that for most values of the
dihedral angle, a second peak is observed around 250-260 nm. However, no
second peak is found for dihedral angles around 90◦. This has been detected
earlier: the presence of two bands is an indication that the structure is not
twisted, whereas only one band is visible in this region for a large twist.211

4.1.4 Excited state properties of all ligands

Lastly, we extend this study by including linkers (7)-(13), which might be
interesting CTF building blocks too. Table 4.1 gives an overview of the
energy of the main absorption peak, along with the dihedral angle of the
optimized structure. For linkers (3)-(8), both the cis and trans conformers
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Figure 4.8: Influence of the dihedral angle on the UV-Vis spectrum of ligand
(4). The experimental spectrum is indicated with a dashed line
and the do�ed line represents the spectrum of linker (2). Figure
reproduced from Ref. 25 with permission of Chemistry Europe,
2020.

are studied. Experimental values, measured by Jonas Everaert (SynBioC,
Ghent University), are given in the last column. As stated before, the larger
the π-system and the higher the π-electron deficiency, the more the main
absorption peak shi�s to larger wavelengths. This can be achieved by
adding more aromatic rings, electron-withdrawing groups, or termination
groups containing nitrogen atoms. Furthermore, as described in the previous
section, the dihedral angle has a significant influence on the size of the
π-system too. The position of the main absorption peak can be explained
based on the above arguments for almost all linkers as shown in Paper
II. There is only one exception, namely the relatively large di�erence
observed between the trans conformers of linkers (7) and (8), which can be
understood as follows. Both the HOMO and LUMO of ligand (7) have a
large contribution from the nitrogen atoms, whereas this is only the case for
the LUMO of ligand (8). The inclusion of nitrogen into the orbital results
in a lowering of the orbital energy due to the larger electron negativity of
nitrogen compared to carbon. As such, both the HOMO and LUMO decrease
in energy for ligand (7), whereas only the LUMO of linker (8) gets stabilized,
resulting in a smaller HOMO-LUMO gap and thus also lower excitation
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energies for the la�er.

Finally, it is worth mentioning that the maximal shi� of the main absorption
peak is observed for linker (11) and amounts to 271 nm with respect to
pyridine. This is due to the presence of the electron-donating NH2 functional
groups. Indeed, this linker has an extra occupied orbital situated on the
NH2 group, which is higher in energy than the occupied orbitals which are
not situated on these groups. Therefore, we observe an extra transition for
linker (11) at very high wavelengths.

We conclude that the position of the main absorption peak can be
tuned as follows. First of all, one can alter the size of the conjugated
π-system, which depends on the number of aromatic rings and the dihedral
angle. Second, the amount of π-electron deficiency can be increased by
terminating the linker with groups containing nitrogen atoms or adding
electron withdrawing structures such as CN-. Finally, also the addition of
functional groups can have a significant influence on the ES properties. The
broad range of shi�s of the main absorption peak gives perspective in the
modulation of the electronic structure by varying the ligands and can help
in the rational design of e�icient photocatalysts.

4.2 Photocatalytic Ru2+ complexes with
polypyridyl ligands

In the previous section, we studied how the properties of the CTF
can be tuned by altering the ligands. Now, we revert our a�ention to
the photocatalytic complex which is anchored to the CTF to form a
heterogeneous catalyst. In this work, we focus on Ru2+ complexes. First,
we study the mechanisms relevant for the photocatalytic behavior of these
complexes. A�erwards, we investigate how their optical properties can be
tuned by varying the nitrogen content of the linkers.

When the Ru2+ complexes, of which an example with three cis-2,2’-
bipyridine ligands is shown in Figure 4.9, are exposed to light, the ESs have
two possible relaxation mechanisms, resulting in a reduction or oxidation
of the substrate molecules. This is schematically shown in Figure 4.10, in
which the orbital occupancy of the frontier electron states is sketched for
the di�erent steps in the process. As discussed in Chapter 3, the d-orbitals
of octahedral TMCs split in a t2g- and eg-orbital set, indicated in red. Ligand
orbitals, shown in blue, are situated in between these two sets. In the GS,
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Figure 4.9: Visualization of the geometrical structure of [Ru(cis-2,2’-
bipyridine)3]2+. Carbon, hydrogen, nitrogen, and ruthenium are
indicated in gray, light gray, blue, and pink, respectively.

the six d-electrons of Ru2+ fully occupy the t2g set, depicted in the le� box.
By absorption of a photon in the visible region, a singlet → singlet MLCT
excitation occurs, leaving an electron hole in the t2g-orbitals. Consequently,
the oxidation number of ruthenium increases by one. The singlet ES
quickly converts to a lower-energy triplet ES via non-radiative means. This
mechanism is called inter-system crossing (ISC) and the resulting state,
shown in the second box in Figure 4.10, is long-lived as the decay to the
singlet GS is spin-forbidden. The ES can relax via two mechanisms. On the
one hand, the electron in the ligand orbitals can be transferred to the organic
substrate. Hence, the la�er is reduced and the Ru3+ cation is maintained
as indicated with the upper arrow in Figure 4.10. On the other hand, an
electron can be transferred from the substrate to the vacant t2g-orbital,
resulting in a reduction of the complex, as presented by the lower arrow in
Figure 4.10. Consequently, Ru3+ reverts to Ru2+ and the substrate is oxidized.

Besides these electron-transfer processes, the decay of the complex
from a triplet ES can also involve the excitation of the substrate to a
triplet ES. This mechanism is called triplet-triplet energy transfer (TTET)
and has been the subject of both theoretical212 and application-oriented
investigations.213

The research community’s enduring interest in these Ru-complexes
and analogues dates back to the 1970s in the e�orts to apply these TMCs
to water-spli�ing technologies.214 From 2008 onward, more sophisticated
organic synthetic applications have been targeted too.215
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Figure 4.10: Photoactivation of an octahedral ruthenium complex from the
GS (le� box) to a triplet ES (second box) under the influence
of visible light, exciting an electron toward a state localized on
the ligands, followed by ISC. The ES relaxes by reduction (up-
per arrow) or oxidation (lower arrow) of the substrate. Figure
reproduced from Ref. 32 with permission of American Chemical
Society, 2013.

In the remainder of this section, we will not only focus on the main
absorption peak of the complex, corresponding to a singlet ES, but also on
triplet ESs since they play an important role in the photocatalytic process.
As these transitions are spin-forbidden for systems with a singlet GS, they
are di�icult to discern in experimental spectra. Nevertheless, they are
easily retrieved via computational techniques such as TDDFT, as shown in
Section 2.2.4.

In this work, the influence of the nitrogen content on the photocatalytic
properties is studied for [RuL3]2+ complexes, where L can be 2,2’-bipyrimidine
(bipm), cis-2,2’-bipyridine (bipy), or cis-2,2’-bipyrazine (bipz). The ten
possible photocatalytic complexes are shown in Figure 4.11. We assume
that the LS singlet state of the Ru2+ complexes is the most stable spin-state.
Indeed, the orbitals of 4d TMs are more di�use than their 3d counterparts,216

resulting in stronger metal-ligand bonds and a larger LF spli�ing. In Ref. 217,
it was also shown that properties, like for example spin-state energetics,
which strongly depend on the amount of HF exchange included in the
functional for 3d TMs, are considerably less sensitive for 4d metals. Hence,
in this work, we will only focus on the properties of singlet Ru2+ complexes.
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Figure 4.11: Ten [RuL3]2+ complexes investigated here. (a) L = bipy × 3; (b)
L = bipy × 2, bipz × 1; (c) L = bipy × 2, bipm × 1; (d) L = bipy ×
1, bipz × 1, bipm × 1; (e) L = bipy × 1, bipm × 2; (f) L = bipy × 1,
bipz × 2; (g) L = bipm × 3; (h) L = bipz × 2, bipm × 1; (i) L = bipz
× 1, bipm × 2; (j) L = bipz × 3. Figure reproduced from Ref. 218
with permission of American Chemical Society, 2019, available
from h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.

The performance of PBE, B3LYP, CAM-B3LYP, and M06 has been
investigated for the calculation of the ESs of [Ru(bipy)3]2+. Similarly
as for the CTF linkers studied in Section 4.1, functionals lacking HF
contributions need a significant blue-shi�, whereas long-range corrected
functionals require a red-shi� to match experimental data. Although both
B3LYP and M06 are in good agreement with experimental results, we chose
to continue with M06 as it produces a be�er shape of the absorption bands.
The reader is referred to Paper I for a summary of the computational details.

The vertical excitation spectra of [Ru(bipy)3]2+ obtained by TDDFT are
shown in Figure 4.12. Theoretical calculations were carried out both in
the gas phase and with water and acetonitrile solvents modeled with
the PCM. The simulated spectra are compared with the experimental
UV-Vis absorption profiles in water219 and acetonitrile solvents, which were
generated within this work. The very good agreement between theory and
experiment strengthens our confidence to apply this level of theory for the
embedded complex too.

As discussed in Section 2.2.6, it is known that TDDFT might fail to
correctly describe CT excitations. Therefore, it is important to corroborate
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Figure 4.12: Experimental UV-Vis absorption (top, Ref. 219 and Paper
I) and TDDFT with the M06 functional spectra (bo�om) of
[Ru(bipy)3]2+. Vertical excitations for the in vacuo TDDFT
spectrum are indicated as orange spikes. Computed spectra
have been smoothed using Gaussian functions of half-width at
half-height of 0.333 eV. The computed spectra have not been
rescaled nor shi�ed. Figure reproduced from Ref. 218 with
permission of American Chemical Society, 2019, available from
h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.

the ES observations with GS considerations. Moreover, we have employed
CAM-B3LYP, which is o�en considered be�er suited to describe CT
phenomena,220 to compute KS gaps in the isolated and CTF-embedded
complexes. The results are in qualitative agreement with those for the M06
functional, but are significantly blue-shi�ed. To further investigate the
nature of the transitions, we have also used the MAC index, introduced in
Section 2.2.6, from which we could certify the CT character of the transition
and confirm the reliability of the TDDFT results.

A side note is warranted on how to compare the theoretical and
experimental data. The optical gap can be extrapolated from UV-Vis
absorption measurements as the energy of the first divergence of the
spectrum from its baseline and is approximated as the energy of the first
allowed transition in TDDFT. It is defined by a neutral excitation and equals
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the di�erence between the energies of the lowest allowed ES and the GS.221

As the optical gap accounts for the electron-hole recombination energy or
exciton binding energy, it is systematically lower than the fundamental gap,
which is defined by charged excitations, namely as the di�erence between
the first ionization potential and the first electron a�inity.221

The influence of the nitrogen content on the optical gap, i.e., the energy
of the first singlet ES with a non-zero oscillator strength, is presented
in the top pane of Figure 4.13. The corresponding transitions are of the
MLCT type. We conclude that the optical gap can to a certain extent
be tuned by varying the nitrogen content of the ligands. Interestingly,
the lowest value is observed for complex (b), i.e., [Ru(bipy)2(bipz)]2+,
which contains eight nitrogen atoms and is composed of one bipz and
two bipy ligands. A similar distribution of values, albeit with di�erent
magnitudes, is observed for the most intense transitions, occurring in the
UV and blue visible region between 3 and 2.7 eV, as can be seen in Figure 4.16.

Triplet ESs are nested between the singlet ESs and are also MLCT
transitions. Although the contributions of these spin-forbidden ESs to the
absorption spectra are negligible, they play an important role in TTET and
can still be encountered during non-radiative processes and decays which
require a relaxation of the geometry. Therefore, they have to be taken
into account to describe photocatalytic complexes.222, 223 The adiabatic
transition energies of the first triplet states closely follow the same trend for
an increasing nitrogen content as the non-forbidden singlet ESs, as shown
in the bo�om pane of Figure 4.13. Although the ESs are situated at lower
energies and have a smaller overall variation, complex (b) is still pinpointed
as the complex with the smallest transition energy.

The results are also in agreement with these obtained from GS calculations
on [Ru(L)3]2+ complexes. Indeed, we observe that the HOMO-LUMO gap,
approximately describing the MLCT, a�ains its minimal value for complex
(b). The variation as a function of the nitrogen content is much smaller than
the one of the HOMO-3-LUMO gap, which approximates the ligand-ligand
gap and decreases as a function of an increasing nitrogen content.

As such, we conclude that the [Ru(bipy)2(bipz)]2+ complex is very promising
as calculations of the GS, first singlet, most intense, and adiabatic first
triplet ESs reveal that it has the lowest excitation energy, allowing for a
larger portion of radiation to be used for its activation.
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Figure 4.13: Vertical TD-M06 energies of the first non-forbidden sin-
glet states (upper panel) and of the first optimized triplet
states (lower panel) for the ten complexes introduced in
Figure 4.11. Figure reproduced from Ref. 218 with per-
mission of American Chemical Society, 2019, available from
h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.
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Figure 4.14: Model of the [Ru2]2+@CTF system for the specific case of
[Ru(bipy)2]2+@CTF. Figure reproduced from Ref. 218 with per-
mission of American Chemical Society, 2019, available from
h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.

4.3 Embedding of photocatalytic Ru2+ complexes
on the covalent triazine framework

In the a�empt to design new green catalysts, there is a high interest
in developing recyclable and reusable heterogeneous photocatalytic
systems.36–39 Therefore, we investigate in the last part of this Chapter
how the electronic properties of Ru2+ complexes are a�ected when they
are embedded in an extensive CTF structure model.207 We studied a CTF
composed of triazine nodes interlinked with bipy linkers which can naturally
act as ligands for the [RuL3]2+ complexes, giving rise to a [RuL2]2+@CTF
compound, as shown in Figure 4.14. Due to the fact that the ligand
embedded in the CTF is bipy, the number of possible ligand combinations in
the [RuL2]2+@CTF complex is reduced with respect to the isolated complexes
from ten to six as only complexes (a)-(f) remain. The investigated model
consists of two full CTF pores to minimize edge e�ects as a consequence of
the sudden truncation of our cluster model. The cluster was terminated by
completing the coordination of carbon atoms with hydrogen atoms.

In the [RuL2]2+@CTF system, occupied framework states are situated
between the occupied t2g- and virtual ligand orbitals, as schematically
shown in Figure 4.15. This results in a substantial lowering of the HOMO-
LUMO gaps by about 2.5-2.8 eV compared to the isolated complexes.
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Figure 4.15: Schematic representation of the orbital energies for the GS
of [RuL2]2+@CTF. Figure reproduced from Ref. 218 with per-
mission of American Chemical Society, 2019, available from
h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.

Furthermore, we observe that the HOMO-LUMO gap decreases with an
increasing nitrogen content in the linkers of the complex. When the number
of nitrogen atoms increases from six to ten, the energy of the t2g and eg sets
reduces by about 1 eV with respect to [Ru(bipy)2]2+@CTF. Moreover, the
energy of the framework orbitals remains rather una�ected and the virtual
ligand orbitals decrease with about 0.5 eV, resulting in a reduction of the
HOMO-LUMO gap.

The first ES with non-vanishing oscillator strength is no longer mainly
of the MLCT type as was the case for isolated complexes. Instead, we
observe a CT from states localized on the CTF toward states situated on the
ligands of the complex. The target orbital can be localized on the bipy ligand
of the CTF or on the ligands exposed inside the pore. The first non-forbidden
transition in [RuL2]2+@CTF is thus of the crystal-to-crystal charge-transfer
(CCCT) or crystal-to-ligand charge-transfer (CLCT) type.

The energy of the strongest excitation of the embedded complexes,
which is also a CCCT or CLCT, is shown in the bo�om pane of Figure 4.16.
The excitation energies fall into the orange-near-infrared region. This is
expected, as the HOMO-LUMO gap is much smaller for the embedded
complexes than for the isolated ones. Furthermore, as the excitation occurs
from an occupied orbital which is no longer situated on the metal, changing
the nitrogen content of the ligands induces a significant drop in the vertical
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excitation energy of the most intense transition, down to values as low as
1.6 eV. This is also in agreement with the observed trends in the GS orbital
energies as described previously.

As such, we conclude that embedding of the complex has a significant
e�ect on the nature and energy of the ESs. First of all, the transition energies
are significantly red-shi�ed toward the near IR. Furthermore, while in
isolated complexes the change of the energy of the strongest ES with the
number of nitrogen atoms of the ligands is small and non-monotonous, a
clear decrease is observed in the embedded complexes. This is due to the
fact that the transition occurs from an occupied orbital which is no longer
localized on the TM but on the CTF, whereas the target orbital remains
situated on the ligands of the Ru2+ complex. By tuning the nitrogen content
of the linkers of the complex, the optical gap can be reduced by about 0.5 eV.
For example, near-infrared photocatalysis could greatly benefit from the
nanoporous environment and thus make be�er use of the near-infrared
solar irradiation, making up 44% of the solar spectrum.224, 225

In this Chapter, we provided a route toward rational design of green
heterogeneous catalysts by showing how the photocatalytic properties can
be tuned by varying the ligands, both of the CTF and the photocatalytic
complex. In this regard, some of our computational results have been verified
experimentally. Furthermore, it has been demonstrated how anchoring
of the Ru2+ complex on a support allows one to increase the range of
wavelengths that may be exploited for photocatalysis.
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Figure 4.16: Energy of the strongest excitation for the isolated and em-
bedded complexes. The colors for the various structures are
defined in Figure 4.11. Figure reproduced from Ref. 218 with
permission of American Chemical Society, 2019, available from
h�ps://pubs.acs.org/doi/full/10.1021/acs.jpca.9b05216.



5
Ground and Excited State

Properties of Transition Metal
Complexes Relevant for the ZIF

Nucleation Process

It was already mentioned in Chapter 1 that an in-depth understanding of
the formation process of ZIFs is crucial to enable a more targeted search for
materials for specific applications. Although the particle nucleation step is
more or less understood by now,62, 63 the elementary molecular processes
in the pre-nucleation stage have been less thoroughly investigated and
remain largely unknown. Only very recently, a combined experimental-
computational study has been conducted by Ma�hias Filez (CoCooN, Ghent
University and Roe�aers group, KU Leuven) at the Weckhuysen Research
group, Utrecht University, in collaboration with the CMM.64 By using in
situ UV-Vis spectroscopy, they revealed that during Co-ZIF-67 formation,
mixing of the pink Co(NO3)2 · 6H2O and the transparent 2-mIm methanolic
solutions induces a rapid color change to purple, as schematically shown
in Figure 5.1. A metal-organic pool with a variety of complexes is formed
caused by ligand elimination and substitution reactions. As a result, the
octahedral Co2+ precursors are transformed, over five-coordinated systems,
into tetrahedral [Co(2-mIm)4]2+ complexes, which are the building blocks of
Co-ZIF-67, as shown in Figure 1.7. The experimental study was accompanied
by DFT and MD simulations in order to unravel the molecular driving forces
behind pre-nucleation.
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+ =

2-mImCo2+ H2O, OH, NO3
-CH3

Figure 5.1: Mixing of Co(NO3)2 · 6H2O (pink) and 2-mIm (transparent)
methanolic solutions induces rapid color change (purple) due
to ligand substitution/elimination reactions and coordination
changes of [Co(OR)6]2+ (OR = methanol, H2O, NO-

3 ) to Co(2-
mIm)x(OR)y−x. Figure adapted from Ref. 64 with permission of
Elsevier, 2021.

To fully understand the complicated underlying mechanisms, we aim
to characterize the d-d transitions of the TMCs and focus on their number,
intensity, and position which change during the course of the formation
process and can therefore serve as a spectroscopic fingerprint. As ES
calculations are based on a GS reference, we start with an investigation of
the GS properties of the TMCs and concentrate on the d-orbital spli�ing,
which is decisive for the d-d transitions. This is the subject of Paper III,
in which the influence of the symmetry on the position of the d-orbital
energy levels is assessed. Two phenomena underlie the variations in
symmetry. First of all, large e�ects are expected when the number of
ligands is changed, resulting in various coordination environments, i.e.,
six-coordinated octahedral, five-coordinated square pyramidal (SP) or
trigonal bipyramidal (TBP), and four-coordinated tetrahedral complexes.
Furthermore, additional e�ects are caused by the various point groups
encountered for each coordination environment. Indeed, as will be shown
later in this Chapter, deviations from the perfect symmetry are observed.
Hereby, special a�ention is devoted to the JT e�ect, stating that non-linear
molecules with a degenerate electronic GS undergo a geometrical distortion
in order to lower the energy.226 We test the performance of AOC and UDFT,
presented in Chapter 3 and Chapter 2, respectively, by comparing their
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crystal field theory 
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ligand field theory 
(LFT)

angular overlap model 
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average of configuration 
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ligand field DFT
(LFDFT)
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unrestricted DFT
(UDFT)

time-dependent DFT
(TDDFT)

Figure 5.2: Overview of the techniques used in this Chapter. For the quan-
titative techniques, a distinction is made between methods em-
ploying fractional and integer occupation numbers as well as
between techniques used to determine the GS and ES properties.

results with qualitative techniques such as CFT, LFT, and AOM, introduced
in Chapter 3. A�er studying the GS properties, transitions between the
d-orbitals are investigated in Paper IV. As TMCs pose various challenges
on computational techniques, we first examine the performance of TDDFT
and LFDFT, introduced in Chapter 2 and Chapter 3, respectively, for
first-row octahedral aqua-complexes. They are categorized according to
the degeneracy of their GS and the presence of double excitations. With
this knowledge, we then calculate the d-d transitions for the TMCs relevant
in the nucleation process of Co-ZIF-67. An overview of the techniques
used in this Chapter is given in Figure 5.2. Our computational data are
complemented with experimental data of Ref 64.

The workflow followed in this work is shown in Figure 5.3. First, an
UDFT geometry optimization is performed using gaussian or ADF. As an
additional pre-processing step, the input can be constrained to a certain
point group via gaussview. The same program can be used to determine the
point group of the optimized geometry. In addition, when the structure is
not highly symmetric, SHAPE can be employed to determine the continuous
shape measures, as discussed in Section 3.2. This step is followed by a
single point calculation. When integer occupation numbers are used, this
corresponds to the final step of the geometry optimization. However, when
fractional occupation numbers are desired, an extra AOC calculation needs
to be performed by ADF. Moreover, if one is interested in the ESs, additional
calculations are needed. On the one hand, when considering integer
occupation numbers, a TDDFT calculation is conducted via gaussian or ADF.
The results can be investigated via gaussview. On the other hand, when
fractional occupation numbers are used, a LFDFT calculation is performed
by ADF.
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Figure 5.3: Overview of the workflow used in this work.
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Figure 5.4: Reaction network of ligand elimination and substitution reac-
tions leading to fast preequilibrium formation toward a metal-
organic pool. The GS properties of Co2+ complexes with six, five,
and four aqua ligands are studied in this work and are indicated.
Figure adapted from Ref. 64 with permission of Elsevier, 2021.

5.1 Influence of symmetry on the electronic struc-
ture of Co2+ aqua-complexes

In the first part of this Chapter, we study the GS properties of octahedral,
SP, TBP, and tetrahedral Co2+ complexes, shown in Figure 5.4. We restrict
ourselves to aqua ligands as, in particular for hexa-aqua Co2+ complexes, the
results can be compared to previous studies. We start with an overview of
the results obtained from qualitative techniques, a�er which the d-orbital
spli�ing is calculated via AOC and UDFT.
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5.1.1 �alitative d-orbital spli�ing: crystal field theory, ligand
field theory, and angular overlap model

As discussed in Section 3.4, several theoretical models, such as CFT, LFT, and
AOM, have been introduced in the past century to describe the electronic
structure of TMCs and are still extensively used today. All these models have
their advantages and disadvantages, but in general, give the same qualitative
results. Although quantitative results can be obtained by determining the
parameters from experimental absorption spectra, we will not focus on
this and only give a qualitative explanation of the d-orbital spli�ings for
complexes with various symmetries as shown in Figure 5.5. The labeling of
the orbital sets in the various point groups is indicated too.

For an isolated TM, all five d-orbitals are degenerate. As described in
Section 3.4.1, the average energy of the d-orbitals is above that of the
free ion orbitals when the TM is surrounded by ligands. Furthermore, the
degeneracy of the d-orbitals is (partially) li�ed. This will be studied in the
subsequent paragraph for six-, five-, and four-coordinated complexes.

Octahedral TMCs with Oh symmetry have already been discussed in
Section 3.4.1. When removing one ligand, a five-coordinated structure is
obtained. On the one hand, a SP structure belonging to the C4v point
group can be retrieved; dz2 , dxz , and dyz are stabilized compared to the
octahedral case, as there is less repulsive interaction along the z-direction.
On the other hand, a TBP structure with D3h symmetry can be obtained. As
opposed to the octahedral complex, dxy and dx2−y2 are increased/decreased
in energy, respectively, because they point more/less toward the ligands.
When another ligand is taken out, we obtain a tetrahedral structure with Td
symmetry, which has already been encountered in Section 3.4.1. As such,
qualitative techniques reveal that the d-orbital spli�ing is characteristic for
the number of ligands coordinated to the TM.

When no experimental input data is used, these techniques serve as
tools for interpreting rather than for predicting phenomena in TMCs.
Therefore, we perform computational studies based on DFT to acquire
quantitative d-orbital spli�ings for Co2+ aqua-complexes. These ab initio
results can then be compared to the theoretical predictions shown in
Figure 5.5 and to the available experimental information.
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Figure 5.5: Spli�ing of the d-orbitals for a TM in various environments.
For an isolated TM, all d-orbitals are degenerate, whereas for
complexes with octahedral, SP, TBP, and tetrahedral symmetry,
the degeneracy is (partially) li�ed. The spli�ing between the two
orbital sets in octahedral and tetrahedral complexes is denoted
by ∆o and ∆t, respectively. The labeling of the d-orbitals in the
various point groups is also indicated. A graphical visualization
of the d-orbitals is shown in Figure 3.2. Figure reproduced from
Ref. 227 with permission of American Chemical Society, 2022.

5.1.2 �antitative d-orbital spli�ing: average of configuration
versus unrestricted DFT

As stated in Section 3.1, di�erent spin-states are possible for some TMCs. For
the Co2+-ion with seven d-electrons, there are two possible spin multiplicities,
four and two, forming the HS and LS configuration, respectively. According
to the spectrochemical series, water is a weak π-donor ligand.228 Therefore,
the LF spli�ing in octahedral complexes is rather small and the energy
needed to pair two electrons is larger than the energy required to place an
electron in the higher-lying eg set. Hence, the HS state of [Co(H2O)6]2+

is more stable. 229 Moreover, since the LF spli�ing is in general smaller
in tetrahedral complexes, we conclude that their HS state is more stable
too. Finally, it has also been observed that, in five-coordinated complexes,
ligands with oxygen donor atoms usually result in HS configurations.230, 231

Two types of calculations based on DFT have been performed, i.e.,
AOC and UDFT. In the former, introduced in Chapter 3, a spin-restricted
DFT calculation is performed, in which the d-electrons are distributed evenly
among the five MOs dominated by d-orbitals. This results in an average
occupation of 1.4 electrons for d7 complexes. Meanwhile, in UDFT, the spin
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multiplicity is specified and all of the five α-orbitals are filled, whereas only
two β-orbitals are occupied. Geometry optimizations have been performed
using UDFT. Using the single-reference UDFT method for these challenging
systems may at first instance appear to be unsatisfactory as configuration
averaging, necessary to treat the degenerate micro-states of the GS equally,
is lacking. However, Shee et. al. have recently put forward that in most
TMCs, static correlation is rarely found in the GS.232 Indeed, the degeneracy
is mostly elevated by JT e�ects. Furthermore, it has been shown that
good structures and energies are o�en obtained from DFT calculations at
a moderate computational cost.233 These arguments justify our choice for
using UDFT to describe the GS properties of these systems. Nevertheless,
as there are complex interactions present, including ligand-to-metal σ-
and π-donation, a proper treatment of the dynamic correlation becomes
extremely important.

We assessed the following functionals: BLYP104 and BP86105 based on
the GGA, M06L108 and MN15L107 built on the meta-GGA, O3LYP,110

B3LYP,104, 109 X3LYP,111 and PBE0106 as hybrid GGA, with 12, 20, 21.8, and 25
% of Hartree-Fock exchange, the hybrid mGGA MN15115 and TPSSh113, 114

with 44% and 10% Hartree-Fock exchange, respectively, and the long-range
corrected CAM-B3LYP116 and ωB97x117. As shown in Paper III, our results
immediately indicate that not enough Hartree-Fock exchange is included in
O3LYP, for which the spli�ing between the eg and t2g set is too large. All
other functionals provide similar results and we have chosen to continue
with B3LYP-D3. We refer the reader to Paper III for a complete overview of
the computational details.

In the following, the AOC results are discussed in detail for [Co(H2O)6]2+,
[Co(H2O)5]2+, and [Co(H2O)4]2+. We systematically investigate how the
lowering of the number of ligands a�ects the symmetry and thus the
geometry and the electronic structure of these Co2+ complexes. This is
followed by a comparison between the performance of AOC and UDFT.

I. Average of configuration

We start with [Co(H2O)6]2+, of which the geometrical structure has already
been investigated thoroughly in literature.229, 234 These complexes have
Oh symmetry when the ligands are assumed to be spherical symmetric.
However, when we take into account the structure of the aqua ligands,
the highest possible symmetry becomes Th. In contrast to the results of
Varadwaj234 and Schmiedekamp,229 we did not find a stable minimum with
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Figure 5.6: Graphical visualization of the point groups encountered for the
six-coordinated complexes, i.e., Oh, Th, D2h, D3d, and S6. In
the middle pane, all symmetry elements enclosed belong to the
corresponding point group. Perfect octahedral symmetry, Oh, is
indicated in dark green. The presence of hydrogen atoms reduces
the symmetry to Th and is indicated in middle green. Elongation
or contraction of the metal-ligand bonds results in D2h symme-
try and is shown in light green. An increase or decrease of the
ligand-metal-ligand angles leads to a tilted structure with D3d

symmetry and is presented in dark blue. When the hydrogen
atoms are taken into account in the tilted structure, the S6

symmetry is obtained as shown in light blue. Figure reproduced
from Ref. 227 with permission of American Chemical Society,
2022.

Th symmetry. This is in agreement with the JT e�ect. Despite the fact that
only weak JT e�ects are expected for unevenly occupied t2g-orbitals, we
did observe them. We obtained a stable structure with D2h symmetry in
which the rhombic JT distortions are clearly visible as unequal amounts
of elongation or compression occur along the fourfold axes of rotation. As
such, the structure remains orthogonal, but the bond distances are no longer
equal. Besides this, we also found a structure with S6 symmetry, acquired
via a trigonal distortion of the complex, i.e., an elongation/compression
along one of the four threefold symmetry axes. All ligand bond distances are
equal, but the structure is no longer orthogonal. A graphical visualization
of the symmetry elements present in the point groups encountered for
[Co(H2O)6]2+ is presented in Figure 5.6.

The d-orbital spli�ings along with their atomic contributions are shown in
Figure 5.7 and are very similar to the theoretical predictions presented in
Figure 5.5. In general, each MO has a dominant contribution from a specific
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D2h (right) symmetry. Figure reproduced from Ref. 227 with
permission of American Chemical Society, 2022.

d-orbital, which can be used to label the MOs. The orbitals in the t2g set
are no longer completely degenerate. This is in agreement with CFT, which
reveals that a trigonal distortion splits the t2g , but not the eg-orbitals in
octahedral complexes.139 For the D2h-complex, the degeneracy in the eg set
is li�ed too. The reason for this is that the bonds between the ligands and
the TM along the x-axis are compressed, resulting in a stronger repulsion
between the dx2−y2-orbital and the metal compared to the dz2-orbital.
Finally, we note that the value of ∆o, which can be calculated as the
di�erence between the average energy of the eg and t2g orbitals, being
9065 and 8836 cm−1 for the S6 and D2h structures, respectively, is in close
agreement with experimentally obtained spli�ing of 8400 cm−1.235

For the five-coordinated complexes two stable structures have been
obtained with C2v and C1 symmetry, respectively. We determined the
CShMs via the program SHAPE, which has been introduced in Section 3.2.2
and evaluates the magnitude of distortion around the TM,152, 153 in order to
determine whether the complexes are closer to SP or TBP symmetry. From
this, we conclude that the structure with C2v symmetry is closer to SP,
whereas the C1 structure is closer to TBP. In general, the resulting d-orbital
spli�ing shown in Figure 5.8 agrees with the theoretical predictions shown
in Figure 5.5, but some di�erences should be mentioned. The gap between
the dx2−y2- and dz2-orbitals is rather large for the SP complex and dxz and
dyz are not completely degenerate. This is not surprising since the complex
only has C2v symmetry, in contrast to the results shown in Figure 3.4.2 for
C4v structures. The degeneracy is also li�ed for the TBP complex as dxz/dyz
and dx2−y2/dxy are no longer degenerate.
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The optimized [Co(H2O)4]2+ structure does not possess any symmetry.
The results presented in Figure 5.9 are in good agreement with those
obtained in Figure 5.5: two orbital sets can be distinguished, t2 and e, where
the former is lower in energy. Due to the fact that the complex is not purely
tetrahedral, the degeneracy in the t2 set is li�ed slightly. Furthermore, the
computed value of the LF spli�ing is much smaller than the one in the
octahedral complex, as we expected from AOM.

From the above observations, we conclude that the AOC method is
capable of reproducing the theoretical d-orbital spli�ings for octahedral, SP,
TBP, and tetrahedral complexes.
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II. Comparison of average of configuration with unrestricted DFT

In the next step, we compare the AOC results with these from UDFT
calculations. The energies of the β d-orbitals obtained from UDFT are shown
in Figure 5.10 for [Co(H2O)6]2+. Some major distinctions compared to the
AOC results need to be highlighted. First of all, remark that the spli�ing of
the d-orbitals is one order of magnitude larger than for the AOC results and
the experimentally found spli�ing. Secondly, the t2g set is divided into two
low-lying orbitals and one orbital with higher energy. This is because only
two of the β d-orbitals are occupied.

Additionally, in the UDFT results of the D2h complex, dz2 is higher in
energy than dx2−y2 , which is in contrast to the AOC results. This can be
explained by the fact that UDFT and LFT treat the interelectron repulsion
di�erently, as argued by Deeth et al. for square planar d8 Pd-complexes.236

The interelectron repulsion e�ects are included within a central field
approximation in LFT, whereas in UDFT the calculations are performed
using the true molecular symmetry of the complex.236 Consequently, the
AOC orbitals confirm the chemical intuition as given by LFT as both
techniques describe the electron repulsion in a spherical way, whereas,
in UDFT, only dyz and dxz are occupied, resulting in more interelectron
repulsion along the z-axis than along the x- or y-axis, leading to a higher-
lying dz2-orbital compared to dx2−y2 .

Inspired by the work of Deeth et al., we verified this by systematically
moving some portion of the electrons from dxz and dyz to dxy . Therefore,
single point UDFT calculations, in which the d-orbital occupation is
specified, were performed and shown in Figure 5.11. Two observations
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from dxz and dyz for the [Co(H2O)6]2+ complex withD2h sym-
metry. Figure reproduced from Ref. 227 with permission of
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can be made as more and more of the electrons initially on dxz and dyz
are transferred to dxy . First of all, the orbitals become closer in energy
and are almost degenerate when 0.66 of an electron is placed at dxy . The
reason for this is that the two β electrons are now almost equally divided
among the three orbitals, resulting in a similar interelectron repulsion along
the x-, y-, and z-axes. Secondly, dz2 and dx2−y2 decrease and increase in
energy, respectively. At an occupation of 0.6 electrons for dxy , the two
most energetic orbitals presented in Figure 5.11 have similar dz2 and dx2−y2
contributions and are almost degenerate. When dxy is populated even more,
dx2−y2 becomes higher in energy than dz2 .

In the UDFT results for the S6 complex, the dx2−y2- and dz2-orbitals
are degenerate in accordance with the AOC results. Indeed, the e�ect of the
di�erence in interelectron repulsion is smaller as the two occupied d-orbitals
do not only have contributions from dyz and dxz , but also from dxy . Similar
observations have been made for the five-coordinated complexes.

For the four-coordinated complexes, the two e-orbitals are occupied,
and therefore, the spli�ing is in accordance with the AOC and theoretical
results. Nevertheless, the energy gap between the e and t2 set is still one
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order of magnitude too large.

To further test the validity of UDFT, additional calculations have been
performed on [V(H2O)6]2+, [Mn(H2O)6]2+, and [Ni(H2O)6]2+, having three,
five, and eight d-electrons, respectively, as shown in Figure 5.12. These
TMs have been selected as no JT e�ects are expected, since the t2g set is
completely filled with α electrons for V2+ and Mn2+ or α and β electrons
for Ni2+. This is also observed from the calculations for the V2+ and Ni2+

complexes, for which stable structures with Th symmetry are retrieved.
However, the most symmetric stable Mn2+ complexes have S6 and D2h

symmetries. First, remark that, for all systems, both AOC and UDFT predict
a spli�ing of the d-orbitals into a t2g and eg set, in agreement with CFT. This
is due to the fact that the t2g-orbitals are either completely filled with α-
electrons, as is the case for Mn2+ and V2+, or with both α- and β-electrons, as
is the case for the Ni2+ complex. Second, for [Mn(H2O)6]2+, all α d-orbitals
are occupied, resulting in a correct prediction of the magnitude of the
d-orbital spli�ing by both techniques. This result is not surprising since the
only di�erences between the AOC and UDFT calculations are due to the spin
polarization which is absent in the former. Nevertheless, as with the Co2+

complex, the spli�ing is severely overestimated by UDFT for [V(H2O)6]2+

and [Ni(H2O)6]2+. The observations are in agreement with Ref. 236, in which
it was argued that DFT is expected to yield the same d-orbitals sequence as
LFT in those cases where a suitable spherical configuration is constructed
corresponding to equal populations of the d-orbitals as for d10 or HS d5

complexes. Here, this observation is confirmed and extended to octahedral
d3 , d5, and d8 HS systems.

Summarizing, based on qualitative techniques, we conclude that the
d-orbital spli�ing is characteristic for the number of ligands. This can be
reproduced by the AOC method, but UDFT calculations do not succeed
in this when only part of the d-orbitals are occupied. Indeed, for example
for octahedral d7 complexes, the energy gap between the eg and t2g sets
is overestimated and there is a gap between the occupied and unoccupied
t2g-orbitals. Based on the work of Deeth et al.,236 we demonstrated that
the discrepancies between UDFT and AOC are due to the di�erent electron
occupations resulting in di�erent interelectron repulsions.

As stated in Ref. 236, the observation that UDFT and AOC result in
di�erent d-orbital spli�ings does not necessarily mean that one of these
techniques is right whereas the other is wrong. Orbitals themselves are not
experimentally observable, and therefore, additional properties need to be
calculated, like for example ESs.236 This is the subject of Paper IV and will
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Figure 5.12: Overview of the electron configurations of [V(H2O)6]2+,
[Mn(H2O)6]2+, and [Ni(H2O)6]2+.

be discussed in the next section.

5.2 Excited state properties

It was shown in Ref. 64 that the metal-organic pool formed in the Co-ZIF-
67 nucleation process contains a diversity of TMCs showing fingerprints of
octahedral and tetrahedral Co2+ complexes with simple ligands such as wa-
ter, methanol, and NO-

3, as well as 2-mIm ligands. The experimental spectra
reveal mainly the presence of the complexes highlighted in Figure 5.13.64

Our goal is to characterize the d-d excitations of these TMCs and propose
a spectroscopic fingerprint. Therefore, we first discuss how the Tanabe-
Sugano diagrams, introduced in Section 3.3, can be used to describe the d-d
excitations in TMCs. In a next step, the challenges encountered for first-row
octahedral aqua-complexes are discussed and the performance of TDDFT
and LFDFT is investigated. With this knowledge, we finally examine the
d-d excitations in the relevant TMCs, shown in Figure 5.13, where we again
only consider water and not methanol nor NO-

3, in order to put forward a
spectroscopic fingerprint.

5.2.1 Using Tanabe-Sugano diagrams for the description of d-d
excitations in TMCs

Tanabe-Sugano diagrams were introduced in Chapter 3 and are shown in
Figures B.3, B.4, B.5, B.6, 3.13, and B.7 for octahedral d2, d3, d4, d6, d7,
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Figure 5.13: Reaction network of ligand elimination and substitution reac-
tions leading to fast preequilibrium formation toward a metal-
organic pool. The excitation spectra of [Co(H2O)6]2+, [Co(2-
mIm)3(H2O)]2+, and [Co(2-mIm)4]2+ are studied in this work
and are indicated. Figure adapted from Ref. 64 with permission
of Elsevier, 2021.

and d8 complexes. As octahedral and tetrahedral d7 complexes will play a
major role in the remainder of this Chapter, their diagrams are repeated
for convenience in Figures 5.14 and 5.15. In addition, some micro-states are
included in the right panes which will now be discussed.

For octahedral d7 complexes in the weak field limit situated at the le�
of the diagram, the lowest energy terms 4F , 4P , and 2G are indicated in
light purple, dark purple and green, respectively. Under the influence of an
increasing LF, these terms split in several states. As stated in Section 5.1.2,
the GS electron configuration of [Co(H2O)6]2+ is t52ge

2
g , which corresponds

to the 4T1g(F ) state. The three micro-states with maximal spin projection
associated with this configuration are shown in the bo�om row on the
right and are labeled (a)-(c). The meaning of the line style of the boxes
will be explained later. The Tanabe-Sugano diagram shows that there are
three spin-allowed and one spin-forbidden transitions in the low-energy
range. First of all, one t2g-electron can excite to an eg-orbital, resulting
in the t42ge

3
g electron configuration, indicated by the 4T2g and 4T1g(P )

states in light and dark purple, respectively. These states are reached via
a single excitation and are therefore indicated with a dashed line. Six
possible micro-states with maximal spin projection can be drawn, (d)-(i).
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Figure 5.14: Tanabe-Sugano diagram for octahedral d7 complexes in which
the energy E is plo�ed as a function of the ligand field split-
ting ∆, both scaled by the Racah parameter B. �artet and
doublet states are indicated with purple and green lines, re-
spectively. Dashed and do�ed lines represent single and double
excitations. On the right, the corresponding micro-states with
maximal spin projection are indicated for the quartet states
and are labeled (a)-(j). In DFT, one micro-state is chosen as
the GS reference, of which the box is denoted with a solid line.
Single excitations from this GS reference are characterized with
dashed lines and double ESs with do�ed lines.

When another t2g-electron is transferred to an eg-orbital, t32ge
4
g is obtained,

corresponding to the 4A2g term. This is a double excitation as now two
electrons are excited, which is indicated in the TS diagram with a do�ed
line. There is only one micro-state with maximal spin projection, namely
(j). The lowest spin-forbidden excitation is obtained when an eg-electron is
transferred toward a t2g-orbital followed by a spin flip, resulting in the 2Eg
state with t62ge

1
g configuration as presented in green.

It is important to note that these d-d transitions are Laporte-forbidden
in complexes with a center of symmetry,43 as mentioned in Chapter 1.
Therefore, d-d absorption bands are expected to be weak for octahedral
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complexes. As spin-forbidden transitions are presumed to be even less
intense, we will only focus on spin-allowed excitations. Furthermore, one
must keep in mind that this description applies for TMCs with perfect
octahedral symmetry. When geometrical distortions occur, some of the
states split into substates, leading to more peaks in the spectra, as will be
observed.

As mentioned above, tetrahedral d7 complexes will play a significant
role in this work too. Hence, we also discuss the diagram presented in
Figure 5.15. The GS is 4A2, corresponding to the t32e4 electron configuration.
Again three spin-allowed transitions with low energy occur. When an
e-electron gets excited toward a t2-orbital, the 4T2 and 4T1(F ) terms
are obtained, indicated in light purple with dashed lines. When another
e-electron is transferred to a t2-orbital, we arrive at the t52e

2 configuration,
labeled with 4T1(P ). This double excitation is again indicated with a do�ed
line. The micro-states with maximal spin projection are also drawn for each
electron configuration. In contrast to the octahedral complexes, tetrahedral
systems lack a center of symmetry, and therefore, they have more intense
absorption bands.

5.2.2 Challenges for first-row octahedral aqua-complexes

The GS has been studied in Section 5.1 via AOC and UDFT calculations.
Now, we discuss how ESs can be determined from this GS reference. The
most used technique to calculate ESs when starting from an AOC reference
is LFDFT,178–181 discussed in Section 3.4.3. When the GS is obtained via
UDFT, TDDFT, introduced in Chapter 2, is the most popular technique to
determine ESs. However, we have to pay a�ention when analyzing the
results for TMCs. Sometimes, the fact that the GS is not described correctly
in DFT can be reflected in a wrong characterization of the ESs. For example,
Deeth et al. discovered that in tetrahedral Pd complexes, the d-orbital
spli�ing is predicted incorrectly by DFT, which is reflected in the ESs.236

In Paper III, we found that for the six-coordinated complexes the order
of d-orbitals within the t2g or eg set are sometimes interchanged in UDFT
calculations compared to AOC due to the di�erent electron occupations,
resulting in di�erent interelectron repulsions. However, no mixing between
the two orbital sets occurs. Furthermore, we observed that the gap between
the occupied and unoccupied orbitals is overestimated by UDFT. Before we
examine in how far these discrepancies are reflected in the ESs, we first
address the main challenges encountered for the calculation of ESs in TMCs.
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Figure 5.15: Tanabe-Sugano diagram for octahedral d3 and tetrahedral d7

complexes in which the energyE is plo�ed as a function of the
ligand field spli�ing ∆, both scaled by the Racah parameter
B. �artet and doublet states are indicated with purple and
green lines, respectively. Dashed and do�ed lines represent
single and double excitations. On the right, the corresponding
micro-states with maximal spin projection are indicated for the
quartet states and are labeled (a)-(j). In DFT, one micro-state
is chosen as the GS reference, of which the box is denoted
with a solid line. Single excitations from this GS reference are
characterized with dashed lines and double ESs with do�ed
lines.

To set the scene, Figure 5.16 gives an overview of the most important
di�iculties for the calculation of ESs in octahedral first-row aqua-complexes,
being the presence of a degenerate GS and/or double excitations. The
electron configuration is shown too, where we assumed that for all
complexes the HS state is the most stable one. Remark that Mn2+ with the
d5 configuration has been omi�ed as this complex has no spin-allowed d-d
transitions.

First of all, whether the GS is degenerate or not, is indicated in red or
green, respectively. Most of the octahedral TMCs have a degenerate GS,
except for V2+ and Ni2+. In Figures 5.14 and B.4, this micro-state is indicated
with a solid line. For the octahedral d7 TMC, we arbitrarily chose one of the
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Non-degenerate ground state

Presence of double excitations

d6/Fe2+ d7/Co2+ d8/Ni2+ d9/Cu2+

Figure 5.16: Overview of the challenges encountered for the calculation of
ESs in octahedral first-row TMCs. The electron configuration
of the high-spin GS is shown. Green/red indicates that the GS
is non-degenerate/degenerate and diagonal stripes denote the
presence of double excitations.

three micro-states corresponding to 4T1g(F ) as the GS reference, namely (a).
The fact that TDDFT, being a single reference technique, selects a specific
micro-state from which excitations are determined, has two consequences.
First of all, the other two micro-states belonging to 4T1g(F ), (b) and (c), are
reached via single excitations, indicated with dashed lines. Second, only four
of the six micro-states corresponding to 4T1g(P ) and 4T2g are reached via an
excitation of a single electron. These are (d), (e), (g), and (h), and are indicated
with a dashed line. (f) and (i) can only be reached when two electrons are
excited from the GS reference. These double excitations are indicated
with a do�ed line. Micro-state (j) corresponding to 4A2g is also a double
ES. The behaviour of the tetrahedral d7 complexes shown in Figure B.4 is
di�erent. All micro-states corresponding to 4T2 and 4T1(F ), i.e., (b)-(g),
are single ESs and all micro-states corresponding to 4T1(P ), i.e., (h)-(j),
are double ESs. They are indicated with dashed and do�ed lines, respectively.

As discussed in Section 2.2.6, TDDFT within the adiabatic approximation is
not capable of treating ESs with mainly double excitation character.127 Let
us consider the two previous cases. In the situation of a non-degenerate
GS in Figure 5.15, there are three double excitations, as stated before.
They correspond to a transfer of two eg-electrons to t2g-orbitals, leading
to the 4T1(P ) state. Interactions can occur between the single 4T1(F )
and double 4T1(P) ESs, visualized by the bending of both lines in the
Tanabe-Sugano diagram. However, TDDFT is not capable of reproducing the
double excitations and will only generate single ESs too high in energy, as



132 Excited state properties

the interaction with the double ESs is lacking.127 Now, consider the case of
a degenerate GS presented in Figure 5.14. According to the Tanabe-Sugano
diagram, there is only one double ES state, 4A2g , which does not have
any ESs with matching symmetry with which it can interact. However,
due to the fact that TDDFT selects a specific GS, also micro-states (f) and
(i) become double ESs. They have symmetry 4T1g or 4T2g and therefore,
interactions with 4T1g(F ) can occur.

We can now divide the first-row octahedral aqua-complexes shown in
Figure 5.16 in three categories, based on the degeneracy of the GS and
the presence of double ESs, and compare the performance of LFDFT and
TDDFT. The first category contains octahedral V2+ and Ni2+ TMCs with
non-degenerate GSs. Tetrahedral d7 complexes belong to this group too and
will be investigated as they play a central role in the ZIF nucleation process.
A�er this, we distinguish TMCs with a degenerate GS, but for which no
double excitations are present, examples include octahedral Sc2+, Cr2+, Fe2+,
and Cu2+ complexes. We conclude with the most di�icult systems to which
octahedral Ti2+ and Co2+ structures belong, both having a degenerate GS and
double excitations. A proper description of the la�er is also indispensable in
order to unravel the nucleation process. We refer the reader to Paper IV for
the computational details.

I. Non-degenerate ground state but double excitations

First of all, we study the most simple TMCs with a non-degenerate GS. We
show the results for [Co(H2O)4]2+, of which the GS has been studied in
Section 5.1.2, in Figure 5.17, as tetrahedral Co2+ complexes play a major role
in the ZIF nucleation process. The same conclusions apply for [V(H2O)6]2+

and [Ni(H2O)6]2+.

First, we take a look at the LFDFT spectrum in the top pane. The
micro-states are plo�ed as vertical bars, of which the colors represent their
contributions, the quartet states are shown in purple and the doublet states
in green. The labeling of the micro-states according to the TS diagrams is
based on their contributions and degeneracy. Remark that in Amsterdam
Modeling Suite (AMS), LFDFT intensities can only be calculated between
di�erent electron configurations. We can clearly distinguish the 4A2 GS
and 4T2 and 4T1(F ) single excitations, which all have almost exclusively
4F contributions. The 4T1(P ) band corresponding to a double excitation is
rather broad. Moreover, there is very li�le mixing between the 4T1(F ) single
and 4T1(P ) double excitations.



GS and ES Properties of TMCs Relevant for the ZIF Nucleation Process 133

Now, let’s inspect the TDDFT results in the bo�om pane of Figure 5.17. The
black curve represents the convoluted absorption spectrum, whereas the
vertical bars positioned at the excitation energies are hatched according
to the main contributions present in the ES. The di�erent hatch styles are
introduced in the inset showing the d-orbital spli�ing obtained by UDFT.
There are six ESs in which an electron is transferred from an e-orbital to a
t2-orbital and which correspond to transitions to the micro-states (b)-(g) in
Figure 5.15. These single ESs are grouped in two clusters and are labeled as
4T2 and 4T1. As there is a significant shi� between the LFDFT and TDDFT
results, we also tested the performance of PBE0 and ωB97, for which the
spectra are shi�ed toward larger and smaller wavelengths with respect to
B3LYP, respectively. The excitation energies strongly depend on the chosen
functional as shi�s up to 3700 cm-1 are observed.

Similar results are obtained for the second category with a degenerate
GS but no double excitations. Therefore, we continue with the most di�icult
group, namely the TMCs with a degenerate ground state and double
excitations.

II. Degenerate ground state and double excitations

We focus on [Co(H2O)6]2+, of which the GS has been studied in Section 5.1.2,
as this complex will be important when defining a spectroscopic fingerprint
for the nucleation process. We start with the structure with D2h symmetry,
for which the spectra are presented in Figure 5.18. In order of increasing
energy, we can clearly discern the 4T1g(F ) GS, single excited 4T2g , double
excited 4A2g , and single excited 4T1g(P ) in the LFDFT spectrum. Remark
that mixing between the single and double excitations is limited. When
investigating the TDDFT spectrum, we first of all remark the much smaller
oscillator strengths compared to the non centro-symmetric tetrahedral
complex in Figure 5.17. This information can not be obtained from LFDFT
calculations. For the TDDFT spectrum, six ESs occur, which correspond to
transitions from the GS to the micro-states (b)-(e), (g), and (h), as shown
in Figure 5.14. They are grouped in three clusters of two ESs each. The
first two are excitations in between the t2g-orbital set, corresponding to
the micro-states (b) and (c), reached via a single excitation from the GS
reference (a). These two ESs can thus be labeled as 4T1g(F ). For the other
four excitations, an electron is excited from a t2g- to an eg-orbital, which
are thus labeled as 4T2g and 4T1g(P ). We also tested the performance
of the PBE0 and ωB97 functionals for this complex. The position of
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Figure 5.17: LFDFT and TDDFT spectrum of [Co(H2O)4]2+. In the LFDFT
spectrum, the contributions of each micro-state are indicated.
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4T1g(P ) is shi�ed to larger/smaller wavelengths compared to the B3LYP
results for PBE0 and ωB97, respectively. The functional dependence is
less pronounced than for [Co(H2O)4]2+, but shi�s up to 1900 cm-1 are still
observed. A comparison with the experimental results of Filez et al. and
other literature data is given later. We observed a good agreement with
the LFDFT spectrum of the S6 structure, but discrepancies in the TDDFT
spectra. Therefore, we only continue with the structure withD2h symmetry.

As such, we conclude that, although the gap between occupied and
unoccupied orbitals is overestimated by UDFT compared to AOC, the
picture of d-d excitations obtained from both techniques is qualitatively
similar. This holds for both octahedral and tetrahedral complexes and
even for challenging systems with a degenerate GS and double excitations.
Moreover, both techniques give complementary information, whereas
LFDFT is capable of describing double excitations, oscillator strengths
can be obtained via TDDFT. However, care must be taken for TMCs with
a degenerate GS and S6 symmetry, for which only LFDFT gives reliable
results. Nevertheless, there are some shi�s between the ESs obtained from
TDDFT and LFDFT, especially for tetrahedral complexes. As the TDDFT
results strongly depend on the functional, further investigation is needed.

In the next section, we revert our a�ention to the complexes which
are relevant in the ZIF nucleation process.

5.2.3 Spectroscopic fingerprint for nucleation process of Co-
ZIF-67

I. Experimental data

The experimental UV-Vis spectrum of the metal-organic pool formed a�er
mixing is shown in blue in Figure 5.19 and is deconvoluted by a linear
combination fit presented with a dashed line in three main contributions.
Note that excitations below 14000 cm-1 are not measured as this region is
situated in the near infra-red and lies outside the scope of the work presented
in Ref. 64. The yellow curve corresponds to [Co(OR)6]2+ complexes, whereby
OR can be water, methanol, or NO-

3. Red indicates [Co(2-mIm)3(OR)]2+ and
the green curve has been identified as [Co(2-mIm)4]2+. In the following, we
will investigate each structure separately.
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Figure 5.18: LFDFT and TDDFT spectrum of [Co(H2O)6]2+ with D2h sym-
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II. [Co(2-mIm)4]2+

The [Co(2-mIm)4]2+ complex indicated in green in Figure 5.19 is characterized
by the 4T1(P ) state of which three spin-orbit split sub-peaks are situated
at 16667, 17637, and 18315 cm-1. This is in agreement with Banci et al.,
who used AOM to state that, for general tetrahedral Co2+ complexes, the
4T1(P ) state is situated in the region between 13500 and 19500 cm-1.237

Furthermore, she showed that there are two additional ESs at lower energies,
namely 4T2 and 4T1(F ). The la�er lies in the region between 5000 and
11000 cm-1, whereas the former is situated below 5000 cm-1.237 As these states
are not situated in the the UV-Vis range, they are not observed in Figure 5.19.

Note that in our calculations we used 1,2-dimethylimidazole (1,2-dmIm)
instead of 2-mIm to prevent dimerization and to exclusively study the
initial change in the symmetry and coordination of Co2+. In Figure 5.21,
we show the LFDFT and TDDFT spectra of [Co(1,2-dmIm)4]2+, of which
the geometrical structure is presented in the le� pane of Figure 5.20 and
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Figure 5.20: Visualization of the geometrical structure of [Co(1,2-dmIm)4]2+

(le�) and [Co(1,2-dmIm)3H2O]2+ (right). Carbon, cobalt, hy-
drogen, nitrogen, and oxygen are indicated in gray, purple, light
gray, blue, and red, respectively.

compare them with these of [Co(H2O)4]2+ in Figure 5.17 in order to estimate
the influence of changing the ligands from aqua to 1,2-dmIm. Except for
larger oscillator strengths for the former and some minor shi�s in the ESs,
the overall picture remains unaltered. 4T2 is situated around 10000 cm-1,
whereas 4T1(F ) is located around 15000 cm-1. Compared to the results of
Banci et al., the spectra are strongly blue-shi�ed over around 5000 cm-1. This
is maybe due to our choice of functional. Indeed, as stated previously, the
specific position of the peak is strongly functional-dependent. As 4T1(P )
is a double excitation, it is not reachable by TDDFT. The micro-states in
the LFDFT spectra are no longer present in clusters, but they are more
spread-out, making it di�icult to determine the energies of the states. This
is due to the fact that the 1,2-dmIm ligands are less compact than the aqua
ligands resulting in a reduction of the symmetry. We can roughly say that
4T2 is located between 5000 and 8000 cm-1 and the 4T1(F ) state lies between
9000 and 12000 cm-1, which is in agreement with the results of Banci et
al.. The double excited 4T1(P ) state is located at around 17500 cm-1, in
accordance with the results of Filez et al.. However, as the bands are rather
spread-out, very specific conclusions can not be drawn.

III. [Co(2-mIm)3(H2O)]2+

The following d-d excitations are discerned in the spectrum of [Co(2-
mIm)3(OR)]2+, indicated in red in Figure 5.19. First, two doublet ESs are
observed: 2E(G) at 15408 cm-1 and 2T1(G) at 16155 cm-1. At 17825 and
19268 cm-1, the double excited 4T1(P ) state is situated. This spectrum is
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clearly di�erent from that of [Co(2-mIm)4]2+.

The geometrical structure of [Co(1,2-dmIm)3(OR)]2+ is shown in the
right pane of Figure 5.20 and the LFDFT and TDDFT spectra in Figure 5.22.
The LFDFT spectrum is even more di�use than for [Co(1,2-dmIm)4]2+,
making it impossible to draw conclusions from it. In contrast to Filez et
al., we do not observe large di�erences in the TDDFT spectra between
[Co(1,2-dmIm)3(OR)]2+ and [Co(1,2-dmIm)4]2+. The four ESs identified in
the experimental spectrum are not reachable by TDDFT as they are SF
or double excitations. In order to examine the large di�erences between
the tetrahedral Co2+ complexes found by Filez et al., more advanced
techniques are needed, which are more precise and capable of determining
d-d transitions corresponding with double and SF excitations.

IV. [Co(H2O)6]2+

As indicated with yellow in Figure 5.19, [Co(OR)6]2+ complexes are
characterized by their band maximum at 19531 cm-1 along with a shoulder
at 21277 cm-1, both corresponding to the 4T1g(P ) state. This is in
agreement with the results of Banci et al., who concluded that, in general,
4T1g(P ) is situated in between 15500 and 22000 cm-1 for octahedral Co2+

complexes.237 Furthermore, he observed that 4T2g is situated in the band
6500-10500 cm-1, but this ES is located below the experimentally measured
range in Figure 5.19. Finally, octahedral Co2+ complexes have a double
excited 4A2g state with a lower intensity which is therefore o�en hidden
by 4T1g(P ). The 4A2g state is experimentally observed as a small peak
around 15400 cm-1 in the raw experimental absorption spectrum of Filez et al.

Good agreement is also found between the spectrum shown in Figure 5.19
and experimental data of [Co(H2O)6]2+ complexes in aqueous solution.238

Indeed, in Ref. 238, the spin-allowed single excitations to 4T2g and 4T1g(P )
are situated at 8100 cm-1 and at 19400 and 21550 cm-1, respectively and the
spin-allowed double excitation to 4A2g is located at 16000 cm-1. Finally, the
lowest energy doublet state, i.e., 2Eg , is situated at 11300 cm-1.

We now compare the experimental spectrum shown in yellow in Figure 5.19
with the LFDFT and TDDFT results presented in Figure 5.18. There is a
good correspondence with the LFDFT spectrum in which 4T2g and 4T1g(P )
are situated at 8100-9400 cm-1 and 18400-21900 cm-1, respectively. 4A2g

is located at 17500 cm-1. It is more di�icult to determine the specific
excitation energy of 2Eg as contributions from doublet states are observed
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at 6600, 8400, and 13600-15700 cm-1. The TDDFT results are also in good
agreement: 4T1g(P ) is located around 20000 cm-1, whereas there is a slight
shi� observed for 4T2g , which is located at 10000-11300 cm-1.

V. Spectroscopic fingerprint

In order to propose a spectrosocpic fingerprint, we compare the TDDFT
spectra, shown in Figures 5.18, 5.21, and 5.22 and summarized in Figure 5.23.
Remark that the absorbance is shown on the right axis for [Co(H2O)6]2+,
whereas it is on the le� axis for the other complexes. The LFDFT spectra are
not considered, as no conclusions can be drawn when the TMC possesses
the extended 1,2-dmIm ligands. The species can be distinguished via the
following features. First of all, the oscillator strength is much larger for the
tetrahedral complexes than for the octahedral ones, because the la�er have a
center of symmetry. A comparison of the calculated oscillator strength with
the experimental data shows that the tetrahedral complexes triggering the
nucleation process are 107-108 times less present in the solution. Moreover,
there is a significant di�erence in the position of the main absorption
peak, which is situated at 20000 cm-1 and 15000 cm-1 for octahedral and
tetrahedral systems, respectively. Both observations are in agreement with
experimental and CFT results. Lastly, we observe some excitations at very
small energies below 2000 cm-1 for the octahedral complex, which arise due
to the degeneracy of the GS. Nevertheless, we are not able to extensively
compare our computational results with the experimental UV-Vis spectra of
Filez et al., in which mainly SF and double excitations are situated which
are not reachable by TDDFT. Furthermore, as LFDFT is not suited for
systems with extended ligands, other techniques are needed to investigate
the substantial di�erences observed between the two types of tetrahedral
complexes by Filez et al.

To conclude, the octahedral and tetrahedral species can be distinguished
based on TDDFT via their oscillator strength and the position of the main
absorption peak. Furthermore, ESs at very small energies are only observed
for octahedral systems. However, alternative techniques are needed to
calculate the ESs proposed by Filez et al. Interesting candidates might be
tensor-networks for example, which will be discussed in more detail in
Chapter 6.

The studies in this Chapter reveal that the d-orbital spli�ing is characteristic
for the number of ligands coordinated to the TM. Furthermore, although
discrepancies are observed between the d-orbital spli�ing obtained from
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Figure 5.23: TDDFT spectra of [Co(H2O)6]2+ (yellow), [Co(1,2-
dmIm)3(OR)]2+ (red), and [Co(1,2-dmIm)4]2+ (green). The
absorbance is on the right for [Co(H2O)6]2+, whereas it is on
the le� for [Co(1,2-dmIm)3(OR)]2+ and [Co(1,2-dmIm)4]2+.

AOC and UDFT, both techniques are able to provide reference states from
which electronic excitations can be determined. Moreover, additional
information is provided: oscillator strengths can be obtained from TDDFT,
whereas double excitations can be studied via LFDFT. Nevertheless, the
la�er is not suited when the TMCs without symmetry are studied.





6
Conclusions and Outlook

6.1 Conclusions

Computational spectroscopy is of utmost importance to link the
molecular scale with experimentally observed spectroscopic signals.
By computationally obtaining energy levels of the molecular scale system,
we can directly reconstruct the unique spectroscopic fingerprint arising from
their transitions. More specifically, UV-vis spectroscopy studies electronic
excitations during which the system undergoes a transition from its GS to
an ES. In this work, we focused on the UV-Vis spectra of the building blocks
of nanoporous materials. Using spectra, we were able to provide insights in
how the photocatalytic properties of heterogeneous catalysts can be tuned
in order to help in their rational design. At the same time, studying the GS
and ESs of TMCs helped us unravel the nucleation process of ZIFs.

As outlined in Chapter 4, our study of photocatalytic complexes consists
of three parts. Firstly, we studied, in collaboration with our experimental
partners, which factors influence the structural and photocatalytic
properties of the CTF in Paper II. We investigated various polypyridyl
ligands which are promising to use as CTF building blocks. We observed
that the larger the π-system and the higher the π-electron deficiency, the
more the main absorption peak shi�s to larger wavelengths. Systems with
aromatic rings and a dihedral angle close to 0 or 180◦ are characterized
by a large π-system. More π-electron deficient systems can be acquired
by increasing the nitrogen content or terminating the linker with electron
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withdrawing CN- groups. Furthermore, adding functional groups can have a
significant influence on the ES properties. Indeed, among the linkers studied
in this work, the maximum shi� obtained by tuning the ESs amounts to
271 nm with respect to pyridine. This broad range of shi�s of the main
absorption peak gives a new perspective in the modulation of the optical
properties of the CTF sca�old by varying the ligands.

Second, we investigated how the photocatalytic properties are influenced
by varying the nitrogen content of the linkers in the complex. Both the GS
and ESs of [RuL3]2+ complexes, which can be exploited either as oxidant or
as reductant agents in reactions via triplet-triplet energy transfer (TTET),
are the subject of Paper I. As triplet states, playing an important role
in this process, are di�icult to investigate experimentally, computational
techniques provide a valuable alternative. For the various complexes, the
first non-forbidden singlet excitation is found between 2.2 and 2.6 eV,
whereas the strongest excitation is situated in the 2.7-3.0 eV range. Both are
of the metal-to-ligand charge-transfer (MLCT) type and show a minimum
for [Ru(bipy)2(bipz)]2+. The same trend is observed for the first adiabatic
triplet MLCT excitation located between 1.5 and 1.8 eV. This particular
complex is thus an interesting candidate for processes induced by visible
light as it shows a red-shi� of both singlet and triplet MLCT ESs. These
results are in agreement with those obtained from GS calculations. The
HOMO-LUMO gap, which is an approximation of the MLCT ES energy,
a�ains its minimal value for the same complex.

In the last part, we examined how the heterogenization of the Ru complexes
on a CTF support consisting of bipyridine ligands a�ects the energy and
character of the ESs. For the resulting [RuL2]2+@CFT system, we observed a
significant red-shi� to the 1.5-2.0 eV range for the strongest excitation. The
CTF environment thus allows harvesting these lower energies to promote
charge-transfer (CT) excitations, which is beneficial for near-infrared
photocatalysis.224, 225 The smaller excitation energies are reflected in the GS
results. Occupied framework states are situated between the occupied TM
and virtual ligand orbitals, resulting in a reduction of the HOMO-LUMO
gap. Furthermore, both the HOMO-LUMO gap and the energy of the
strongest ES decrease with an increasing nitrogen content. Finally, we note
that the character of these transitions changes. They are no longer MLCT
states, but result from CT between orbitals localized on the framework
toward orbitals mainly localized on the Ru complex and are thus of the
CCCT or CLCT type.

This investigation indicates how optoelectronic properties of Ru complexes
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can be changed and, eventually, tuned for specific applications by varying
the ligands and heterogenization within a CTF environment. As such, this
contribution aids in making thoughtful choices for the most appropriate
compound for the specific task at hand. On the one hand, the system can
be engineered such that a larger spectrum of radiation can be harvested
for activation of the photocatalytic complex. On the other hand, the
photocatalytic properties of the system can, to a certain extent, be tuned to
match a specific activation energies absorption band. In this regard, TDDFT
is ideally suited to study excitations, both for closed-shell TMCs as well as
for CTF linkers. Furthermore, due to its low computational cost, it is also
applicable for larger systems such as the embedded complex in the CTF.

Inspired by experimental findings on the nucleation process of ZIFs,64 we
investigated in Chapter 5 whether it is possible to propose a spectroscopic
fingerprint of Co2+ complexes which are part of this formation procedure.
In order to achieve this, the GS and ESs of relevant TMCs are studied.

First, we investigated the GS properties of Co2+ aqua-complexes with
six, five, and four ligands in Paper III. The focus is on the d-orbital spli�ing
and how it depends on the symmetry, where both the influence of the
coordination environment and the specific point group were considered.
�alitative techniques such as CFT and LFT reveal that the d-orbital
spli�ing is characteristic of the number of ligands coordinated to the TM. To
obtain quantitative results, both AOC and UDFT, with fractional and integer
electron occupations respectively, have been performed.

For the six-coordinated TMCs, we obtained a stable structure with
D2h symmetry in which JT distortions are clearly visible. Besides this, we
also found a structure with S6 symmetry. Moreover, we have shown that
AOC is capable of reproducing the theoretical d-orbital spli�ings obtained
from CFT. However, UDFT calculations do not succeed in this when only
part of the d-orbitals are occupied. Indeed, the HOMO-LUMO gap is
overestimated by one order of magnitude, resulting in non-degenerate
t2g-orbitals. Based on the work of Deeth et al.,236 we demonstrated that
the discrepancies between UDFT and AOC are due to the di�erent electron
occupations resulting in di�erent interelectron repulsions. In agreement
with Ref. [236], we observed that the AOC orbitals confirm the chemical
intuition as given by LFT, as both techniques describe the electron repulsion
in a spherical way. The d-orbital spli�ing obtained by UDFT is di�erent
due to the integer occupation numbers resulting in di�erent interelectron
repulsions. This has been confirmed by calculation on TMs for which the t2g
set is evenly occupied.
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The above conclusions also apply for the four-coordinated and five-
coordinated TBP and SP Co2+ aqua-complexes. For the former, the two e
orbitals are completely occupied, resulting in a spli�ing in accordance with
the AOC and theoretical results. Nevertheless, the energy gap between the
e and t2 set is still one order of magnitude too large.

A�er having obtained a thorough understanding of the GS properties,
we examined the ESs in Paper IV. Before we investigated the spectroscopic
fingerprint of complexes relevant for the nucleation of ZIFs, we first tested
the performance of TDDFT and LFDFT for the calculation of d-d excitations
in first-row octahedral aqua-complexes. This sequence is put forward
to investigate the variations in complexity of the electronic structure of
the TMs caused by their di�erent number of d-electrons. Although the
gap between occupied and unoccupied orbitals is overestimated by UDFT
compared to AOC, the picture of d-d excitations obtained from both
techniques is qualitatively similar. This holds for both octahedral and
tetrahedral complexes and even for challenging systems with a degenerate
GS and for which double excitations are present. Moreover, both techniques
give complementary information: whereas LFDFT is capable of describing
double excitations, TDDFT yields oscillator strengths. However, care must
be taken for TMCs with a degenerate GS and S6 symmetry, for which only
LFDFT gives reliable results. Nevertheless, there are some shi�s between
the excitation energies obtained from TDDFT and LFDFT, especially for
tetrahedral complexes. Furthermore, they also strongly depend on the
functional for the former.

With this knowledge, we calculate the d-d excitations of TMCs which
are relevant for the ZIF nucleation process via TDDFT and LFDFT and
compare the results with the experimental spectra of Filez et al.. We
found that, although LFDFT is not suited for complexes which are not
symmetric, the octahedral and tetrahedral species can be distinguished
based on TDDFT. The oscillator strength is much larger for the tetrahedral
complexes and the main absorption peak is shi�ed toward smaller energies
compared to the octahedral ones. Furthermore, we were able to show that
the tetrahedral complexes, which trigger the nucleation process, are 107-108

times less present than the octahedral structures. Finally, ESs at very small
energies are only observed for octahedral systems. Nevertheless, other
techniques are needed to calculate the ESs proposed by Filez et al. which are
situated in the UV-Vis range and mainly contain double and SF excitations,
not reachable by TDDFT.
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6.2 Outlook

It would be interesting to extend the presented study by exploring pho-
tocatalytic complexes with other TMs than Ru. The terrestrial abundance
of TMs spans a wide range as shown by the bar height on a log scale in
Figure 6.1. First-row, as well as early second-row and third-row TMs, are
relatively abundant, whereas the other TMs have substantially lower earth
abundance, which are therefore also called precious metals. The values range
from 5.6% for Fe to ∼0.001 ppm for Rh and Ir. As the former is up to 104

times more abundant, its cost can be reduced significantly. The black bar
shows on a log scale the relative amount of CO2 production through mining
and purification for each TM. The smaller the bar, the lower the amount
of CO2 produced during the production process, resulting in a reduced
environmental footprint.239

Figure 6.1: Visualization of the earth abundance and relative production of
CO2 for the TMs. The height of the pillar for each metal indicates
its crustal abundance on a log scale. The black bar on each metal
shows, also on a log scale, the relative amount of CO2 produced
through mining and purification for each metal.240 Tc is shown
but is radioactive and unstable. From Ref. 239. Reprinted with
permission from AAAS.

In the search for alternatives with a reduced cost and environmental
footprint, Fe complexes appear to be very promising, as shown in an
excellent review in Ref. [241]. However, the shi� from Ru to Fe complexes
causes additional challenges. Indeed, as discussed in Chapter 4, 3d-orbitals
extend to a lower degree beyond the 3s- and 3p-orbitals compared to their
4d and 5d counterparts.216 This leads to less overlap with bonding partners
and thus weaker metal-ligand bonds and a reduced LF spli�ing. The
electronic structure is considerably impacted as the MLCT states, active in
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the TTET mechanism, are now higher in energy than some metal-centered
states. So, while the lowest ESs of Ru complexes are MLCT states, these
transitions can decay in Fe complexes to inactive metal-centered states,
leading to much shorter ES lifetimes. Therefore, additional research is
required on how to change the ordering of the MLCT and metal-centered
states in order to be able to make the transition to more ecologic alternatives.

Furthermore, it would be instructive to test the e�ectiveness of the
orthogonal electronic structure engineering principle employed in Paper II.
On the one hand, we found in Paper I that the strongest absorption band is
situated around 3.32 eV for the pristine CTF constructed with bipy linkers.
On the other hand, values between 3.51 and 4.82 eV, depending on the
termination of the linker and whether it has a trans or cis configuration, are
obtained in Paper II. Further research needs to be conducted to unravel the
influence of building a full CTF structure starting from an isolated linker.

Due to the fact that open-shell systems require spin-unrestricted
calculations,242 spin contamination arises in their GSs. Indeed, there
is artificial mixing of spin-states, resulting in wave functions which are not
pure eigenfunctions of the total spin operator. Ipatov et al. studied the
spin contamination in ESs of open-shell molecules and showed that large
amounts of spin contamination can result in incorrect or missing states.243

Equations are presented for calculating spin contamination in TDDFT ESs
in order to help identify non-physical solutions. The absence of double and
higher excitations was found to be the main origin of spin contamination.
However, as these equations are not routinely implemented in standard
DFT so�ware packages, additional investigations are required as it would
be interesting to test this for the challenging Co2+ complexes encountered
during the ZIF nucleation process, for example.

Nowadays, we cannot deny the prominent role machine learning is
playing in various branches of science. This research field has matured by
o�ering a greater accuracy and e�iciency and has made its entrance in
computational chemistry, including coordination chemistry.244 These new
techniques complement, extend, and sometimes even completely replace the
traditional ones.245 As stated in the introduction of Chapter 3, determining
the spin-state energies of TMCs is a demanding task and the complicated
nature of the metal-ligand bonds poses various challenges on computational
techniques. In recent years, machine learning has proven to be very helpful
in this regard. For example, the GS spin-state of TMCs has been determined
by only making use of structural information in Ref. [246]. Furthermore,
promising ligands for the design of new phosphors are determined by
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predicting the ES properties of Ir complexes with an accuracy competitive
or superseding that of TDDFT in Ref. [247]. In addition, progress is made
for the high-throughput computational screening for materials discovery
in Refs. [248–250]. Two recent overviews are given in Refs. [148, 245]. We
believe that machine learning could also contribute significantly in this
work as it can be applied to perform a high throughput screening to select
the most promising linkers for CTFs and photocatalytic complexes, to aid in
unraveling the electronic structure of challenging systems, and to assess the
main sources of errors in DFT.

Despite these emerging techniques, there is still a need to investigate
on a fundamental level how the electronic structure of strongly correlated
systems can be solved in an accurate way. In this respect, a fundamentally
di�erent approach to treat many-body systems has been proposed in
literature and is based on tensor-network states, which have risen over the
past two decades as extremely versatile and powerful trial wave functions
for interacting quantum la�ice systems.251 They do not involve corrections
on top of a non-interacting reference configuration, but take into account
the spatial distribution of quantum correlations. Tensor-network states may
be very promising for isolated systems too, as shown for example for Mn
complexes.252 However, as Mn is one of the more easier elements in the 3d
TM series having a non-degenerate GS, it would be very interesting to extend
the tensor-network formalism to the calculation of ESs for more challenging
TMCs by using variational optimization schemes for the tensor-network
wave function.253, 254

Summarizing, TDDFT has evolved to be a standard technique for the
determination of spectroscopic fingerprints in the UV-Vis region for
systems not prone to strong correlation or complicated spin structures.
If we manage to combine this technique with e�icient machine learning
schemes, we will be able to provide accurate feedback to experiments
orders of magnitude faster than what is possible today, which could greatly
accelerate the development of e�icient heterogeneous photocatalysts. For
TMCs having more complicated electronic structures, playing a major role
in the nucleation process of ZIFs for example, there is still the need to
develop advanced many-body techniques and to apply techniques such as
tensor-networks to new chemical systems. For this to be successful, a strong
synergy between various communities is necessary, namely fundamental
many-body physicists, chemists, and the experimental community.
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ABSTRACT: Heterogenization of RuL3 complexes on a support with proper
anchor points provides a route toward design of green catalysts. In this paper,
Ru(II) polypyridyl complexes are investigated with the aim to unravel the
influence on the photocatalytic properties of varying nitrogen content in the
ligands and of embedding the complex in a triazine-based covalent organic
framework. To provide fundamental insight into the electronic mechanisms
underlying this behavior, a computational study is performed. Both the
ground and excited state properties of isolated and anchored ruthenium
complexes are theoretically investigated by means of density functional theory
and time-dependent density functional theory. Varying the ligands among
2,2′-bipyridine, 2,2′-bipyrimidine, and 2,2′-bipyrazine allows us to tune to a certain extent the optical gaps and the metal to
ligand charge transfer excitations. Heterogenization of the complex within a CTF support has a significant effect on the nature
and energy of the electronic transitions. The allowed transitions are significantly red-shifted toward the near IR region and
involve transitions from states localized on the CTF toward ligands attached to the ruthenium. The study shows how variations
in ligands and anchoring on proper supports allows us to increase the range of wavelengths that may be exploited for
photocatalysis.

1. INTRODUCTION

Catalysis is of paramount relevance to many chemical reactions
that could not occur within a reasonable time otherwise, thus
disrupting either their industrial use1 or biological function-
ality.2 In the case of photocatalysis, the activation is effected by
visible photons. This enables the synthesis of chemical
products exploiting an easily available source of energy in
mild reaction conditions, as often even the light emitted by a
household bulb can be enough. Furthermore, control of the
light exposure allows photocatalysis to be fine-tuned and even
stopped at will, creating the ability to obtain a high degree of
chemoselectivity.3,4 However, in the attempt to design new
green catalytic routes, there is a high interest in developing
recyclable and reusable heterogeneous photocatalytic sys-
tems.5−8 One way to achieve this goal is the anchoring of
homogeneous complexes with photocatalytic properties on a
heterogeneous stable support. This procedure is applicable in
case the photocatalytic properties of the pristine complex are
retained or improved in the heterogenized system. To this end,
a deep knowledge is required of both electronic and excited

state properties of the pristine homogeneous and anchored
complex within the support. Such investigation is presented in
this paper for Ru(II)L3 complexes, which are commonly
applied visible light photocatalysts consisting of a Ru2+ ion that
is octahedrally chelated by three bidentate polypyridyl ligands
as shown in Figure 1, parts a and b. Herein the electronic
properties of such isolated and anchored ruthenium poly-
pyridyl complexes onto a stable heterogeneous support are
investigated.
Complexes of the type Ru(2,2′-bipyrdine)32+ are among the

most interesting photoredox catalyzers. They show no catalytic
properties in their ground state, but when exposed to light,
their excited electronic states are able to oxidize or reduce
substrate molecules through single-electron transfer (SET)
processes.10 They have proven their usefulness allowing very
different reactions such as carbon dioxide reduction,11,12 solar
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cells development,13,14 water splitting,15−17 as well as Diels−
Alder cycloadditions,18,19 and can be used as a photo-
sensitizer,20 thus spanning both inorganic and organic
reactions and acting as either reducing or oxidizing
agents.3,21−25

The two possible relaxation mechanisms of the excited states
of the Ru(II) cation are schematically shown in Scheme 1,
which sketches the orbital occupancy of the frontier electron
states of the ruthenium complex. The t2g and eg states originate
from the octahedrally surrounded Ru(II) cation, while orbitals
from the ligands are situated in between. In the ground state,
depicted on the left, only the t2g states are filled and ruthenium
is in the Ru(II) state. By absorption of a photon in the visible
region a singlet → singlet metal-to-ligand charge transfer
(MLCT) excitation occurs, leaving an electron hole in the
metal states. As such, the oxidation number of ruthenium
increases by one. The singlet excited state can quickly convert
to a lower-energy triplet excited state via nonradiative means.
This mechanism is called intersystem crossing (ISC). In a
recent theoretical study the decay from the singlet to triplet
states was shown to occur with a time constant of 26 ± 3 fs,
which was in very good agreement with experimental data. To
this end a newly implemented combination of linear response
time-dependent density functional theory (TD-DFT) with

surface-hopping including arbitrary couplings (SHARC) was
employed for the first time to model the relaxation dynamics of
Ru(bipyridine)3

2+ after light irradiation with explicit non-
adiabatic and spin−orbit couplings.26 The resulting excited
state, shown in the red box in Scheme 1, is long-lived, as the
decay to the singlet ground state is spin-forbidden.
The photoexcited state can then relax either by reduction of

an organic substrate, maintaining an oxidized Ru(III) cation
(upper arrow in Scheme 1), or by reduction of the complex via
transfer of an electron from the substrate to the now vacant t2g
orbital of the Ru(III) cation, which then reverts to Ru(II)
(lower arrow in Scheme 1).
The triplet excited state of Ru(2,2′-bipyridine)32+ may thus

be engaged in an electron transfer process, but it may also be
involved in a process called triplet−triplet energy transfer
(TTET), in which the decay from the excited Ru(2,2′-
bipyridine)3

2+ from its triplet to ground state involves the
excitation of another molecule from its ground singlet state to
its lowest triplet state. This mechanism requires the excitation
of both the catalyst and substrate to a spin-triplet state and has
been the subject of both theoretical27 and application-oriented
investigations.28 The Ru(2,2′-bipyridine)32+ has been exploited
in a number of C−C making and breaking transformations,
such as trans/cis stilbene isomerization,29 anthracene dimeri-

Figure 1. (a): Schematic representation of the isolated Ru(bipy)3
2+ complex. (b): Polypyridyl ligands: cis-2,2′-bipyridine (bipy), 2,2′-bipyrimidine

(bipm), and cis-2,2′-bipyrazine (bipz) considered in this study. (c) Part of the CTF synthesized in ref 9 and used as computational model here, in
black. The anchored RuL2

2+ fragment inside one pore is shown in red.
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zation,30 cycloadditions,31 and trifluoromethylations of styrene
substrates32 via the TTET mechanism.
Herein we investigate the photocatalytic properties of

Ru(II)L3 type complexes, where the ligands may either be
cis-2,2′-bipyridine (bipy), 2,2′-bipyrimidine (bipm), or cis-2,2′-
bipyrazine (bipz) as schematically shown in Figure 1b.
Complexes with a varying number of nitrogen containing
aromatic rings have been synthesized both in the litera-
ture33−35 and in this work. In the first instance, we investigate
to what extent the nitrogen content affects the photocatalytic
properties. Second, the impact of heterogenizing the Ru(II)L3
complexes on covalent triazine frameworks (CTFs) (see Figure
1c), which are a subclass of the broader family of covalent
organic frameworks (COFs), are assessed.36 Unfunctionalized
COFs have been explored within catalysis to some
extent,6,37−39 but additional functionalization of the materials
with metal complexes may open additional perspectives for
their usage within catalysis by merging some of the most
important features of both the organic, i.e., stability, and the
inorganic, i.e., catalytic properties, worlds.
CTFs are potentially interesting supports since they are

chemically and thermally stable.40−46 Furthermore, they are
much lighter than most other porous supports and contain no
toxic or environmentally unfriendly elements. These porous
2D materials are made by ionothermal trimerization of
aromatic nitriles and when fabricated with bidentate nitrogen
containing ligandssimilar to the chelating ligands in the
ruthenium homogeneous complexthey may serve as ideal
anchoring materials for the latter complexes.47 The first reports
on COFs containing (bi)pyridine have appeared recently,
showing great promise for applications in catalysis and gas
sorption.9,48−54 In a similar way, this has already been applied
for metal organic frameworks (MOFs),55 where photocatalytic
complexes were successfully anchored to both linkers56,57 and

nodes.58 However, MOFs are in general less stable, making it
interesting to explore other heterogeneous supports.59−61

To optimize the photocatalytic system, a thorough under-
standing of the ground- and excited-state properties of the
tethered RuL3

2+ complexes is mandatory.62 Ground state
properties of the heterogeneous system have been studied in
detail in our previous work,63 whereas in this work, we focus
on the calculation of excited states. The investigation of the
distribution of most singlet states can be performed
experimentally by UV−vis absorption spectroscopy. Contrarily,
triplet states are more difficult to characterize without a
computational investigation due to electronic selection rules
preventing singlet → triplet excitations to achieve a significant
oscillator strength, i.e., probability of occurrence. In order to
understand how the CTF support impacts the photocatalytic
properties of the ruthenium complexes, a stepwise computa-
tional analysis is adopted. The ground- and excited-state
electronic properties of both the isolated ruthenium complexes
and the anchored systems are investigated by means of density
functional theory (DFT) and time-dependent density func-
tional theory (TD-DFT).
To this end, we embed RuL2

2+ (represented in red in Figure
1c) into an extensive CTF structure model (represented in
black in Figure 1c).9 This CTF organic scaffold contains
bipyridine groups belonging to the CTF exposed inside the
pores, which are suitable to act as linkers for the ruthenium
complex, thus giving rise to a RuL2

2+@CTF compound. The
results are analyzed to obtain insight into the electronic charge
rearrangement and optical gap tuning induced by the ligands.
For the isolated ruthenium complexes, we are able to compare
and validate the calculated optical properties with exper-
imentally measured UV−vis absorption data. However,
specifically investigating the excitations of COFs by means of
UV−vis absorption spectroscopy is cumbersome as these

Scheme 1. Photoactivation of an Octahedral Ruthenium Complex from the Ground State (Left Black Box) to an Excited State
(Red Box) under the Influence of Visible Light, Exciting an Electron toward a State Localized on the Ligands, followed by
ISCa

aThe excited state relaxes by reduction (upper arrow) or oxidation (lower arrow) of the substrate. Schematic adapted from ref 3. Copyright 2013
American Chemical Society.
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compounds often absorb light in a wide wavelength region, in
part due their high flexibility. In addition, photoemission
spectroscopy may yield results difficult to interpret without
some theoretical understanding. In this light the current
computational approach gives new insights into the excited
state properties of the RuL2

2+@CTF system, which in turn
affect its photocatalytic properties. While TD-DFT calculations
have been performed on COFs before,64 to our knowledge this
is one of the first applications on a COF model to which a
photoactive complex has been anchored.

2. COMPUTATIONAL DETAILS
All calculations were performed with the Gaussian 16
software.65 Ground state information was extracted at the
DFT level. Excited states were investigated adopting the TD-
DFT scheme,66 within the linear-response approach due to
Casida.67

2.1. Assessment of the Level of Theory for the
Ground States. Four different exchange-correlation func-
tionals coming from different rungs on Jacob’s ladder68 were
tested on isolated RuL3

2+ complexes to compare their relaxed
structures: the generalized gradient approximation PBE,69

hybrid B3LYP,70,71 long-range corrected CAM-B3LYP,72 and
metahybrid M06.73 All computed internal normal modes of the
relaxed structures show positive frequencies, ensuring that the
optimized geometries represent minima of the ground state
potential energy surface.
The average differences in bond lengths calculated with the

various functionals and basis sets are below the 0.05 Å
threshold. The optimized structures for Ru(bipy)3

2+ are
included in section S4 of the Supporting Information. All
levels of theory employed here predict a positive partial
Hirshfeld charge on the Ru(II) cations, with differences
between the same complexes of about 0.02 |e|, with e the
electron charge (see Table S1 of the Supporting Information).
2.2. Assessment of the Level of Theory for the

Excited States. The vertical excitation spectra from the
ground state geometry of Ru(bipy)3

2+, obtained by TD-
DFT,67,74 are shown in Figure 2. Theoretical calculations were
carried out both in the gas phase, i.e., without solvent, and with
water and acetonitrile solvents modeled with the polarizable
continuum method (PCM) to take into account the effect of
the environment on the excitation energies.75 The simulated
UV−vis absorption spectra at the TD-DFT level of theory are
compared with the experimental optical profiles for Ru-
(bipy)3

2+ complexes in water76 and acetonitrile solvents. The
latter experimental data were generated within the framework
of this work (vide infra for details on the experimental part). A
side note is warranted on how to compare the theoretical and
experimental data. The TD-DFT energy of the first allowed
transition is an approximation of the optical gap, which is
defined by a neutral excitation and as the difference between
the energies of the lowest dipole-allowed excited state and the
ground state.77 As it accounts for the electron−hole
recombination energy or exciton binding energy, the optical
gap is systematically lower than the fundamental gap,78 defined
by a charged excitation and as the difference between the first
ionization potential and the first electron affinity.77 From UV−
vis absorption measurements, optical gaps can be extrapolated
as the energy of the first divergence of the spectrum from its
baseline.
The spectrum calculated with the M06 functional yields the

best agreement with experimental data with respect to those

computed with PBE, B3LYP, and CAM-B3LYP (see Figure S1
of the Supporting Information) in terms of both shapes and
positions of the bands, and no further rescaling of energies nor
of wavelengthsas often employed for similar comparisons
when pseudopotentials are used to simulate core electrons in
metal atomswere necessary.79 As expected,80,81 TD PBE
spectra obtained by using a semilocal functional without
Hartree−Fock exchange necessitated significant blueshifts to
match the experimental data. Contrarily, TD CAM-B3LYP
spectra required a significant redshift, in agreement with earlier
studies on compounds ranging from metal−organic frame-
works (MOFs)82 to noble metal nanoclusters.80 TD B3LYP
spectra are rather similar to TD M06 spectra in frequencies,
but the agreement regarding the shape of the absorption bands
is better when using the M06 functional. As the M06/
LanL2DZ level of theory correctly reproduces the optical
features of the studied complexes, we have consistently used
this level of theory unless otherwise stated. Errors between the
various tested functionals are always smaller than 20 nm (see
Figure S1 of the Supporting Information). We used the
LanL2DZ83 basis as it has been shown that the choice of basis
set has a minimal influence on excitation energies, oscillator
strengths, and assignments for transition metal complexes.84

Tests with the Def2TZVPP basis set reveal a difference for the
energy of the strongest transition of only 11 nm. Overall, M06
performs particularly well in systematic reviews of both organic
and inorganic molecules,85,86 yielding accurate transition
energies.
Our conclusions are in agreement with ref87 in which several

functionals were tested for a few ruthenium complexes,
including Ru(bipy)3

2+. Besides the excitation energies, for
which hybrid functionals and their range-separated and meta
counterparts are the most accurate, Atkins et al. focused on the
energy gaps between excited states, which tend to be best
described by the pure generalized gradient approximation
exchange-correlation functionals.87 Since we are in this work
interested in excitation energies, this confirms our choice for
the M06 functional.

Figure 2. Experimental UV−vis absorption (top, Word et al.76 and
this paper) and TD M06 spectra (bottom) of Ru(bipy)3

2+. Vertical
excitations for the in vacuo TD M06 spectrum are reported as orange
spikes. Computed spectra have been smoothed using Gaussian
functions of half-width at half-height of 0.333 eV (default value of
Gaussview). The computed spectra have not been rescaled nor
shifted.
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The overall shape of the spectrum is due to the many
transitions from the singlet ground state to singlet excited
states (S0 → Sn ; n = 1, ...), which are spin-allowed. The effect
of the solvent seems very modest, both from an experimental
and a computational point of view. In addition, the effect of
PCM with respect to the calculation in vacuo (dashed red line
in Figure 2) is negligible for the first strong absorption band
centered at about ∼450 nm (∼2.75 eV) and is rather small for
the second peak located between 300 and 200 nm, i.e., in the
UV region, with discrepancies smaller than 10 nm.
2.3. Optimization of the Ru(II)@CTF Models. To

investigate the influence of embedding the ruthenium
complexes within a CTF support, a Ru(II)@CTF model was
constructed as schematically shown in Figure 1c. A CTF
composed of triazine nodes interlinked with bipy linkers was
considered. The bipy residues embedded into the CTF can
naturally act as ligands for the ruthenium complexes, together
with two other ligands that remain exposed inside the pore of
the CTF.
The investigated model consists of two full CTF pores to

minimize “edge effects” due to the sudden truncation of our
cluster model (see Figure 1c). The cluster was terminated by
completing the coordination of carbon atoms with hydrogen
atoms. During the geometry optimization, the structures were
allowed to relax freely and they converged to approximately
planar structures, with small differences due to the different
types of ligands.
Because the models including the COFs are very large (10

triazine and 34 pyridine rings, see Figure 1c), geometry
optimizations of the models including the COFs were carried

out with a step-by-step approach. First, the COFs were
optimized using a small basis set (e.g., LanL1DZ). Second, the
system was reoptimized with the addition of the Ru(II) cation
and the two other ligands at the same level of theory. Finally,
the total system was reoptimized at the M06/LanL2DZ level of
theory within Gaussian 16 standard convergence criteria.

3. EXPERIMENTAL DETAILS

The UV−Vis absorption spectrum was collected using a
Shimadzu UV1800 UV−vis spectrometer. The sample was
prepared by dissolving 1 mg of Ru(bipy)3(PF6)2 (Sigma-
Aldrich) in 1.5 mL acetonitrile (Sigma-Aldrich, used without
further purification). The solution was filtered through a 0.45
μm Whatman syringe filter and placed in a 1 cm × 1 cm
cuvette. Further dilution of the sample was performed to
obtain the desired absorbance range.

4. RESULTS AND DISCUSSION

4.1. Ground State Properties of Isolated Complexes.
The three ligands investigated here all maintain a largely planar
geometry when coordinating with a Ru(II) cation; the dihedral
angles linking the two aromatic subunits are less than 1.5°.
However, they contain a different number of nitrogen atoms (2
in bipy and 4 in bipm and bipz as shown in Figure 1b).
Frontier orbitals of the ruthenium complexes may be sensitive
to the nitrogen content of the ligands and their different
aromaticity. In Figure 3, the HOMO and LUMO of
Ru(bipm)3

2+ are displayed, showing a general trend for this
class of complexes. The HOMO, which is a nonbonding (n)

Figure 3. Isosurfaces of the HOMO−3, HOMO, and LUMO of the Ru(bipm)3
2+ compound (complex g in Figure 4). Calculation carried out at the

M06/LanL2DZ level of theory.

Figure 4. Ten RuL3
2+ complexes investigated here. (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1; (c) L = bipy × 2, bipm × 1; (d) L = bipy × 1, bipz

× 1, bipm × 1; (e) L = bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h) L = bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2;
(j) L = bipz × 3.
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orbital, is mainly localized on the central Ru(II) cation, thus
largely coinciding with a t2g orbital, whereas the LUMO, which
is a π* orbital, is localized on the ligands. In addition, also the
HOMO−3 orbital is visualized as it is the first occupied orbital
below the HOMO, which is mainly localized on the ligands. In
contrast, the HOMO−1 and HOMO−2 orbitals are mainly of
the t2g type (see Figure S2 of the Supporting Information).
It is now interesting to investigate to what extent the

nitrogen content in the ligands affects their orbital energies.
Various complexes were considered as schematically shown in
Figure 4. For each of these complexes the energies of the
HOMO, LUMO, and HOMO−3 in terms of the number of
nitrogen atoms are plotted in Figure 5. The energies of both
frontier orbitals decrease by ∼1 eV by going from the
Ru(bipy)3

2+ complex, containing only 6 nitrogen atoms (black
circles), to complexes with only bipz and bipm ligands (red,
pink, yellow, and orange circles), which contain 12 nitrogen
atoms instead. The simultaneous decrease in energy for both
types of orbitals results in a rather flat profile by about 0.2 eV
for the HOMO−LUMO gaps. Nevertheless, a small minimum
at N = 8 atoms can be discerned, a recurring feature in many
energy gap profiles of these complexes as will be shown later.
While the HOMO−LUMO gap seems largely unaffected by

the ligands, the energy gap between orbitals mainly localized
on the ligands shows a different behavior. The contribution of
the nitrogen atoms is small in the HOMO−3 orbital, as can be
seen in the expansion in atomic contributions of the wave
function (Table S2 in Supporting Information). As a result, the
energy of the HOMO−3 is only slightly affected by the
increase in number of nitrogen atoms from 6 to 12 (Figure 5
bottom left panel). Then, as expected, the energy gap between
the LUMO and HOMO−3, which is indicative for ligand−

ligand transitions, decreases with the number of nitrogen
atoms in the complexes, as shown in the bottom right panel of
Figure 4. These conclusions are in agreement with our
previous work on the ground state properties of RuL3

2+.62

Thus, the energy difference between the HOMO−3 and
LUMO can be considered as a sort of effective “ligand gap”,
i.e., an energy gap between states mainly localized on the
organic rings. Even if this gap shows significant internal
variations for a fixed number of nitrogen atoms in the complex,
it seems to be more clearly dependent on the nitrogen content
than the HOMO−LUMO gap, as it spans a full 1 eV range
(see Figure 5, right panels).
Further clarification for the previous findings can be found

by inspecting the electronic density of states (eDoS) for
Ru(bipy)3

2+ (see Figure 6). It confirms that the major
contributions of ruthenium around the band gap are found
on the HOMO, HOMO−1, and HOMO−2.
Such an analysis was also performed for the different

complexes having a varying degree of nitrogen content. The
eDoSs are superimposed in the left pane of Figure 7, showing
that the nitrogen content actually affects all the eigenvalues of
the systems. With an increasing number of nitrogen atoms in
the ligands we observe decreasing energies; i.e., the distribution
is shifted to the left side of the plot, as indicated by the colored
arrow. The contributions of the eDoS originating from
ruthenium, while mainly localized on the HOMOs and on
virtual states which are about 5 eV higher in energy than the
LUMOs (see Figure 6), are still affected by the number of
nitrogen atoms in the complexes, as shown in the right pane of
Figure 7.
The organic ligands investigated here are all heteroaromatic

compounds and the degree of aromaticity might play a role to

Figure 5. Energies of LUMOs (top left panel), HOMOs and HOMOs-3 (bottom left panel). Energy differences between HOMOs and LUMOs
(top right panel) and HOMOs-3 and LUMOs (bottom right panel). The ten RuL3

2+ complexes are (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1;
(c) L = bipy × 2, bipm × 1; (d) L = bipy × 1, bipz × 1, bipm × 1; (e) L = bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h) L
= bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2; and (j) L = bipz × 3. Calculation carried out at the M06/LanL2DZ level of theory.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b05216
J. Phys. Chem. A 2019, 123, 6854−6867

6859



elucidate the observed trends for the energy levels in terms of
the nitrogen content. Aromaticity is usually considered as a
particular stabilization of the occupied states localized on
aromatic rings with respect to the virtual states. This property
can be quantified using a number of different scales and
indexes. Herein we used the aromaticity index of Bird,88,89

which is based on the resonance stabilization energy. The latter
property is smaller for pyrimidine (40.6 kcal/mol) and
pyrazine (40.9 kcal/mol) than for pyridine (43.3 kcal/
mol).88 This fact can be qualitatively understood in terms of
electron content because adding more nitrogen atoms, with
additional electron pairs that do not participate in delocalized
π orbitals, decreases the overall stabilization. We notice that
the energy difference between the HOMO−3 and LUMO has
some correlation with Bird’s aromatic stabilization energy, as
shown in Figure S3 of the Supporting Information. However,
we have not found any clear correlation between the HOMO−
LUMO gap and the aromaticity index of Bird.88,89 This is
reasonable since this gap is strongly affected by ruthenium,

which is not taken into account by this aromaticity descriptor.
We also investigated the correlation with some other
aromaticity indices. More information can be found in section
S2.1 and Figure S4 of the Supporting Information.
In order to effectively catalyze redox reactions, ruthenium

has to possess a net charge. The partial charges obtained with
both the Hirshfeld and Mulliken partition schemes of the ten
complexes are reported in Table S3 of the Supporting
Information. As can be seen, the Ru(II) cation is consistently
positive, but a correlation with the number of nitrogen atoms
or aromatic descriptors is not evident, because the differences
are rather small, being of the order of 0.02 |e|. As expected, the
Hirshfeld charges are in absolute values smaller than the
Mulliken charges.90

In conclusion from the ground state properties of the
isolated Ru(L)3

2+, it is observed that the HOMO−LUMO
gapapproximately describing the MLCTremains nearly
unaffected by the number of nitrogen atoms, whereas the
HOMO−3-LUMO gapapproximately describing the li-
gand−ligand gapis reduced for a higher number of nitrogen
atoms.

4.2. Excited States Properties of Isolated Complexes.
The photoredox and charge-transfer properties are strongly
affected by the optical properties of the complexes, in
particular by their absorption and emission of UV−vis
radiation. First, we discuss the singlet and triplet excitations
in the visible-light range which are mainly of the MLCT type,
as stated before. Afterward, we focus on the triplet metal-
centered states. The triplet excitations are spin-forbidden but
play an important role in TTET. The energy of the first spin-
allowed transition, i.e., the energy of the first singlet state (S1),
approximates the optical gap, as discussed previously. From
our TD-DFT calculations we determine how it changes with
the nitrogen content of the complexes. The results are shown
in the upper panel of Figure 8.
The complex showing the lowest S1 energy contains eight

nitrogen atoms and is composed of two bipy ligands and one
bipz (blue dot, complex b), whereas the complex with the
highest energy is Ru(bipz)3

2+ (red dot, complex j), with a
difference of about 0.4 eV. A similar distribution of values,

Figure 6. eDoS of Ru(bipy)3
2+ complex, with contributions due to the

Ru(II) cation and the N atoms colored in red and blue, respectively.
Calculation carried out at the M06/LanL2DZ level of theory. The
zero is set at the calculated ionization energy.

Figure 7. Total eDoS (left) and contribution localized on ruthenium (right) of the ten complexes investigated here, sorted by color according to
the number of N atoms in the ligands (N = 6, 8, 10, and 12). The eDoS are superimposed. Calculations have been carried out at the M06/
LanL2DZ level of theory.
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albeit with different magnitudes, can be observed for the most
intense transitions of the visible spectra, occurring between 3
and 2.7 eV, at ∼430 nm as can be seen in Figure S5 of the
Supporting Information. All excitation energies and their
corresponding oscillator strengths are given in Table S4 of the
Supporting Information.
Although the experimental absorption spectrum is mainly

due to vertical excitations, adhering to the Franck−Condon
principle, we also examined to which extent the geometries of
the excited MLCT S1 and S2 states change when we optimize
them. These states correspond to adiabatic, i.e., nonvertical,
excitations and may be observed in fluorescence measure-
ments. We find that their relaxed excited-state geometries are
very similar to those of their respective ground states (see
Figure S6 (left pane) Supporting Information). Moreover, the
overall effect of geometry optimization on the excitation
energies is a shift toward lower values, which is rather constant,
i.e., between 0.43 and 0.66 eV for the ten RuL3

2+ complexes
(Table S4 and S5 of the Supporting Information). For
Ru(bipy)3

2+ the S1 energy for the relaxed geometry becomes
2.00 eV (compared with 2.45 eV when the geometry of the
excited state is not optimized), corresponding to a wavelength
of 618.7 nm. This is in good agreement with a fluorescence
emission occurring at 615 nm.91,92

Nested between the S0 → Sn transitions, there are spin-
forbidden MLCT transitions to triplet states (Tn), whose
contributions to the absorption spectra are negligible.
However, these Tn states play a role in TTET and can still
be encountered during nonradiative processes and decays

which require a relaxation of the geometry. They therefore
have to be taken into account to describe the electronic
structures of complexes with emerging catalytic properties.93,94

The adiabatic transition energies of the first triplet states
closely follow the trend of the S1 ones (Figure 8, bottom
panel), albeit with a smaller overall variation (∼0.3 eV instead
of 0.4 eV) and at lower energies. However, they still pinpoint
Ru(bipy)2(bipz)

2+ as the complex with the smallest transition
energy (N = 8). As expected, the distributions of T1 and S1
excitation energies versus the number of nitrogen atoms also
follow a pattern very similar to that of the HOMO−LUMO
gaps (see Figure 5).
Transitions toward T1, T2, and T3 states are all of the MLCT

type. In the case of the Ru(bipy)3
2+, Ru(bipz)3

2+, and
Ru(bipm)3

2+ complexes, i.e., those with three equal ligands,
the corresponding vertical transitions are basically degenerate
as the energy difference is below the 0.02 eV threshold. This
degeneracy is removed when a ligand is substituted with one of
a different type, as shown in Figure S7 of the Supporting
Information for the case of Ru(bipy)3

2+. By a subsequent
exchange of ligands, the T1−T2−T3 energy separation
increases from less than 0.02 eV to more than 0.2 eV. In
addition, the triplet transitions whose degeneracy is broken by
passing from RuL3

2+ to a Ru(L)2L′2+ complex (with L and L′
two different ligands), do not involve charge transfer to both L′
and L, but to only one ligand, either L′ or L.63
At energies higher than the triplet MLCT states, triplet

states centered on ruthenium can be found, which are called
metal-centered states (3MC).95 These states are found at ∼3.3
eV in the vertical excitations, which qualitatively agrees with
what has been observed for the ground state eDoS (see Figure
7), showing contributions due to Ru(II) cations at energies
higher than 3 eV above the LUMO.
While singlet and triplet MLCT states have a relaxed

geometry close to that of the ground state, relaxed 3MC states
show more significant distortions: there is a loss of coplanarity
between the two rings of the ligands, with dihedral angles
between the two aromatic subunits of more than 7° (see Figure
S6 (right pane) of the Supporting Information). This suggests
that intersections with nearby excited states may occur,
potentially leading to ISC phenomena.
Even if these triplet states are centered on the metal, they

involve an increase in the positive Hirshfeld partial charge on
the Ru(II) ion with respect to the ground state, as shown in
Figure S8 of the Supporting Information. This can be
explained as 3MC states are thought to be predissociation
states,91,96−98 thus leaving a higher excess positive charge on
the Ru(II) cation. While this latter increment is small in
absolute value, in cases with a high content of nitrogen atoms,
it represents an increase of about 40% in the overall positive
charge on the cation, potentially changing the energetics of
intermediate and transition states during catalytic processes
going via the TTET mechanism.

4.3. Ground State Properties of Complexes Embed-
ded into a COF. In second instance we investigate how the
electronic properties of the ruthenium complexes are affected
by embedding them into a CTF support. The CTF is
composed of triazine nodes interlinked with bipy linkers and
the bipy residues embedded into the CTF can naturally act as
ligands for the ruthenium complexes. The fact that the ligand
embedded into the CTF is bipy has also the effect of reducing
the number of possible ligand combinations in the RuL2

2+@

Figure 8. Vertical TD-M06 energies of the S1 states (upper panel)
and of the optimized T1 states (lower panel). The ten RuL3

2+

complexes are (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1; (c) L
= bipy × 2, bipm × 1; (d) L = bipy × 1, bipz × 1, bipm × 1; (e) L =
bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h)
L = bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2; and (j) L = bipz
× 3 according to the nomclature introduced in Figure 4. Calculation
carried out at the M06/LanL2DZ level of theory.
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CTF complex with respect to the isolated complexes from 10
to 6, i.e., complexes a−f in Figure 4.
We observe some significant electronic changes with respect

to the isolated ruthenium complexes discussed before. In
particular, occupied framework states are found between the
states localized on the metal and on the ligands, as
schematically shown in Scheme 2. This conclusion is in
agreement with previous ground state calculations of RuL2

2+@
CTF.63 According to the molecular orbital composition, the
occupied t2g and virtual eg d orbitals of the Ru(II) cation
remain separated in energy by ∼6 eV for the Ru(bipy)2

2+@
CTF, which is close to the energy separation observed in the
eDOS of the isolated complex (see Figure 6). However, in the
Ru@CTF system, there are occupied framework states
between the occupied orbitals of ruthenium and the virtual
orbitals on the ligands, lowering the HOMO−LUMO gaps
substantially by about 2.5−2.8 eV compared to the isolated
complexes.
Furthermore, we also investigate the influence of the

nitrogen content on the electronic states of the system. The
nitrogen content has a clear influence on the electronic states
of the system, as schematically shown in the right pane of

Scheme 2. An increased nitrogen content from 6 to 10 atoms
reduces the energy of t2g and eg orbitals by about 1 eV with
respect to Ru(bipy)2

2+@CTF, the shift for Ru(bipm)2
2+@CTF

is somewhat smaller, i.e. 0.6 eV. Instead the energy of the
framework orbitals (∼8.3 eV) is rather unaffected. The virtual
orbitals of the ligands are decreasing with about 0.5 eV, thus
bringing the energy gap between HOMO and LUMO to values
of the order of 0.6−0.8 eV for nitrogen rich compounds such
as Ru(bipz)2

2+@CTF, Ru(bipm)2
2+@CTF, and Ru-

(bipzbipm)2+@CTF. The exact numerical values for the
HOMO−LUMO gaps of the CTF-embedded complexes are
reported in Table S6 of the Supporting Information.

4.4. Excited States Properties of Complexes Embed-
ded into a COF. In CTF-embedded complexes, we notice
that the orbital character of the first allowed TD M06
excitation, i.e., the first excitation with nonvanishing oscillator
strength, is no longer mainly of the MLCT type as was the case
for isolated complexes. Instead, we observe a charge transfer
from states localized on the organic framework toward states
localized on the complex, as shown in Figure 9. The target
orbital is mainly localized on the bipyridine ligand of the CTF
and only marginally on the ligands exposed inside the pore.

Scheme 2. Schematic Representation of Orbital Energies for the Ground State of Ru(bipy)2
2+@CTF (Left Pane) and

Ru(L)2
2+@CTF with 10 Nitrogen Atoms (Right Pane), Indicating the Proposed Change of Orbital Energies Due to an Increase

of Nitrogen Content from 6 to 10 Atoms in the Ligandsa

aThe energy levels in the right pane correspond to Ru(bipz)2
2+@CTF and Ru(bipzbipm)2+@CTF. Calculations are at the M06 level of theory.

Figure 9. Orbitals involved in the first allowed transition in Ru(bipy)2
2+@CTF complex. Calculation carried out at the M06/LanL2DZ level of

theory.
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These orbitals are the LUMOs in case of Ru(bipy)2
2+@CTF. It

may be possible that if the pore ligands should have a higher
nitrogen content, the target orbital would be situated on them
instead, as ground state calculations on similar periodic
systems suggest.63

The first allowed transition in RuL2
2+@CTF is thus of the

crystal to crystal charge transfer (CCCT) or crystal to ligand
charge transfer (CLCT) type. In the work of De Vos et al.,
where periodic ground state electronic structures were
performed on the ruthenium complexes in CTF frameworks,
it was indeed suggested that excitations of the highest occupied
crystal orbital to the linkers or ligands attached to the
ruthenium ion might be interesting, but it could not be
deduced whether those states would be realistic as they are
spatially relatively far separated. Here we find based on excited
state calculations that these transitions are indeed realistic as
they have a nonvanishing oscillator strength. A list of all
excitation energies and their corresponding oscillator strengths
is given in Table S7 in the Supporting Information.
Changing the nitrogen content of the ligands connected to

ruthenium and pointing into the pores of the material, induces
a significant drop in the vertical excitation energy of the most
intense transition, with values as low as 1.6 eV for an increasing
number of nitrogen atoms in the ligands around ruthenium
(see Figure 10). So, while in isolated complexes the excitation

energy of the strongest transition is in the UV/blue visible
region, the gap falls into the orange-near-infrared (NIR) region
when the complex is included into the CTF (see Figure 11).
Furthermore, it has to be emphasized that this effect is specific
to this metal complex@CTF adduct, as the optical gap of the

CTF model alone (i.e., without any anchored ruthenium
complex) is ∼3.32 eV, which is close to the near-UV range of
energies instead.
While in isolated complexes the change of the excitation

energy of the strongest transition with the number of nitrogen
atoms of the ligands was small and nonmonotonous, a clear
decrease of the excitation energy with the nitrogen content is
observed in the embedded complexes (see Figure 10). This is
due to the fact that the HOMO is no longer localized on the
ruthenium but on the CTF, whereas the target virtual orbital is
mainly localized on the ligands of the ruthenium complex.
These results show that the hybrid RuL2

2+@CTF system
offers an extra degree of versatility in tuning the electronic
response of the photocatalyst. By tuning the nitrogen content
of the anchoring linkers pointing into the pore of the RuL2

2+@
CTF system, the optical gap can be reduced by about 0.5 eV
and the direction of the charge transfer can be designed. A
schematic representation of the excitation energies correspond-
ing to the strongest transition in both isolated, embedded
ruthenium complex and isolated CTF is shown in Figure 11
together with an indication on how these excitations would be
influenced by the nitrogen content.
As it is known that TD-DFT might fail to correctly

reproduce charge-transfer excitations,99 it is important to
corroborate the above interpretation with ground state
considerations. We notice here that the predicted TD M06
optical gaps shown in Figure 10 are in qualitative agreement
with those of the occupied framework orbitals/virtual ligand
orbitals described in Scheme 2 calculated with ground state
M06 calculations. Furthermore, the trend with the nitrogen
content is similar. Moreover, to further assess the reliability of
the previous M06 ground state considerations, we have
employed the range-separated CAM-B3LYP exchange correla-
tion functional (which is often considered better suited to
describe charge-transfer phenomena100) to compute Kohn−
Sham gaps in the isolated and CTF-embedded complexes. In
this case, the gap between the occupied framework orbitals and
virtual ligand orbitals calculated at the CAM-B3LYP level of
theory is about 1.9−1.7 eV smaller than the HOMO−LUMO
gap in isolated complexes, which is in qualitative agreement
with the aforementioned M06 results. With CAM-B3LYP,
however, all the absolute energies are significantly blueshifted.
This seems reasonable, as range-separated hybrid functionals
are outperformed by global hybrid functionals for n → π*
transitions.64 To further investigate the nature of this
transition, we have used the Mulliken averaged configuration
(MAC) index of Ciofini and co-workers that is able to spot
ghost states which appear by significantly underestimating the
energy.101 This diagnostic index, which discerns unrealistic
charge transfer produced by the limitations of the level of
theory, is a generalization of the Mulliken estimation of

Figure 10. Change of the strongest excitation energy with the number
of N atoms in the ligands around the Ru(II) cation in RuL2

2+@CTF.
The six RuL2

2+@CTF complexes are (a) L = bipy × 2; (b) L = bipy ×
1, bipz × 1; (c) L = bipy × 1, bipm × 1; (d) L = bipz × 1, bipm × 1;
(e) L = bipm × 2; (f) L = bipz × 2. Calculation carried out at the
M06/LanL2DZ level of theory.

Figure 11. Schematic representation of the strongest singlet excitation energies of the isolated and embedded complexes. The lowest excitation
energy for the isolated complex is found for Ru(bipy)2bipz at ∼2.7 eV. For the embedded complexes the excitation energy decreases for an
increasing number of nitrogen atoms. The energy of the first transition with nonzero oscillator strength of the empty CTF is also indicated.
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transition energy for charge transfer excitations. With it we
were able to confirm the charge transfer character of the
transition; it is not a ghost state as the transition energy is
larger than the MAC index. From this, we are ensured that our
TD-DFT results are reliable.

5. CONCLUSIONS

In this work, we have investigated how polypyridyl ligands,
characterized by a varying nitrogen content and aromaticity,
can affect the photocatalytic properties of ruthenium-based
complexes of the type RuL3

2+ in both the ground and the
excited states. As those complexes can be exploited either as
oxidant or reductant agents in photochemical reactions, this
overall insight into their energetics allows a choice for the most
appropriate compound for the specific task at hand. Studying
triplet states with computational approaches is necessary to
optimize catalytic conditions for reactions going through
triplet−triplet energy transfer (TTET), since investigating
nonsinglet states by means of UV−vis absorption is often
unpractical.
In second instance, we studied how the heterogenization of

the ruthenium complexes on a CTF support consisting of
bipyridine ligands affects the electronic ground and excited
state properties of the RuL2

2+@CFT system.
For the isolated RuL3

2+, an increase in the number of
nitrogen atoms in the ligands redshifts the overall energetics of
the compound, albeit without significantly altering the
HOMO−LUMO gap. The energy gaps between linker−linker
states, on the other hand, are significantly affected by both
aromaticity and nitrogen content of the ligands. Singlet metal-
to-ligand charge transfer (MLCT) excitations are found
between 2.2 and 2.6 eV for complexes within varying nitrogen
content. They are only slightly affected by changing the
ligands. Triplet metal-to-ligand charge transfer (MLCT)
excitations are situated in the 1.5−1.8 eV range and can to a
certain extent be tuned for a range of applications that require
specific activation energies. One particular complex, Ru-
(bipy)2(bipz)

2+, shows a redshift of both singlet and 3MLCT
triplet excited states, making it an interesting candidate for
processes induced by visible light. Changes induced in higher-
energy triplet metal-centered (MC) states moreover deplete
the electronic density around the Ru(II) cation, increasing its
positive charge and, thus, its oxidant power.
For the complex embedded into a bipyridine-composed

CTF, we observe a significant redshift of the allowed
excitations to energies bordering the near IR region of the
spectrum. This allows harvesting these lower energies to
promote charge-transfer excitations. For example, near-infrared
photocatalysis102,103 could greatly benefit from the nanoporous
environment and thus make better use of the near-infrared
solar irradiation (making up 44% of solar irradiation spectrum)
to reduce the ruthenium active site. Furthermore, the first
allowed transition occurs from orbitals localized on the
framework toward orbitals mainly localized on the ruthenium
complex.
Overall, this investigation indicates how optoelectronic

properties of ruthenium complexes can be changed and,
possibly, tuned by the ligands and heterogenization within a
CTF environment. Furthermore, this means that, potentially, a
larger spectrum of radiation can be harvested to activate the
complex. In the future, this kind of investigation could also be
extended to other nitrogen containing aromatic ligands and

transition metals, e.g., iridium, to further develop these
promising platforms for heterogeneous photocatalysis.
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Structural and Photophysical Properties of Various
Polypyridyl Ligands: A Combined Experimental and
Computational Study
Liesbeth De Bruecker,[a] Jonas Everaert,[b] Pascal Van Der Voort,[c] Christian V. Stevens,[b]

Michel Waroquier,[a] and Veronique Van Speybroeck*[a]

Covalent triazine frameworks (CTFs) with polypyridyl ligands are
very promising supports to anchor photocatalytic complexes.
Herein, we investigate the photophysical properties of a series
of ligands which vary by the extent of the aromatic system, the
nitrogen content and their topologies to aid in selecting
interesting building blocks for CTFs. Interestingly, some linkers
have a rotational degree of freedom, allowing both a trans and
cis structure, where only the latter allows anchoring. Therefore,
the influence of the dihedral angle on the UV-Vis spectrum is
studied. The photophysical properties are investigated by a
combined computational and experimental study. Theoretically,
both static and molecular dynamics simulations are performed

to deduce ground- and excited state properties based on
density functional theory (DFT) and time-dependent DFT. The
position of the main absorption peak shifts towards higher
wavelengths for an increased size of the π-system and a higher
π-electron deficiency. We found that the position of the main
absorption peak among the different ligands studied in this
work can amount to 271 nm; which has a significant impact on
the photophysical properties of the ligands. This broad range of
shifts allows modulation of the electronic structure by varying
the ligands and may help in a rational design of efficient
photocatalysts.

1. Introduction

One of the major challenges of today’s society is how to
provide materials and chemicals in a more sustainable and
energy efficient way. Still today most of our energy resources
originate from fossil fuels.[3] Sunlight is an abundantly available
energy source and may provide sustainable opportunities for
activating chemical reactions based on
photocatalysis.[6,70,94,41,84,69,47,75] However, most of the currently
used active photocatalytic homogeneous catalysts[69,61] neces-
sitate an environmentally unfriendly cycle to remove the
catalyst from the products. In this respect, it is important to
develop recyclable and reusable heterogeneous photocatalysts,
which can be achieved by anchoring the photocatalytic
complexes on a porous framework. The step to remove the

catalyst can be avoided in this way and, as such, heterogeneous
photocatalysis can serve as an environmentally cleaner
alternative.[76,71,85,88]

Covalent organic frameworks (COFs) and covalent triazine
frameworks (CTFs) are a relatively new class of materials with a
large potential to be used as support materials for heteroge-
neous catalysis due to their high surface area[21] and tunability
because of the availability of various building blocks.[53]

Compared to other supports which have been explored for
anchoring photocatalytic complexes such as metal organic
frameworks,[35,38] they are more stable.[54,37,96] Interestingly, they
also display (photo)catalytic activity in their pristine form[91,78,5]

without even anchoring an active complex, and in this sense it
is important to understand the electronic properties of the
various building blocks of the CTF framework. A special branch
of COFs and CTFs are those that contain polypyridyl ligands
(Figure 1), as they allow for a stable secured anchoring of active
complexes to the solid support.[90,58] In principle, a large variety
of ligands can be used, creating a versatile platform to engineer
supports for anchoring various active complexes. For the CTF-
type materials, several N-heterocyclic systems have been
synthesized, including (bi)pyridine,[65,40,39,66,82,44,4,68,32] luditine[39]

and pyrimidine[39] systems. We recently studied the anchoring
of a Ru2+, octahedrally chelated by three bidentate polypyridyl
ligands, on a biphenyl-based CTF where some of the biphenyl
linkers are replaced with polypyridyl ones.[58,90] Furthermore, the
anchoring of Ir(I) on a CTF containing bipyridine has been
shown to be very promising for C� H borylation[82] and the post-
metalated hexaazatrinaphthylene based CTF with a Cu(OAc)2
complex can be utilized as an efficient heterogeneous catalyst

[a] L. De Bruecker, Prof. M. Waroquier, Prof. V. Van Speybroeck
Center for Molecular Modeling (CMM), Ghent University, Technologiepark
46, 9052 Zwijnaarde, Belgium
E-mail: Veronique.VanSpeybroeck@UGent.be

[b] J. Everaert, Prof. C. V. Stevens
Research Group SynBioC, Department of Green Chemistry and Technology,
Faculty of Bioscience Engineering, Ghent University, Coupure Links 653,
9000 Ghent, Belgium

[c] Prof. P. Van Der Voort
Center for Ordered Materials, Organometallics and Catalysis (COMOC),
Department of Inorganic and Physical Chemistry, Ghent University,
Krijgslaan 281 (S3), 9000 Gent, Belgium
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.202000592

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution Non-
Commercial NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemPhysChem
Articles
doi.org/10.1002/cphc.202000592

2489ChemPhysChem 2020, 21, 2489–2505 © 2020 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 12.11.2020

2022 / 182244 [S. 2489/2505] 1

 14397641, 2020, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202000592 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [28/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

for the Henry reaction.[83] A review on this topic can be found in
Ref. [81].

Driven by this application oriented goal, we ought it
necessary to perform an in-depth investigation of the funda-
mental structural and photophysical properties of a series of
polypyridyl ligands, which can eventually be used in a CTF
scaffold. The considered nitrogen containing ligands are shown

in Figure 2. The box indicates the linkers which are experimen-
tally characterized in this work. Note that most of the linkers are
terminated by cyano groups to mimic the experimental
conditions in which a CTF is synthesized by trimerization of
linkers terminated by such groups as shown in Figure 1.[40] To
make a proper comparison with literature data we also
examined the pristine pyridine and bipyridine linker, which are

Figure 1. Synthesis of CTFs via cyclic trimerization of aromatic polypyridyls.

Figure 2. Polypyridyl ligands studied in this work: (1): pyridine (2): pyridine-3-carbonitrile (nicotinonitrile) (3): 2,2’-bipyridine (4): 2,2’-bipyridine-5,5’-
dicarbonitrile (5): 5,5’-bis(4-cyanophenyl)-2,2’-bipyridine (6): 5,5’-bis(4-cyanophenyl)-2,2’-bipyridine (7): [2,2’-biquinoline]-6,6’-dicarbonitrile (8): [3,3’-biisoquino-
line]-7,7’-dicarbonitrile (9): 3,3’-dimethyl-[2,2’-biquinoline]-6,6’-dicarbonitrile (10): 8,8’-di-tert-butyl-3,3’-dimethyl-[2,2’-biquinoline]-6,6’-dicarbonitrile (11): 3,3’-
diamino-[2,2’-biquinoline]-6,6’-dicarbonitrile (12): phenantroline-5,5’-dicarbonitrile (13): quinoline-2,6-dicarbonitrile. The box indicates the linkers which are
experimentally characterized in this work.
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terminated by hydrogen atoms. For the bipyridine linker, we
also investigated the influence of the termination group, which
is the reason why we also included linker (5) terminated with
triazine groups. We performed a combined theoretical and
experimental study. Ligands (4), (6) and (13) were synthesized
and together with ligands (1)–(3), their photophysical properties
were characterized by means of UV-Vis spectroscopy. From a
theoretical point of view, the structural and photophysical
properties of all ligands were studied using both static and
molecular dynamics (MD) based density functional theory (DFT)
methods. We especially focused on the possible occurrence of
both cis- and trans conformers, where the nitrogen atoms are
either on the same or on opposite sides of two pyridine rings.
The trans structure is energetically the most stable, but for
anchoring of metal containing complexes the cis structure is
preferred.[16,22,46] Furthermore we studied the influence of the
dihedral angle on the UV-Vis spectrum calculated by means of
time-dependent density functional theory (TDDFT) and per-
formed a fundamental analysis of the most important electronic
excitations. This theoretical study provides insight in the
characterization of the excited states of the linkers and can in
this way complement the experimental results. Earlier work
showed that within a COF scaffold, the principle of orthogonal
electronic structure engineering is valid, i. e., the overall
electronic structure can be tuned by independently varying the
constituents.[90] This has been shown for the catalytic complex,
but also extends to the combined complex-CTF catalyst. In this
sense, a detailed insight is provided into how the electronic
structure can be modulated by varying the ligands. Overall this
study should give a guidance to design nitrogen containing
CTFs and more in particular how the specific linker topology
influences the optical properties.

Computational details
In this work, the theoretical approach is based on both static and
molecular dynamics simulations. All static calculations were
performed with the Gaussian 16 software.[24] Geometrical optimiza-
tions and rotational scans were calculated using density functional
theory (DFT). We checked that all computed internal normal modes
of the optimized structures show positive frequencies, ensuring
that the geometries represent minima of the ground state potential
energy surface. Excited states were investigated adopting the time-
dependent density functional theory (TDDFT) scheme,[72] within the
linear-response approach as developed by Casida.[14] Electronic
excitations are characterized by both the energies and oscillator
strengths,[2] which correspond to peak positions and intensities of
the transitions respectively. We convoluted the simulated spectra
with a Gaussian envelope with a half-width at half height of 0.1 eV
to simulate the Franck-Condon width of spectra. Solvent effects
have been taken into account in the static and TDDFT calculations
using a polarizable continuum model (PCM).[87] For the pyridine
molecule, expressed by ligand (1), different functionals and basis
sets have already been tested in literature,[23,64] revealing that
B3LYP/6-31+G* yields good results. In all our calculations, we used
the larger 6–31+ +G** basis set. In accordance with what has
been reported in literature, there is still a discrepancy between
theory and experiment. No DFT level of theory is able to predict a
correct state ordering of the low-energy excited states of pyridine,
as observed in experiment.[8,92,30] Besides, we have used several

functionals coming from different rungs on Jacob’s ladder[67] to test
their performance in reproducing the structural properties of ligand
(4): PBE[1] and BLYP[50,57] based on Generalized Gradient Approxima-
tion (GGA), B3LYP[7,51] as hybrid functional, the long-range corrected
CAM-B3LYP,[95] ωB97X-D,[15] LC-ωHPBE,[34] and the metahybrid
M06[98] and TPSSh.[77,86] These functionals will also be used to
compute the electronic excitations of bipyridine. Furthermore, we
also studied the dependence on the choice of basis set for the
calculation of the excited states.

The ab initio molecular dynamics (MD) simulations have been
carried out with the CP2K software package (CP2K 3.0)[89] at the
BLYP level of theory. The time step for integrating the equations of
motion was set at 0.5 fs and the simulations were performed in the
NVT ensemble at a temperature of 300 K. Grimme D3 dispersion
corrections were included.[31]

Explicit information about the experimental details can be found in
the Supporting Information.

2. Results and Discussion

We start with analyzing the experimental UV-Vis spectra of
linkers (1)–(4) and (6) and explore the influence of extending
the π-system and increasing the π-electron deficiency. After this
we proceed with a computational study. As all linkers shown in
Figure 2 are composed of one or more pyridine rings, we first
investigate the ground and excited state properties of a
pyridine molecule alone (ligand (1)), before exploring the more
complex linkers. By comparing linkers (1) and (2), we examine
the effect of adding a cyano group. Subsequently, we
investigate the structural properties of linkers (3)–(8) which
possess an additional rotational degree of freedom around the
central axis. Biphenyl, being the most simple poly-cyclic
aromatic hydrocarbon with this internal rotation, has been
extensively studied in literature.[26,29,80] As the lone electron pairs
of the nitrogen atoms will have a significant effect on the
rotational profile of the energy, we preferred to take ligand (4)
as study case for a thorough analysis as this compound is more
representative for the polypyridyl linkers (3)–(10). At the same
time, the influence of the internal rotation on the photophysical
properties is investigated.

Complementary to a static approach, the sensitivity of the
UV-Vis spectra to structural deformations has also been ex-
plored via a series of molecular dynamics (MD) calculations. This
multi-step procedure has been introduced earlier by some of
us.[36,20] Finally, we investigate the UV-Vis spectra of the other
ligands which contain a varying amount of nitrogen atoms and
which show different topologies of the aromatic rings in order
to select the most promising structure for the construction of
CTF scaffolds.

2.1. Experimental UV-Vis Spectra

The experimental spectra of linkers (1)–(4) and (6) are shown in
Figure 3 along with the energies of the main absorption peaks.
Two effects are studied. First, we analyze the influence of
extending the π-system, which is achieved when more aromatic
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rings are added. Therefore, we compare linkers (1) and (3) on
the one hand, and linkers (4) and (6) on the other hand. In both
cases, the experiment predicts a shift towards larger wave-
lengths of 30 and 22 nm, respectively. This is indicated with
green arrows in Figure 4. The experimental values are shown
along with the computational results between parentheses,
which will be discussed in Sections 3.2 and 3.4. The system is π-
electron deficient due to the presence of nitrogen atoms as
their free electron pairs are not part of the aromatic system and
as a result, the linker will accept electrons more easily. There-
fore, we also investigate the effect of increasing the π-electron
deficiency. This can be done by adding electron-withdrawing
groups such as the cyano group, CN� . Its influence can be
quantified by comparing the spectra of linkers (1) and (3) with
those of linkers (2) and (4) respectively. In both cases, we
observe a shift towards larger wavelengths: 13 nm and 20 nm,
respectively, as shown in light blue in Figure 4. These shifts are
in agreement with Ref. [90], in which it has been shown that
the band gap decreases when the nitrogen content of the CTF

increases. Finally, by comparing linkers (2) and (4), we study the
combined effect of increasing the size of the π-system and π-
electron deficiency. We observe a large shift of 37 nm towards
larger wavelengths. This is indicated in dark blue in Figure 4.
The computational results will be discussed later.

3.2. Ground State and Excited State Properties of Pyridine
and Nicotinonitrile

We will now proceed with the theoretical study. We start with
pyridine as the smallest species of the N-hetero-aromatic family
(ligand (1)) and which is regarded as reference system to tackle
the more complex linkers. Several experimental studies[92,30,8] are
devoted to pyridine and due to its small size and C2v symmetry
very accurate methods can be used to investigate this system
computationally.[92,62,11,93,74,73,43,13,23] An extended benchmark
study of the excitation energies in the pyridine ring has been
done by Egidi et al..[23] This computational study uses a large set

Figure 3. Experimental UV-Vis spectra of ligands (1)–(4) and (6) in acetonitrile as solvent. The energies of the main absorption peaks are indicated.

Figure 4. Influence of extending the π-system and increasing the π-electron deficiency of the linkers on the position of the main absorption peak. Shifts are
given in nm. We report experimental results along with the computational findings between parentheses. The computational results are obtained at the
B3LYP/6-31+ +G** level of theory with acetonitrile as solvent and are discussed in Sections 3.2 and 3.4.
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of multi-reference, coupled cluster singles and doubles (CCSD),
and DFT methods. Contrary to the wave function based
methodologies, TDDFT fails to reproduce the excited state
ordering as observed in experiment,[92,30,8] for all tested func-
tionals (B3LYP, CAM-B3LYP and M06-2X). The same failure of
TDDFT has also been noticed for biphenyl.[26] It was found that
PBE1PBE calculations significantly underestimated the excita-
tion energy of the 11B1 state because the dynamical and non-
dynamical correlations are not considered appropriately. In-
deed, it is known that TDDFT sometimes underestimates the
energy differences of low-lying excited states of conjugated
systems with several degenerate states such as porphyrines and
fullerenes.[25,27,28]

In the following, we focus on the first three singlet
excitations in pyridine, resulting from B3LYP/6-31+ +G**
calculations. As the ground state is a singlet, only singlet
excitations can have a non-zero oscillator strength. This is due
to the spin selection rule, which states that no change in the
spin quantum number can occur.[33] This rule is strongly obeyed
and can only be relaxed by effects that make the spin a poor
quantum number like spin-orbit coupling. The molecular
orbitals (MOs) involved in the first three singlet transitions are
shown in Figure 5. The three highest occupied MOs (HOMO,
HOMO-1, and HOMO-2) are displayed on the left in descending
order and the unoccupied orbitals (LUMO and LUMO+1) are
displayed on the right. As their ordering can easily be switched
by changing the level of theory or by extending the π-system,
we therefore prefer to specify the levels with their true nature,

being n, πAQ or πQ. The HOMO is a non-bonding orbital, n,
whereas all others are π-orbitals, of which two quinoid (Q) and
two antiquinoid (AQ) structures. This nomenclature is borrowed
from the Jahn-Teller distorted benzene radical anion.[18] Placing
an electron in a pQ* orbital causes a shortening of the lateral
bonds, while placing it in a pAQ* orbital results in an elongation
of those bonds. The transition with the lowest excitation energy
involves an electron transfer from the n-orbital to pQ* and is
indicated with a blue arrow in Figure 5. For the second
transition, presented in black, an n! pAQ* excitation takes
place. This transition is dark, i. e., the oscillator strength, f,=0.
The third transition, indicated in green, is the brightest one
with f=0.0382 and corresponds to the highest peak in the UV-
Vis spectrum. It has two contributions, namely pAQ ! pAQ* and
pQ ! pQ* . In the case when the transition has multiple non-
negligible contributions, the strongest components are taken
up in the figure accompanied by their corresponding amplitude
in square brackets. It implies that the 229 nm peak mainly
consists of a strong pQ ! pQ* transition with an amplitude of
0.64 and a less significant pAQ ! pAQ* transition with an
amplitude of 0.29. This mix of local transitions in the dominant
excitation peak is also reported by Egidi et al.[23] The darkness of
the second transition at 234 nm can be explained based on
symmetry rules. As shown in the Supporting Information, the
symmetry of the excited state must equal the symmetry of one
of the components of the dipole moment operator. Pyridine
belongs to the C2v symmetry point group and the orbitals
shown in Figure 5 have B1, A2, A1, B1, and A2 symmetry in order

Figure 5. Visualization of the important orbitals of pyridine (1) along with their symmetry labels. The arrows indicate the most dominant contributions of the
first three singlet excitations, characterized by the excitation energy in nm, oscillator strength, f, between brackets, and amplitude in square brackets if more
contributions are reported for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-2 in descending
order. The unoccupied MOs in the right represent respectively the LUMO+1 and LUMO. This labeling is conform the binding energies taken up in Table S1.
The transition with the lowest excitation energy is indicated with a blue arrow, the dark transition is presented in black and the brightest transition is
indicated in green. Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.
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of ascending energy. The dipole moment operator components
have the B1, B2, and A1 symmetries.[33] Therefore, the second
transition is forbidden as the product of A1 and A2 is A2.
Relaxation of this rule is possible by vibronic coupling, which
we will not study in this paper.

The binding energies of some relevant MOs are reported for
the series of ligands (1)–(6) in Table S1 of the Supporting
Information. The nature of these orbitals is also given, and it is
indicated how the binding energy of these orbitals with a certain
nature changes in terms of the specific structure of the ligands.
We can now easily investigate the effect of adding a cyano group
and thus increasing the π-electron deficiency of the system, by
comparing the UV-Vis spectra of ligands (1) and (2). The
isosurfaces of the orbitals involved in the most dominant
contributions of the first three singlet excitations of linker (2) are
shown in Figure 6 and can be compared to those of linker (1)
shown in Figure 5. We notice that the n-orbital is now lower in
energy than πQ, although the difference is very small (see
Table S1), and that it is no longer figuring as HOMO. Furthermore,
the orbitals of pQ* and pAQ* are rotated clockwise over one atom
when CN� is added. Based on the nature of the orbitals, we notice
that the characteristics of the first three excitations of ligand (2)
are the same as in pyridine. The only difference is the smaller
contribution of the main absorption peak at 240 nm, but the
largest contribution is identical. Furthermore, the second peak at
246 nm is not dark, in contrary to what has been observed in
pyridine. This is because the symmetry group is reduced, namely
from C2v to Cs, and therefore there are no symmetry forbidden
transitions. Indeed, in the Cs symmetry group, the dipole moment
operator components have A‘ and A“ symmetry, and thus every
transition is electric-dipole allowed.

The theoretical and experimental UV-Vis spectra of linkers
(1) and (2) are shown in Figure 7. Although there is a significant

shift between theory and experiment, which has also been
observed in Ref. [23], the calculations confirm the experimen-
tally observed shift towards higher wavelengths when CN� is
added. The calculated shift is 11 nm for the bright excited state,
which is in excellent agreement with the experimental shift of
13 nm as shown in Figure 4.

Our calculations on these reference systems show that the
addition of a cyano group results in a shift of the main
absorption peak towards larger wavelengths and confirm our
experimental results.

Figure 6. Visualization of the important orbitals of linker (2). The arrows indicate the most dominant contributions of the first three singlet excitations,
characterized by the excitation energy in nm, oscillator strength, f, between parentheses, and amplitude in square brackets if more contributions are reported
for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-2 in descending order. The unoccupied MOs in
the right represent respectively the LUMO+1 and LUMO. This labeling is conform the binding energies taken up in Table S1. The transition with the lowest
excitation energy is indicated with a blue arrow, the dark transition is presented in black and the brightest transition is indicated in green. Calculations carried
out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.

Figure 7. Theoretical (full lines) and experimental (dashed lines) UV-Vis
absorbance spectra of ligands (1) and (2). Calculations carried out at the
B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.
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3.3. Structural Properties of Polypyridyl Ligands

After analyzing the photophysical properties of the reference
systems (1) and (2), we study several polypyridyl ligands which
are promising for the construction of CTF scaffolds as shown in
Figure 1. Before we investigate the excited state properties, we
perform an in-depth analysis of the structure of the ligands
exhibiting a rotational degree of freedom around the central
bond, i. e., linkers (3)–(8). This rotation is characterized by the
dihedral angle shown in Figure 8. In order to perform a
rotational scan, we start with an optimized cis conformer, after
which we vary the dihedral angle with a step size of 10°. At
every step, the structure is fully optimized except for the frozen
dihedral. A schematic representation of the rotational profile,
relative to the trans configuration, is shown in Figure 9. Two
minima are observed as the ligands have two (meta)stable
conformers, namely trans and cis. In the trans conformation,
characterized by a dihedral angle of 180°, the nitrogen atoms
are at opposite sides of the bond between the two pyridine
rings, while in cis the nitrogen atoms are at the same side of
the bond, corresponding to a dihedral angle ϕcis. The conforma-
tional equilibrium is determined by conjugation of the two
p� systems, steric hindrance by the hydrogen atoms and
electrostatic interactions.[29,45] The trans conformer is predicted
to be lower in energy than the cis conformer. The reason for
this is that the repulsive interaction between the lone-pair

electrons of the nitrogen atoms is smaller than the attractive
interactions between a nitrogen and a hydrogen atom situated
on different rings.

Now we focus on linker (4), for which we discuss the
rotational profile in detail and test the performance of various
levels of theory. The trans conformer is the most stable
structure, both in the gas phase as with acetonitrile as solvent.
This is in agreement with literature data found for bipyridine
where it has been reported that the trans conformer is also
present in organic solvents and in basic or very strong acidic
environment.[60] Furthermore, results of X-ray analysis indicate
that the molecule has a trans configuration in the crystalline
state.[55] The trans configuration is found to be planar in our
theoretical calculation, which is in agreement with Ref. [55].
However, dipole moment measurements in organic solvents
and in basic solutions indicate a non-planar trans configuration,
with a dihedral angle of 20°.[17] This discrepancy has been
studied before. As the non-planarity was not due to the lack of
electron correlation during the optimization,[63] it has been
shown that the solvent-solute interactions lie on the basis for
this deviation. However, we observe a planar trans conforma-
tion in our static calculations in which solvent is included using
PCM.

On the other hand, the cis form has not yet been observed
in its isolated form. Only in some specific environments it
appears that the cis conformation indeed exists and even
prevails. So are metal-chelate compounds[22,46,16] and mono-
cation structures of bipyridine favoring the cis-form.[60,19] Also
compounds forming an adduct with typical Lewis acceptors
such as SbCl3, AsCl3, BiCl3

[52,12,9] or embedded in phosphinic
centers[10] appear as stable structures with the bipyridine in a cis
conformation. The cis structure is not planar, which is caused by
the steric hindering between the extended non-bonding
orbitals of the nitrogen atoms. However, when embedded in a
transition metal complex, the linker is planar.[58] The large
difference in the permanent dipole moment between the cis
and trans conformers means that not only chelating and
protonation effects, but that also pure electrostatic interactions
contribute to the stabilization of the cis structure.

Figure 8. Schematic representation of the dihedral angle ϕ in a polypyridyl
ligand.

Figure 9. Schematic representation of the torsional potential energy curve for the relaxed ground state, both in the gas phase and in solvent. The two (meta)
stable conformers are indicated.
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We now examine the dependence of ϕcis on the selected
DFT method. This structural parameter may vary in a relatively
wide window (30°� 43°) as shown in Table 1. The long-range
corrected functionals, CAM-B3LYP, wB97X� D and LC-ωHPBE,
yield significant larger ϕcis values compared to the other
functionals. Furthermore, it is not surprising that the dihedral
angle is strongly correlated with the energy difference between
the trans and cis structures, Ecis, and with the barrier Etrans!cis,
which has to be overcome to go from the trans to the cis
configuration (Figure 9). These energies are also tabulated in
Table 1. Values of Ecis are not varying much with the choice of
functional. Larger deviations are observed for the barrier
Etrans!cis and obviously for Ecis!trans ¼ Etrans!cis � Ecis too, i. e., the
barrier which has to be overcome to go from the cis to trans
structure. The smallest barriers are noticed for the long-range
corrected functionals. Other structural parameters of the
geometry of the trans structure of ligand (4) are tabulated in
Table S2 of the Supporting Information. Only results for B3LYP
and M06 are shown as the other functionals are inferior for the
description of the excited states as will be shown in Section 3.4.
Both for organic and inorganic molecules, M06 performs
particularly well.[42,49] We may generally conclude that the
influence of the level of theory on the geometrical parameters
of the trans configuration is negligibly small.

The influence of solvent on the energetics is large as can be
seen in Figure 9 and Table 1. The results reported in Table 1 are
obtained with acetonitrile, which has a relative permittivity of
er ¼37.5. The barrier Etrans!cis decreases with at least 10 kJ/mol,
resulting in an increase of the probability of finding the ligand
in the cis conformation. This is in agreement with the findings
of Ref. [45] where the authors report an increase of the dipole
moment when er increases. The larger dipole moment is
attributed to a higher population of the dipolar cis structure.

To support these findings, we performed a series of
molecular dynamics (MD) simulations at 300 K and checked if a
transition from the trans to cis structure or vice versa takes
place. In Figure 10, the histograms are shown for the dihedral
angles encountered in the MD simulations from the trans to cis
conformer (left) and vice versa (right). When starting in the
trans conformer, we do not observe any transition after 53 ps.
In the inset of the left pane of Figure 10, it is shown that the
peak of the trans conformer is situated at 175° instead of at
180° as we would expect from the geometry optimizations. This
confirms the non-planar trans configuration with a dihedral
angle of 20° observed in experiments.[17] When starting from
the cis conformer, we see a transition to the trans conformer
after 48 ps. After this, the linker remains in the trans conformer
and no transition back to the cis structure has been observed

Table 1. ϕcis, Ecis, Etrans!cis , and Ecis!trans for ligand (4), both with and without acetonitrile as solvent. Energies are given in kJ/mol and angles in °. Calculations
carried out at the B3LYP/6-31+ +G** level of theory.

Functional Without solvent With solvent
ϕcis Ecis Etrans!cis Ecis!trans ϕcis Ecis Etrans!cis Ecis!trans

PBE 32.6 28.31 37.16 8.85 29.7 14.48 27.13 12.65
BLYP 34.0 27.71 35.25 7.54 30.8 13.85 25.23 11.38
B3LYP 35.7 28.69 35.58 6.89 32.4 14.33 25.14 10.81
M06 34.7 28.67 37.32 8.65 31.8 14.49 27.05 12.56
TPSSh 33.0 29.18 37.49 8.31 29.9 14.95 27.18 12.23
CAM-B3LYP 39.5 28.92 33.92 5.00 36.1 14.04 22.69 8.65
ωB97X-D 40.9 27.48 33.31 5.83 38.1 12.81 21.05 8.24
LC-ωHPBE 42.5 27.76 33.92 6.16 39.2 13.02 20.63 7.61

Figure 10. Histogram of the dihedral angle for the MD simulations starting from the trans conformer (left) and cis conformer (right) of linker (4). In the left
pane, we zoomed in on the range between 160° and 190°. Calculations carried out at the BLYP level of theory.
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after 100 ps. These results are expected, considering the rather
high values for Ecis and Etrans!cis reported in Table 1. The MD
calculations were performed at the BLYP level of theory and in
gas phase, however, the overall qualitative picture is expected
to remain unaltered when solvent is taken into account.

Next, we study the influence of various terminations of the
bipyridine linker on the energy profile, inspired by the synthesis
conditions of the CTF scaffold. The results are shown in Table 2.
Therefore we examine linkers (3)–(5) with H, CN–, and triazine as
termination group respectively. Compared to the pristine
bipyridine linker, Ecis and Etrans!cis are slightly increased for a
cyano- or triazine group termination. In addition, ϕcis is larger.
Bipyridine (linker (3)) has been studied extensively in literature
and we find a good correspondence between our values and
literature data (see Table S3). Table 2 also reports Ecis, ϕcis,
Etrans!cis, and Ecis!trans for the other ligands with a rotational
degree of freedom and we do not observe large differences
between them. We mention the presence of an extra rotational
degree of freedom of linker (6), i. e., the rotation between the
pyridine and benzene ring. However, this angle changes with
less than 2° when a rotational scan is performed for ϕ, the
dihedral angle between the two pyridine rings.

3.4. Excited State Properties of Polypyridyl Ligands

3.4.1. Influence of Level of Theory on Excited State Properties

After studying the ground state properties, we investigate the
electronic excitation spectra. First of all, we study the influence
of the chosen functional on the UV-Vis spectrum of the trans

conformer of linker (4). The resulting calculated spectra are
compared with experiment in Figure 11. As expected, the lack
of including Hartree-Fock exchange in PBE results in a spectrum
which needs a significant blue-shift to match the experimental
data.[56,59] Contrarily, the long-range corrected functionals,
shown in red, require a large red-shift, which is in agreement
with earlier studies on compounds ranging from MOFs[36] to
noble metal nanoclusters.[59] The best correspondence between
theory and experiment is found for B3LYP and M06, for which
the excitation energies of the two absorption peaks are
indicated in Figure 11 along with the experimental values. Also
the dependence on the choice of the basis set has been studied
(see Figure S10): the UV-Vis spectrum varies only slightly. As no
reference data has been found in literature for linker (4), we
compare the calculated spectrum of the extensively studied
linker (3) with experimental and computational literature data
in order to test the chosen level of theory. Table S4 of the
Supporting Information shows the structural parameters of the
trans conformer of linker (3) from literature data and our
calculations. In Table 3, the energies for the visible absorption
peaks for the trans conformer of linker (3) are reported.
Experimental studies reveal two absorption bands at 279 and
232 nm.[60] In Ref. [79] an overview is given of other exper-
imental results. The gas phase UV-Vis spectrum has been
calculated at the PBE1PBE/6-31+G** level of theory in Ref. [48],
in which two intense transitions at 265 and 227 nm are
observed. We conclude that B3LYP and M06 perform equally
well and in the remainder of this paper we will systematically
employ B3LYP as functional. Remark that those calculations
were performed in the gas phase in contrast to the previous
simulations in order to be comparable with the literature.

Table 2. ϕcis, Ecis, Etrans!cis , and Ecis!trans for linkers (3)–(8). Energies are given in kJ/mol and angles in °. Calculations carried out at the B3LYP/6-31+ +G** level
of theory and with acetonitrile as solvent.

Ligand ϕcis Ecis Etrans!cis Ecis!trans

34.2 11.97 20.86 8.89

32.4 14.33 25.14 10.81

33.3 13.77 24.46 10.69

32.8 13.19 24.09 10.90

34.2 14.94 24.11 9.17

36.4 14.20 25.74 11.54

Table 3. Energies of the visible absorption peaks [nm] and oscillator strength, f, between parentheses of the trans conformer of linker (3). Own calculations
and literature data, both computational and experimental, are compared. Calculations are performed in the gas phase.

Level of theory Electronic excitations

B3LYP/6-31+ +G** 272 (0.465) 233 (0.061) 209 (0.065)
M06/6-311+ +G** 273 (0.456) 233 (0.0366) 210 (0.051)
PBE1PBE/6-31+G**[98] 265 (0.485) 227 (0.057) 201 (0.080)
Experiment[83] 279 232
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Before continuing with the analysis of the UV-Vis spectrum, we
briefly discuss the influence of the solvent on the excitation
spectra. The results of linker (4) are shown in Table S5 of the
Supporting Information. When solvent is included, we observe
a shift of 5–9 nm towards larger wavelengths compared to the
gas phase results.

We now examine the UV-Vis spectrum of linker (4) in detail.
Figure 12 visualizes the orbitals involved in the most dominant
contributions of the first non-dark and two bright excitations.
They have the same character as the orbitals of ligand (2)
shown in Figure 6. The first non-dark and first bright excitation
are identical to these of linker (2) involving an n! pQ* and
pQ ! pQ* excitation, respectively. The second bright excitation
appears at a smaller wavelength (248 nm), has a much lower
oscillator strength (f=0.0837) and involves the following
transitions: pAQ ! pQ* and pQ ! pAQ* . Furthermore, we studied
the differences in geometry between the ground and relaxed
excited state structures as shown in Table S6 of the Supporting
Information. We remark that for the excited states the distance
between the two rings decreases.

3.4.2. Influence of Extending π-system and Increasing
π-electron Deficiency

The ligands in the series (1)–(6) show an increasing π-electron
deficiency by adding a cyano group, CN� , or an aromatic ring
containing nitrogen atoms as termination group as demon-
strated in Figure 4. Addition of aromatic rings to the chain
extends the π-system. The theoretical UV-Vis spectra for this
series of linkers are displayed in Figure 13. We observe that the
larger the termination group, going from linker (3) over (4) to
(5), the larger the shift of the highest peak towards longer
wavelengths. This confirms the experimental results of Section
3.1. The MOs involved in the important excitations of linker (4),
(3) and (5) are shown in Figure 12 and Figures S11 and S12 of
the Supporting Information respectively. The character of all
orbitals is identical and the contributing transitions to the first
and two bright excitations are the same. Compared to linkers
(3) and (4), the state ordering is interchanged for linker (5): for
the former, the brightest transition is the second one, whereas
it is the first for linker (5). However, we note that the excitation
energies of the first two transitions lie very close to each other
for linker (5). The energy shift of the bright excitation between
linker (3) to (4) is circa 41 nm, where a shift of 20 nm has been
observed experimentally as shown in Figure 4.

The influence of extending the π-system is best studied by
comparing linkers (1) and (3) on the one hand and (4) and (6)
on the other hand. The main absorption peak for linkers (1) and
(3) shifts 41 nm (see Figure 11), which is larger than the
experimental shift of 30 nm. A similar shift is noticed between
ligands (4) and (6) (45 nm), which again is an overestimation
with respect to experiment (shift of 22 nm).

By comparing the shifts between ligands (2) and (4), and
between (3) and (5), we can study the combined effect of an
extended π-system which is also more π-electron deficient. For
both cases, we observe a large shift of 71 and 83 nm

respectively as can be extracted from Figure 11. For complete-
ness, the orbitals involved in the main absorption peak of linker
(6) are shown in Figure S13 of the Supporting Information. The
characters of the HOMO and LUMO are identical to these of the
previously described linkers.

3.4.3. Influence of Dihedral Angle on Excited State Properties

In the previous subsections, we limited the excited state
calculations by assuming that the system is in the energetically
most favorable trans configuration corresponding with a
dihedral angle of ϕ=180°. As some polypyridyl ligands favor
the cis conformation in some specific environments, we extend
this study by investigating the influence of the dihedral angle
on the UV-Vis spectrum. As reference compound we consider
ligand (4) for which experimental data are available in the
literature. Structural properties have also been investigated
theoretically in this study and have been discussed in Section
3.3. At the B3LYP/6-31+ +G** level, a metastable cis conforma-
tion is found at ϕcis=35.7°. The UV-Vis spectrum is calculated
for each point of the rotational scan and displayed in Figure 14
for some specific values of the dihedral angle.

We start the analysis from the planar trans conformer with a
dihedral angle of 180°. The brightest transition is situated at
high wavelengths, corresponding to a low excitation energy.
When ϕ decreases, the peak shifts to smaller wavelengths and
thus the excitation energy increases. Meanwhile the conjugated
π-system decreases when the structure becomes less and less
planar as the π-interactions along the bond get weaker.
Furthermore, the oscillator strength decreases. The lowest

Figure 11. UV-Vis spectra of ligand (4) for several functionals (full lines)
together with the experimental spectrum (dashed line). The energies of the
first and second absorption peak are indicated for B3LYP, M06, and
experiment. Calculations carried out with the 6-31+ +G** basis set and with
acetonitrile as solvent.
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wavelength is observed for structures with a dihedral angle of
92°. Then the spectrum closely resembles that of linker (2) as
shown by the dotted black line. Indeed, the orbitals in the two
rings are only slightly connected and the spectrum of linker (4)

is just the sum of its components, i. e., linker (2). The dominant
absorption peak of ligand (4) comes from a pQ ! pQ*

transition, which, in this compound, corresponds with a
HOMO!LUMO excitation as demonstrated in Figure 12 for the

Figure 12. Visualization of the important orbitals of linker (4). The arrows indicate the most dominant contributions of the first non-dark and two bright
excitations, characterized by the excitation energy in nm, oscillator strength, f, between parentheses, and amplitude in square brackets if more contributions
are reported for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-5 in descending order. The
unoccupied MOs in the right represent respectively the LUMO+3 and LUMO. This labeling is conform the binding energies taken up in Table S1. The
transition with the lowest excitation energy is indicated with a blue arrow and the first and second bright transitions are represented with green and red
respectively. Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.

Figure 13. Theoretical UV-Vis spectra of ligands (1)–(6). The energies of the main absorption peak are indicated. Calculations carried out at the B3LYP/6-31+

+G** level of theory and with acetonitrile as solvent.
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trans structure. For a dihedral angle of 92°, the MOs are shown
in Figure S14 of the Supporting Information. When ϕ decreases
further, the peak shifts to larger wavelengths again. This is
accompanied by an increase of f as the conjugated p� system
increases again when the structure becomes more planar. So
the largest conjugated system has the smallest excitation
energy, which is in agreement with Ref. [80]. The observed shift
between planar and non-planar structures is 50 nm. Special
attention is devoted to the cis conformer which is shown in
orange. The orbitals involved in the most important transitions
of the cis conformer are shown in Figure S15 of the Supporting
Information and are compared to the orbitals of the trans
structure. The brightest transition of the cis conformer is shifted
13 nm towards smaller wavelengths compared to the trans
structure. Just as for the trans conformer, we compare the
geometries of the optimized ground and excited states as
shown in Table S7 of the Supporting Information. It is
interesting to note that, whereas the ground cis structure has a
dihedral angle of circa 32°, the excited states become planar.
Finally, we also note that for most values of ϕ, a second peak is
observed around 250–260 nm. However, no second peak is
found for dihedral angles around 90°. This has been observed

earlier: the presence of two bands is an indication that the
structure is not twisted, whereas only one band is visible in this
region for a large twist.[80]

As already stated above, the main absorption peak mainly
consists of a HOMO!LUMO transition for all dihedral angles.
Therefore, these observations are in agreement with the well
known fact that the HOMO-LUMO gap decreases when the
conjugated system increases as shown in Figure S16 of the
Supporting Information.

The same rotational analysis has been performed for linkers
(3), (5)–(8) and their UV-Vis spectra are taken up in Figures S17,
S18, S19, S20 and S21 respectively. All these spectra show the
same qualitative behaviour, the main absorption peak fluctu-
ates over a relatively large wavelength range up to 80 nm, but
for some linkers, the global pattern can be different at some
specific values of the dihedral angle.

We also performed some MD simulations from which
snapshots are extracted which are used as input structures for
TDDFT calculations.[20,36] The small spread in the dihedral angles
results in a broadening of the main absorption peak as shown
in Figure S22.

Figure 14. Influence of the dihedral angle on the UV-Vis spectrum of ligand (4). The experimental spectrum is indicated with a dashed line and the dotted line
represents the spectrum of linker (2). Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.
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3.4.4. Other Ligands

Finally, we extend the study by a series of linkers (7)–(13) which
might be interesting building blocks for CTF structures. Table 4
gives an overview of the energy of the main absorption peaks
along with the dihedral angle of the optimized structure. For
linkers (3)-(8), both the cis and trans conformers are studied.
Experimental values are given in the last column.

First, we compare linkers (7) and (8) with the cis conformer
of linker (4). They have similar dihedral angles, nevertheless, the
shift of the position of the main absorption peak is rather large,
i. e., 47 nm and 65 nm respectively. This is because the
conjugated π-system of linkers (7) and (8) is larger with respect

to linker (4) which results in a shift towards larger wavelengths.
However, it is remarkable that although linkers (7) and (8) have
a similar value of ϕcis and only differ in the position of the two
nitrogen atoms, their UV-Vis spectra reveal some specific
discrepancies (Figure S30 in the Supporting Information). Both
spectra exhibit three dominant peaks, but the position of the
main absorption peak at the smallest excitation energy is
shifted by 18 nm. They represent HOMO!LUMO excitations
and their MOs are shown in Figures S23 and S24 of the
Supporting Information. These orbitals are similar to those of
naphthalene as predicted by Hückel’s theory.[97] The contribu-
tion of the nitrogen atoms on the ring to the molecular orbital
coefficients are reported in Table S8. The largest contributions

Table 4. Dihedral angle [°] and energy of the main absorption peak [nm] and [eV] between brackets for all linkers. Linkers (3)-(8) have both a cis and trans
structure and Etrans, Ecis, and ϕcis are reported whereas the other linkers only have one optimized structure for which E and ϕ are given. Largest shift of the
main absorption peak with respect to pyridine amounts to 271 nm and belongs to ligand 11. In the last column the experimental results are displayed.
Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.

Linker Etrans Ecis ϕcis E ϕ Eexp

229(5.41) / 251(4.94)

240(5.17) / 264(4.70)

270(4.59) 257(4.82) 34.2 281(4.41)

311(3.99) 298(4.16) 32.4 301(4.12)

353(3.51) 338(3.67) 33.3

356(3.48) 340(3.65) 32.8 323(3.84)

377(3.29) 345(3.59) 34.2

266(4.66)

377(3.29) 363(3.42) 36.4

275(4.51)-270(4.59)

310(4.00) 112

252(4.92)

305(4.07) 106

258(4.81)

500(2.48) 158

351(3.53)
296(4.19)-285(4.35)

311(3.99) 180

289(4.29)

326(3.80) 180

301(4.12)
255(4.86)
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are indicated in green and show that both the HOMO and
LUMO of ligand (7) have a large contribution from the nitrogen
atoms, whereas only the LUMO of ligand (8) has a significant
contribution. The inclusion of nitrogen into the orbital results in
a lowering of the orbital energy due to the larger electron
negativity of nitrogen compared to carbon. For ligand (7), both
the HOMO and LUMO decrease in energy, whereas for ligand
(8), only the LUMO gets stabilized. Therefore, the HOMO-LUMO
gap is smaller for ligand (8), i. e. 3.905 eV, than for ligand (7), i. e.
4.085 eV. This explains the observed shift in the main
absorption peak for these linkers.

Second, we focus on linkers (7) and (9)–(11) which have
more or less the same ring topology but differ in the number of
side groups. The UV-Vis spectra are displayed in Figure 15. We
can explain the position of the main absorption peak by
accounting for the size of the conjugated π-system which is
correlated to the dihedral angle. We observe that the more
planar the structure is, i. e., ϕ is close to 0° or 180°, the more the
peak shifts towards larger wavelengths. Ligands (9) and (10)
show an optimized structure with a dihedral angle equal to
112° and 106° respectively, and are thus far from planar. Their
main absorption peaks are clearly positioned at lower wave-
lengths than those in ligands (7) and (11). We found in Section
3.4.3 a shift of around 50 nm between planar and dihedral
angles of 90° for linker (4). The shifts observed between linkers
(7), (9) and (10) are of the same order of magnitude. However,
for linker (11), we notice an absorption peak at 500 nm, isolated
from the peaks of the other linkers which are situated in the
range of 350 nm–200 nm. This significant shift toward larger

wavelengths cannot be explained by considering only the size
of the π-system which is correlated to the dihedral angle, but
can be explained by the presence of the electron-donating NH2

groups. Indeed, this linker has an extra occupied orbital situated
on the NH2 group, which is higher in energy than occupied
orbitals which are not situated on these groups. Therefore, we
observe an extra transition for linker (11) at very high wave-
lengths. Compared to linker (1), the main absorption peak is
shifted 271 nm towards larger wavelengths for linker (11).

Furthermore, it is also interesting to compare the cis
structure of linker (4) and linker (12) shown in Figure S31 of the
Supporting Information. As the latter has a larger conjugated π
-system, we expect the peak to be situated at larger wave-
lengths. Indeed, we observe a shift between the peaks
corresponding with a pQ ! pQ* transition of 13 nm towards
longer wavelengths. Remark that ligand (12) has a transition
with higher oscillator strength at 289 nm.

Finally we also compare linkers (2) and (13) of which the
UV-Vis spectra are shown in Figure 16. The shift of the main
absorption peak, which is a pQ ! pQ* transition for both linkers,
amounts to 86 nm. Indeed, linker (13) is more π-electron
deficient and has a larger π-system than linker (2). Furthermore,
we notice that both linkers have a stronger excitation, at
221 nm and 255 nm respectively.

This shows that the position of the main absorption peak
can be explained, and even tuned, by changing the size of the
conjugated π-system, the amount of π-electron deficiency and
by adding functional groups.

Figure 15. Theoretical UV-Vis spectra of ligands (7),(9), (10), and (11). Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as
solvent.
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For completeness, the orbitals contributing to the most
important excitations of linkers (7)-(12) are shown in Figur-
es S23, S24, S25, S26, S27, S28 and S29 of the Supporting
Information. The UV-Vis spectra are shown in Figures 15 and 16
and Figures S30 and S31 of the Supporting Information.
Furthermore, all singlet excitation energies along with the
oscillator strength are listed in Table S9 of the Supporting
Information for all linkers studied in this work.

4. Conclusions

We investigated, both experimentally and computationally, the
structural and photophysical properties of various polypyridyl
ligands which can be used to build CTFs. Therefore, we
performed TDDFT calculations at the B3LYP/6-31+ +G** level
of theory and investigated the shift of the main absorption
peak. We found that the larger the π -system and the higher its
π -electron deficiency, the more the main absorption peak shifts
to larger wavelengths. This can be achieved by adding aromatic
rings, increasing the nitrogen content, or terminating the linker
with electron withdrawing CN� groups. Furthermore, we
studied the influence of the dihedral angle, determined by the
rotation about the central C� C bond, which is characteristic for
all polypyridyl ligands under study in this work, on the UV-Vis
spectrum. We found that the main absorption peak shifts to
smaller wavelengths when the π-system decreases, which
occurs when the dihedral angle is close to 90°. Furthermore, we
showed that the position of the main absorption peak can be
further shifted to larger wavelengths by increasing the nitrogen

content of the linker. The maximum shift can amount to
271 nm with respect to pyridine, which is sufficiently large to
have a significant impact on the photophysical properties of
the polypyridyl ligands. This broad range of shifts of the main
absorption peak gives perspective in the modulation of the
electronic structure by varying the ligands. Therefore, this study
reveals how the optical properties of the CTF scaffold can be
tuned by choosing the linkers.
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ABSTRACT: The nucleation process of zeolitic imidazolate frame-
works (ZIFs) is, to date, not yet completely understood, making the
search for tailored materials very difficult. Recently, it has been shown
that, during the formation process, the symmetry of the precursors is
reduced by ligand elimination and substitution reactions. The
octahedral precursors with simple ligands, such as water, methanol,
and/or NO3

−, are transformed to five- and finally four-coordinated
complexes with imidazole ligands. This reduction of symmetry,
caused both by the changing coordination environment and
distortions from the perfect symmetry leading to another point
group, will have a large influence on the electronic structure and
more specifically on the d-orbital splitting. This, in turn, will affect the
d−d electronic excitations, which can be followed using UV−vis
spectroscopy and which can help to unravel the formation process. In this work, we systematically investigate how the lowering of
the number of ligands affects the symmetry and thus the geometry and electronic structure of Co2+ complexes with six, five, and four
aqua ligands. Therefore, we first resort to qualitative techniques, such as crystal field theory (CFT) and ligand field theory (LFT),
which reveal that the orbital splitting is characteristic for the number of ligands. However, as these techniques are not capable of
providing quantitative results without the use of experimental data as input, we perform various computational calculations. Both
average of configuration (AOC) and unrestricted density functional theory (UDFT) are thoroughly investigated, and we will
determine which technique is the best suited to properly describe the ground state of these systems. To investigate the dependency
on the d-orbital occupation, we also investigated V2+, Mn2+, and Ni2+ hexa-aqua-complexes and compared them to the Co systems.

1. INTRODUCTION
Zeolitic imidazolate frameworks (ZIFs) are a subclass of
metal−organic frameworks (MOFs) in which divalent metal
cations, mostly Fe2+, Co2+, Cu2+, or Zn2+, are tetrahedrally
coordinated by bridging imidazolate-type linkers.1−6 Since the
cation-linker-cation angle in ZIFs is similar to the Si−O−Si
angle in zeolites, they are topologically isomorphic, hence their
name.1,7−9 ZIFs are due to their chemical stability, robust
porosity, and resistance to thermal changes very promising
candidate materials for several applications. Among others, we
mention the use as catalysts or carbon dioxide caption
materials,10 molecular sieves for gas separation,11 and high-
impact shock absorbers.12 Zn-ZIF-8 is a typical model system,
consisting of tetrahedrally coordinated Zn2+ ions bridged by 2-
methylimidazolate (2-mIm).1,3,5,13−15 By replacing the Zn2+

cations with Co2+, the iso-structural Co-ZIF-67 is ob-
tained,16−19 which has a sodalite topology and Co(2-
mIm)4

2− tetrahedral secondary building units (SBUs), as
shown in Figure 1.

An in-depth understanding of the formation process of these
materials is indispensable for a targeted search for structures
with the best properties for a specific application, as this is at
the moment mainly done via high-throughput synthesis.21

Although the particle nucleation step is more or less
understood by now,22,23 the underlying molecular assembly
processes in the pre-nucleation stage have been less thoroughly
investigated and remain largely unknown. Only very recently, a
combined experimental−computational study has been con-
ducted,24 in which it is suggested that, during Co-ZIF-67
nucleation, a metal−organic pool with a variety of complexes is
formed caused by ligand elimination and substitution
reactions. This is visualized with green and blue arrows,
respectively, in Figure 2. In this way, the symmetry of the
octahedral precursors in methanol solution, [CoL6]2+, with L
simple ligands like aqua, methanol, and/or NO3

−, is lowered
by two mechanisms during the nucleation process. On the one
hand, some of the ligands are substituted with imidazole; on
the other hand, some of them are eliminated. The complex
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thus goes from [CoL6]2+, an octahedral system with six simple
ligands, over a five-coordinated system, toward Co(2-mIm)4

2−,

a tetrahedral complex with four 2-mIm ligands, which are the
building blocks of Co-ZIF-67. To fully understand this
complicated mechanism, we would like to follow the evolution
of the UV−vis spectrum, and more specifically, of the d−d
transitions, as the number of them and the intensity with which
they occur change during the course of the formation process
and can therefore serve as a fingerprint for the crystal
formation process. An excellent recent review on computa-
tional molecular spectroscopy can be found in ref 25.

In this work, we investigate six-coordinated octahedral, five-
coordinated square pyramidal (SP), five-coordinated trigonal
bipyramidal (TBP), and four-coordinated tetrahedral Co2+

complexes, as shown in Figure 2. We restrict ourselves to
aqua ligands as, in particular for hexa-aqua Co2+ complexes, we
can compare our results to previous studies. We will
concentrate on the ground-state properties as they need to
be described correctly and understood completely before an
investigation of the excited states can be started. The ground-
state properties of TMCs still pose various challenges as for
example recently shown in refs 26 and 27 for the calculation of
spin-state energetics.

As stated before, octahedral Co2+ aqua-complexes have
already been extensively studied in the literature. Structural
properties and excitation energies have been obtained from
experimental studies.28−33 Besides this, [Co(H2O)6]2+ has also
been the subject of many computational investigations as it can
serve as a model system for much more complicated Co2+

complexes, and, due to its small size, direct comparisons to
highly correlated ab initio calculations are feasible.34 A detailed
review of the ground-state properties using a wide variety of
computational methods has been given in ref 35. More recent
works also investigate the excited states but this lies outside the
scope of this work.36−39 These complexes have also already
been investigated using multireference ab initio calculations
where solvent effects have been included.40

In the present study, we will extend the computational
results by examining the electronic structure of these
complexes, and more specifically, we will focus on the
influence of symmetry on the position of the energy levels of
the d-orbitals as this is decisive for the d−d transitions. There
are two origins for the changes in symmetry. First of all, large
influences are expected when the number of ligands is changed,
resulting in various coordination environments, i.e., octahedral,

Figure 1. Crystal structure of Co-ZIF-67. Co2+ is indicated with a
circle when it is isolated and with a tetrahedron when coordinated
with the 2-mIm linkers. Figure adapted from ref 20 with permission of
Elsevier, 2015.

Figure 2. Reaction network of ligand elimination and substitution
reactions leading to fast preequilibrium formation toward a metal−
organic pool. Co2+ complexes with six, five, and four aqua ligands are
studied in this work and are indicated. Figure adapted from ref 24
with permission of Elsevier, 2021.

Table 1. Overview of the Complexes Studied in This Work, Ordered Based on Their Number of Aqua Ligandsa

aFor every system, both AOC and UDFT calculations are performed. Experimental data are available for the six-coordinated complexes.
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SP, TBP, and tetrahedral. Furthermore, additional effects will
be studied for the various point groups encountered for each
coordination environment as we will note that deviations from
the perfect symmetry are present. We will search for, and find,
stable structures which are capable of reproducing the
experimental data. Furthermore, we will explore how the
properties of these complexes change when one and two of the
aqua ligands are removed and how this reduction in symmetry
is translated in alternations of the d-orbital splitting. To
validate our results, we will make comparisons with
experimental data where possible.

The remainder of this work is organized as follows. First, we
focus on the qualitative predictions for the d-orbital splitting in
various coordination symmetries obtained from theoretical
techniques such as crystal field theory (CFT), ligand field
theory (LFT), and the angular overlap method (AOM). In the
next section, the results from density functional theory (DFT)
calculations, both average of configuration (AOC) and
unrestricted density functional theory (UDFT), are discussed.
The molecular orbitals (MOs) with large contributions from d-
orbitals will be studied in-depth and more particular, we will
concentrate on the influence of symmetry on the splitting of
these orbitals. We will determine which technique is suited to
correctly describe the ground-state properties of these
transitions metal complexes (TMCs). Besides Co2+, we will
also investigate other transition metals, V2+, Mn2+, and Ni2+,
the d-orbital splitting of which poses less challenges, as will be
explained in Section 3.6. In the final section, we conclude with
the main outcomes obtained in this study. An overview of the
systems studied in this work is given in Table 1.

2. QUALITATIVE INSIGHTS INTO THE D-ORBITAL
SPLITTING VIA CFT, LFT, AND AOM

In the past century, several theoretical models have been
introduced to describe the electronic structure of TMCs,
which are still extensively used. First, Becke and Van Vleck
applied the CFT, which already existed for the description of
metal ions in crystals, to isolated TMCs.41−43 In this
electrostatic approach, ligands are approximated by point
charges. The metal d-orbitals pointing toward the ligands will
raise in energy due to electrostatic repulsion, whereas the d-
orbitals directed between the ligands remain relatively
unaffected. As such, this approach predicts the d-orbital
splittings in coordination complexes with various symmetries.
However, as this method does not describe metal−ligand
bonding, LFT, combining CFT and molecular orbital theory
(MOT), has been introduced by Griffith and Orgel.44 It
describes the interactions between metal and ligand frontier
orbitals which are responsible for the formation of MOs.
Additionally, the AOM takes into account the angular
geometry of the complex and estimates the strength of
interaction between individual ligand orbitals and metal d-
orbitals based on their mutual overlap.45,46 The benefit of this
technique is that it is capable of treating systems with little or
no symmetry. This comes at the cost of the large number of
parameters to be determined from experiment.47 These models
present different approaches to solve the electronic structure of
TMCs and all have their advantages and disadvantages, but in
general, they give the same qualitative results. These methods
can be made quantitative by determining the parameters from

Figure 3. Splitting of the d-orbitals for a TM in various environments. For an isolated TM, all d-orbitals are degenerate, whereas for complexes with
octahedral, SP, TBP, and tetrahedral symmetry, the degeneracy is (partially) lifted. The splitting between the two orbital sets in octahedral and
tetrahedral complexes is denoted by Δo and Δt, respectively. The labeling of the d-orbitals in the various point groups is also indicated.

Figure 4. Graphical visualization of the five d-orbitals: dz2, dx2−y2, dxy, dxz, and dyz.
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experimental absorption spectra. However, we will not focus
on this and only give a qualitative explanation of the results as
shown in Figure 3 for complexes with various symmetries.

For an isolated TM ion, all five d-orbitals are degenerate, i.e.,
dz2, dx2−y2, dxy, dxz, and dyz, indicated in purple, yellow, red,
green, and blue, respectively, and have the same energy. A
graphical visualization of these orbitals is shown in Figure 4.
Two of them, i.e., dz2 and dx2−y2, have lobes that are oriented
along the coordinate axes, whereas the lobes of the other
orbitals are situated in between the coordinate axes. As will be
discussed later, the orientation plays an important role when
coordinating with ligands. When the TM atom is surrounded
by ligands, the average energy of the five d-orbitals is above
that of the free ion orbitals because of the electrostatic field
generated by the ligands. Furthermore, the degeneracy of the
d-orbitals is (partially) lifted. This will be studied in the
subsequent paragraphs for six-, five-, and four-coordinated
complexes.

Octahedral complexes have six ligands positioned along the
coordinate axes and situated at the corners of an octahedron
with the TM in the center, as shown in Figure 3. The
degeneracy of the d-orbitals is raised partially as they split in
two degenerate orbital sets: t2g and eg; dz2 and dx2−y2 with lobes
directed toward the ligands are raised in energy by the
electrostatic repulsion between the electrons of the TM and
the ligands and form the eg set. The t2g set contains dxy, dxz, and
dyz, with lobes oriented in between the ligands, and therefore,
they remain relatively unaffected. The energy gap between
these two sets is indicated in Figure 3 by Δo, where the
subscript o denotes that this is the splitting for octahedral
complexes. When we assume that the ligands are spherical
symmetric, the corresponding symmetry is octahedral, Oh.
However, as will be seen later, the symmetry will be lowered
for aqua ligands.

When removing one ligand, a distinction needs to be made
between the removal of a ligand oriented along the z-direction
or one lying in the xy-plane. When one of the ligands along the
z-direction is eliminated, the SP structure, which belongs to
the C4v point group, is obtained; dz2, dxz, and dyz are stabilized,
compared to the octahedral case, as the repulsive interaction
between the orbitals and one of the ligands on the z-axis is now
no longer present. When one of the ligands in the xy-plane is
removed, the TBP structure, belonging to D3h, is retrieved. As
opposed to the octahedral complex, dxy and dx2−y2 are
increased/decreased in energy, respectively, because they
point more/less toward the ligands. The application of the
AOM shows that the overall splitting of the d-orbitals is smaller
in D3h than in C4v symmetry.48 The labeling of the orbital sets
in these point groups is indicated in Figure 3.

When, starting from the TBP structure, another ligand is
taken out along the z-axis, we obtain a tetrahedral structure
with Td symmetry, in which the ligands are situated in between
the coordinate axes and at the origin. In contrast to the
octahedral complex, dxy, dxz, and dyz, grouped in t2, now point
toward the ligands, whereas dx2−y2 and dz2, forming the e set, are
situated in between the ligands. Therefore, the e set is more
stable in comparison with the t2 set. In a similar way as for the
octahedral complexes, we can define Δt, the splitting between
the t2g and eg orbitals. Δt is smaller compared to the octahedral
case since the ligands are not oriented directly toward the d-
orbitals and therefore the effects will be smaller. This is in

agreement with AOM calculations, which show that t
4
9 o

.49

These d-orbital splittings are in accordance with the LFT
results of Solomon et al.,50 who studied six-, five-, and four-
coordinated Fe2+ complexes with oxygen-type ligands.

As stated before, quantitative d-orbital splittings can be
obtained from techniques such as LFT using experimental
input data. However herein, we will perform computational
calculations based on DFT to acquire quantitative d-orbital
splittings for Co2+ aqua-complexes, as will be discussed in
Section 3. As a consequence, we will perform computational
calculations to obtain qualitative results for Co2+ aqua-
complexes, as will be discussed in Section 3. These ab initio
results can then be compared to the theoretical predictions
shown in Figure 3 and to the available experimental
information.

3. QUANTITATIVE AB INITIO CALCULATIONS: AOC
AND UDFT

In this section, the computational techniques used to study
Co2+ complexes with six, five, and four aqua ligands are
explained. The results are analyzed and compared to the
qualitative outcomes shown in Figure 3. Before diving into this,
attention is paid to the different spin multiplicities Co2+ ions
can possess.

The Co2+ ion has seven d-electrons, which can be placed in
five d-orbitals. There are two possible spin multiplicities, 4 and
2, forming the high-spin (HS) and low-spin (LS) config-
urations, respectively. In the former, as much as possible
electrons are unpaired, whereas in the latter, only 1 unpaired
electron is present. According to the spectrochemical series,
water is a weak ligand.51 Therefore, Δo in octahedral
complexes is rather small and the energy needed to pair two
electrons is larger than the energy required to place an electron
in the higher-lying eg set. Hence, the HS state of [Co-
(H2O)6]2+ is more stable, resulting in five α- and two β-
electrons. This is also in agreement with the DFT study on
relative stabilities reported in ref 52. Moreover, since Δt < Δo,
we can conclude that the HS configuration of the tetrahedral
complex will also be more stable than the LS state. Finally, it
has also been observed that, in five-coordinated complexes,
ligands with oxygen donor atoms usually result in HS
configurations.53,54

In this work, two types of calculations have been performed,
AOC and UDFT, both based on DFT. In AOC, a spin-
restricted self-consistent field (SCF) DFT calculation of the d7

configuration is performed, in which the d-electrons are
distributed evenly among the five MOs dominated by d-
orbitals. This results in an average occupation of 1.4 electrons.
One thus allows systems with fractional occupation numbers.
Indeed, one of the great advantages of DFT is, as it is based on
the electron density, that there is no formal constraint that
orbitals must have integer occupations.55 Remark that the spin
multiplicity is not imposed in these calculations. Meanwhile, in
UDFT, the spin multiplicity is specified and all of the five α-
orbitals are filled, whereas only two β-orbitals are occupied.

In the following, the AOC results are discussed in detail for
[Co(H2O)6]2+, [Co(H2O)5]2+, and [Co(H2O)4]2+. We
systematically investigate how the lowering of the number of
ligands affects the symmetry and thus the geometry and
electronic structure of these Co2+ complexes. This is followed
by a comparison between AOC and UDFT. As outlined in the
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Section 3.1, optimized structures have been obtained using
UDFT.

3.1. Computational Details. The calculations, both AOC
and UDFT, were performed with the Amsterdam modeling
suite (AMS).56 The TZ2P+ basis set, with extra d-Slater type
orbitals (STO), has been applied for the transition metals, and
the TZ2P basis set has been used for the other elements.
Methanol has been included as a solvent using COSMO.57

Radon ́ et al. recently revealed that the inclusion of the second
solvation shell is important to properly determine the exited
states of octahedral aqua-complexes.40 However, for the aqua-
complexes studied in this work, the environment is more
complex and consists of both water and methanol to mimic the
experimental conditions valid in the formation of ZIFs. A full
study of the influence of the complex solvation environment on
the chemical and electronic properties of the aqua-complexes is
beyond the scope of this article since here we focus on the
influence of reducing the number of aqua ligands directly
coordinated to the transition metal. Scalar relativistic effects

were taken into account using the ZORA formalism.58−60

Grimme D3 dispersion corrections, which affect the geometry
but not the orbital energies, have also been added.61 We have
made use of several functionals coming from different rungs on
Jacob’s ladder to test their performance in reproducing the d-
orbital splitting of [Co(H2O)6]2+ with D2h symmetry, which
will be explained in Section 3.2, using AOC calculations. We
assessed the following functionals: BLYP62 and BP8663 based
on the generalized gradient approximation (GGA), M06L64

and MN15L65 built on the meta GGA (mGGA), O3LYP,66

B3LYP,62,67 X3LYP,68 PBE0,69 and MN1570 as hybrid GGA,
with 12, 20, 21.8, 25, and 44% of Hartree−Fock exchange, the
hybrid mGGA TPSSh71,72 with 10% Hartree−Fock exchange,
and the long-range corrected CAM-B3LYP73 and ωB97x.74

The results are shown in Figure 5. It stands immediately out
that not enough Hartree−Fock exchange is included in
O3LYP, for which the splitting between the eg and t2g set is
too large. All other functionals have similar results. We have
chosen to continue with B3LYP-D3.

Figure 5. Splitting of the d-orbitals along with their atomic contributions for [Co(H2O)6]2+ with D2h symmetry obtained from AOC calculations.
Different functionals have been used for the geometry optimizations as displayed on the horizontal axis. For the AOC calculations, Grimme D3
dispersion corrections have not been included since they only affect the geometry but not the orbital energies. Energies are shifted with respect to
the lowest d-orbital.

Figure 6. Graphical visualization of the point groups encountered for the six-coordinated complexes, i.e., Oh, Th, D2h, D3d, and S6. In the middle
pane, all symmetry elements enclosed belong to the corresponding point group. Perfect octahedral symmetry, Oh is indicated in dark green. The
presence of hydrogen atoms reduces the symmetry to Th and is indicated in middle green. Elongation or contraction of the metal−ligand bonds
results in D2h symmetry and is shown in light green. An increase or decrease of the ligand−metal−ligand angles leads to a tilted structure with D3d
symmetry and is presented in dark blue. When the hydrogen atoms are taken into account in the tilted structure, the S6 symmetry is obtained as
shown in light blue.
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Geometry optimizations have been performed using UDFT.
We checked that all computed internal normal modes of the
optimized structures show positive frequencies, ensuring that
the geometries represent minima of the ground-state potential
energy surface. The optimized coordinates of all complexes
studied in this work are shown in Table S6. The spin
contamination is negligible for all systems as shown in Table
S1. The symmetry of the complexes has been determined by
GaussView 5.0.75

Using the single-reference UDFT method for these
challenging electronic structure systems may at first instance
appear to be unsatisfactory. However, Shee et al. have recently
put forward that in most transition-metal complexes, static
correlation is rarely found in the ground states of mono-
TMCs.76 Furthermore, it has been shown that often good
structures and energies are obtained from DFT calculations at
a moderate computational cost.77 Hence, we chose DFT to
describe the ground-state properties of these systems. Never-
theless, as there are complex interactions present, including
ligand-to-metal σ-donation and metal-to-ligand π-backdona-
tion, proper treatment of the dynamic correlation becomes
extremely important.

3.2. AOC: [Co(H2O)6]2+. Octahedral TMCs belong to the
Oh point group when the ligands have spherical symmetry.
However, when we take into account the structure of the aqua
ligands, the highest possible symmetry becomes Th, with six
equivalent ligand bond distances and all O−Co−O angles
equal to 90 or 180°. A graphical visualization of the symmetry
elements present in the point groups encountered for
[Co(H2O)6]2+ is presented in Figure 6. The geometrical
structure of [Co(H2O)6]2+ has already been investigated
thoroughly in the literature. DFT studies have been performed
by both Varadwaj et al.35 and Schmiedekamp et al.52

Calculations have been performed at the following levels of
theory, respectively: UX3LYP and UB3LYP with a 6-311+
+G** full core basis set and B3LYP with LACVP** effective
core potential basis set for Co and 6-31G** basis for all other
atoms. Varadwaj et al. compared their results with 163
structures containing the [Co(H2O)6]2+ ion found in the
Cambridge structural database (CSD).78 Most of the
structures, 122 out of the 163 found in the CSD, have three
different pairs of bond lengths, the shortest, intermediate, and
longest bonds are 2.06 ± 0.02, 2.09 ± 0.02, and 2.11 ± 0.02 Å,

respectively. Overall, a mean Co−O bond length of 2.09 ±
0.03 Å is found, with the shortest and longest values equal to
1.975 and 2.204 Å, respectively. Based on the computational
results of Varadwaj35 and Schmiedekamp,52 three main
conclusions can be made. First, the calculations overestimate
the Co−O bond lengths by 0.0435 and 0.06 Å,52 respectively.
Second, unless the geometry is specifically constrained, the
distortions in the Co−O bond lengths present in most
crystallographically determined structures are not reproduced.
Varadwaj et al. have observed a structure with distorted bond
lengths; however, it is a fourth-order saddle point. Third, the
structure is slightly tilted. This effect is also observed in the
solid-state structures: 74% of the structures found in the CSD
have complementary angles that differ by more than 4° and
nearly 12% have complementary angles differing by more than
10°. Note that Varadwaj35 performed gas-phase calculations,
whereas Schmiedekamp52 also studied the influence of water as
a solvent.

In contrast to the results of Varadwaj and Schmiedekamp,
we did not find a stable minimum near to Th symmetry as
negative vibrational frequencies were observed. This is in
agreement with the Jahn−Teller (JT) effect, which states that
nonlinear molecules with a spatially degenerate electronic
ground state undergo a geometrical distortion to lower the
energy of the system.79 Despite the fact that only weak JT
effects are expected since the t2g orbitals are unevenly
occupied, we observed them in the geometry optimizations.
We could identify an optimized structure with D2h symmetry,
in which the experimentally observed JT distorted bond
lengths are clearly retrieved. The observed bond lengths of the
complex with D2h symmetry are 2.03, 2.10, and 2.13 Å. The
resulting geometric structure along with the d-orbital splitting
and atomic contributions is shown in Figure 7(right). This
deformed structure is obtained via a rhombic distortion, i.e., an
unequal amount of elongation or compression along a fourfold
axis of rotation. As such, the structure remains orthogonal, but
the bond distances are no longer equal. Such JT distorted
[Co(H2O)6]2+ complexes have already been observed by
Vlahovic et al.39 Following the methodology of Zlatar et al., we
calculated the JT parameters.80,81 The results are shown in
Table S2. Besides this, we also discovered a structure with S6
symmetry, acquired via a trigonal distortion of the complex, i.e.,
an elongation/compression along one of the four threefold

Figure 7. Splitting of the d-orbitals along with their atomic contributions for the optimized [Co(H2O)6]2+ complexes with S6 (left) and D2h (right)
symmetry. Some bond lengths [Å] and bond angles [deg] are also indicated.
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symmetry axes. All ligand bond distances are equal, but the
structure is no longer orthogonal. Such distorted complexes
have D3d symmetry when the hydrogen atoms are not taken
into account. For the complex with S6 symmetry, all bond
lengths are 2.10 Å and the system is tilted at 3.8°. This is
shown in Figure 7 (left). This complex is slightly more stable
than the complex with D2h symmetry (−10 328 kJ/mol in
contrast to −10 311 kJ/mol). The observed point groups along
with their symmetry elements are displayed in Figure 6. The
coexistence of two different distorted octahedral complexes has
already been observed in K3[MnF6].82

The splitting of the d-orbitals is very similar to the
theoretical predictions shown in Figure 3. Some mixing with
other contributions different from d-orbitals occurs, which is
indicated by dark gray. In general, each MO has a dominant
contribution from a specific d-orbital. This can then be used to
label the MOs. This is especially the case for the complex with
D2h symmetry. The resulting orbitals are shown in Figure S1
and closely resemble those in Figure 4. However, there is more
mixing within the t2g and eg set for the S6 complex, for which
the orbitals are shown in Figure S2. For example, the highest-
lying t2g orbital, which contains equal contributions from dxy,
dxz, and dyz, differs from the orbitals shown in Figure 4, but the
lobes are still oriented in between the coordinated axis.
Therefore, the more general label t2g is more convenient. The
orbitals in the t2g set are no longer completely degenerate. This
is probably due to the presence of contributions different from
d-orbitals. This is in agreement with CFT, which reveal that a
trigonal distortion splits the t2g but not the eg orbitals in
octahedral complexes.83 For the D2h complex, also the
degeneracy in the eg set is lifted. The reason for this is that
the bonds between the ligands and the metal along the x-axis
are compressed, resulting in a stronger repulsion between the
dx2−y2 orbital and the metal compared to the dz2 orbital.

The energy difference between the eg and t2g orbital sets, Δo,
can be calculated as the difference between the average energy
of the eg and t2g orbitals, being 9065 and 8836 cm−1 for the S6
and D2h structures, respectively. This value is in close
agreement with experimental results. Johnson et al.84 obtained
a value of 8400 cm−1 starting from experimental absorption
spectra via the procedure outlined in ref 85. When comparing
this value to the mean pairing energy of Co2+, 22 500 cm−1, we

indeed see that the HS state is more stable than the LS
state.49,84

3.3. AOC: [Co(H2O)5]2+. As discussed in Section 2, five-
coordinated complexes can be TBP or SP, with D3h and C4v
symmetry, respectively. For the former, two ligands are
oriented along the z-axis and the other ligands lie in the xy-
plane. This configuration can be converted into an SP structure
by simple angular distortions, as shown by the green arrows in
Figure 8. When the angle between the ligand positions 2 and 4
and the metal center is increased until the ligands lie along the
x-axis, they form together with 3 and 5 a square in the xz-plane
indicated with green. As such, the SP structure is obtained,
which can easily be recognized after a reorientation of the
coordinate axes, indicated with blue arrows in Figure 8. Now,
four ligands lie in the xy-plane and the remaining ligand is
situated along the z-axis. The metal center can, but does not
have to be in the xy-plane. It has been observed that most of
the five-coordinated complexes are neither perfectly TBP, nor
perfectly SP, but are situated somewhere in between.53

When the intrinsic structure of the aqua ligands is taken into
account, the most symmetric [Co(H2O)5]2+ complexes have
C2v symmetry, both for the TBP and SP structures. Optimized
geometries have been found with C2v and C1 symmetries, for
which the latter is slightly more stable (−8600 kJ/mol in
contrast to −8614 kJ/mol). A graphical representation of the
symmetry elements and point groups encountered for
[Co(H2O)5]2+ is shown in Figure 9. Structural parameters of
the two optimized complexes are listed in Table 2.

We performed continuous shape measurements (CShMs),
which evaluate the magnitude of distortion around the metal
ion in various complexes,86,87 to determine whether the
complexes are closer to the SP or TBP symmetry. The
resulting continuous shape measures (CShMs) for all five
possible geometries for five-coordinated structures are given in
Table S4, both for the C2v and C1 complexes. From this, we
concluded that the C2v structure is closer to SP, whereas the C1
structure is closer to TBP. Thus, the TBP complex is a little bit
more stable than the SP one. This is in agreement with the
literature, where it has been shown that the TBP structure is
more stable as there is less ligand−ligand repulsion.88

However, it has been noted that a distorted SP structure
may be only slightly less stable.88

Figure 8. Transformation from a TBP to an SP complex. Ligand positions 2 and 4 are moved until they are situated along the x-axis and from
together with 3 and 5 a square in the xz-plane indicated in green. This is indicated with green arrows. The SP structure is then obtained after a
reorientation of the coordinate axes, indicated with blue arrows.
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The splitting of the d-orbitals along with the atomic
contributions is presented in Figure 10, both for the SP and
TBP complexes. Again, each MO has a dominant contribution
from a specific d-orbital, which will be used to label the MOs.
The orbitals are shown in Figures S3 and S4. In general, the
results are in agreement with the theoretical predictions shown
in Figure 3, but some differences should be mentioned. The
gap between the dx2−y2 and dz2 orbitals is rather large for the SP
complex. Furthermore, dxz and dyz are not completely
degenerate. This is not surprising since the complex only has

C2v symmetry and not C4v, for which the results are shown in
Figure 3. The degeneracy is also lifted for the TBP complex as
dxz/dyz and dx2−y2/dxy are no longer degenerate.

3.4. AOC: [Co(H2O)4]2+. When another ligand is removed,
[Co(H2O)4]2+ complexes are obtained, in which the aqua
ligands are situated at the corners of a tetrahedron. When the
intrinsic structure of the aqua ligands is taken into account, the
most symmetric complexes have D2d symmetry, unlike the Td
symmetry which is found for point-like ligands. In our
calculations, the optimized structure does not possess any
symmetry. The symmetry elements and point groups
encountered for [Co(H2O)4]2+ are represented graphically in
Figure 11. Structural parameters are listed in Table S5.

The splitting of the d-orbitals and the atomic contributions
are shown in Figure 12, and the orbitals are presented in Figure

Figure 9. Graphical visualization of the point groups encountered for
the five-coordinated complexes, i.e., D3h, C4v, and C2v. All symmetry
elements enclosed belong to the corresponding point group.

Table 2. d-Orbital Splitting of [V(H2O)6]2+, [Mn(H2O)6]2+,
and [Ni(H2O)6]2+ Calculated Using AOC and UDFTa

[V(H2O)6]2+ [Mn(H2O)6]2+ [Ni(H2O)6]2+

AOC 11 883 8104 10 092
UDFT 43 359 8868 52 155
experiment49 12 300 7850b 8600

aThe experimental value is also included. bEstimated value.

Figure 10. Splitting of the d-orbitals along with their atomic contributions for the optimized [Co(H2O)5]2+ complexes with C2v symmetry (left)
and no symmetry (right).

Figure 11. Graphical visualization of the point groups encountered
for the four-coordinated complexes, i.e., Td and D2d. All symmetry
elements enclosed belong to the corresponding point group.
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S5. The results are in good agreement with these obtained in
Figure 3: two orbital sets can be distinguished, t2g and eg,
where the former is less stable than the latter. Due to the fact
that the complex is not purely tetrahedral, the degeneracy in
the t2g set is lifted slightly. Furthermore, the computed value of
Δt is 5161 cm−1, which is much smaller than Δo, as we
expected from AOM.

3.5. Comparison of AOC with UDFT. We compared the
AOC results with those from UDFT calculations. The β d-
orbital energy levels along with their atomic contributions are
shown in Figure 13 for [Co(H2O)6]2+, as calculated with
UDFT. The orbitals are presented in Figures S6 and S7 for
completeness. Some major distinctions in comparison with the
AOC results need to be highlighted. First of all, we remark that
the splitting of the d-orbitals, 50 288 and 53 232 cm−1 for S6
and D2h, respectively, is 1 order of magnitude larger than that
for the AOC results and the experimentally found splitting
presented in Section 3.2. Second, the t2g set is divided into two
low-lying orbitals and one orbital, which is higher in energy.

The reason for this is that only two of the β d-orbitals are
occupied, resulting in a gap between the highest occupied MO
(HOMO) and the lowest unoccupied MO (LUMO).

Additionally, in the UDFT results of the D2h complex, dz2 is
higher in energy than dx2−y2, compared to the AOC results. An
explanation for this observation is that UDFT and LFT treat
the interelectron repulsion differently, as argued by Deeth et al.
for square-planar d8 Pd complexes.89 The interelectron
repulsion effects are included within a central field approx-
imation in LFT, whereas in UDFT, no central field is assumed
and the calculations are performed using the true molecular
symmetry of the complex.89 Therefore, on the one hand, the
LFT predictions are in agreement with the AOC results, in
which approximate spherical states are constructed by
imposing equal fractional occupations. On the other hand, as
in the UDFT approach only dyz and dxz are occupied, there is
more interelectron repulsion along the z-axis than along the x-
or y-axis. Therefore, dz2 will be higher in energy than dx2−y2.
Inspired by the work of Deeth et al., we verified this by

Figure 12. Splitting of the d-orbitals along with their atomic contributions for the optimized [Co(H2O)4]2+ complex.

Figure 13. Splitting of the d-orbitals for the optimized [Co(H2O)6]2+ complexes with S6 (left) and D2h (right) symmetry calculated by UDFT.
Some bond lengths [Å] and bond angles [deg] are also indicated.
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systematically removing some portion of the electrons from dxz
and dyz and placing it on dxy. Therefore, single-point UDFT
calculations in which the occupation of the d-orbitals is
specified are performed. The results are shown in Figure 14.
Two observations can be made as more and more of the
electrons initially on dxz and dyz are transferred to dxy. First of
all, the orbitals become closer in energy and are almost
degenerate when 0.66 of an electron is placed at dxy. The
reason for this is that the two β electrons are now almost
equally divided among the three orbitals, resulting in a similar
interelectron repulsion along the x-, y-, and z-axes. Second, as
more of the electrons is transferred, dz2 and dx2−y2 increase and
decrease in energy, respectively. At an occupation of 0.6
electrons for dxy, the two most energetic orbitals presented in
Figure 14 have similar contributions of dz2 and dx2−y2 and are
almost degenerate. When dxy is populated even more, dx2−y2

becomes higher in energy than dz2.
In the UDFT results for the S6 complex, the dx2−y2 and dz2

orbitals are degenerate just like in the AOC results. Indeed, the
effect of the difference in interelectron repulsion is smaller as
the two occupied d-orbitals do not only have contributions
from dyz and dxz but also from dxy. This is shown in Figure S8.
As the population of the initially nonoccupied orbital increases,
the orbitals with contributions from dxy, dxz, and dyz become
more and more degenerate. However, the energy and
contribution of the dx2−y2 and dz2 orbitals remain similar.

Deviations from the theoretically predicted d-orbital
splittings are also observed in the five-coordinated complexes
as shown in Figure S9. For both SP and TBP, the energy
splitting is 1 order of magnitude larger compared to the AOC
calculations. Furthermore, in the SP complex, dx2−y2 and dz2 are
interchanged and are almost degenerate. Again, this is due to
the different treatment of interelectron repulsion in LFT and
UDFT. In the latter, only dxz and dyz are occupied, resulting in
more interelectron repulsion along the z-axis, therefore dz2

being higher in energy than dx2−y2. Figure S10 justifies this
statement: when dxy is occupied by more than 0.2 electron,
dx2−y2 is higher in energy than dz2. The order of dz2 and dx2−y2 in

the TBP complex is in accordance with the AOC results. Just
like for the [Co(H2)O6]2+ complex with S6 symmetry, this is
due to the mixed d-orbital contributions of the two lowest
occupied MOs. Figure S11 indeed reveals that the orbital
energies of the dz2 and dx2−y2 vary only slightly with the orbital
population of dxy.

For the four-coordinated complexes, presented in Figure
S12, the two lowest β e-orbitals are occupied, and therefore,
the splitting is in accordance with the AOC and theoretical
results. Nevertheless, the energy gap between the e- and t2-set
is still 1 order of magnitude too large.

As stated in ref 89, the observation that UDFT and AOC
result in different d-orbitals does not necessarily mean that one
of these techniques is right, whereas the other is wrong.
Orbitals themselves are not experimentally observable, and
therefore, additional properties need to be calculated, like, for
example, excited states.89 The excitations of six-coordinated
Co2+ aqua-complexes have already been the subject of much
research.36−40 However, to the best of our knowledge, similar
studies for five- and four-coordinated complexes are not
presented yet.

3.6. [V(H2O)6]2+, [Mn(H2O)6]2+, and [Ni(H2O)6]2+. To
further test the validity of the UDFT calculations, additional
calculations have been performed on [V(H2O)6]2+, [Mn-
(H2O)6]2+, and [Ni(H2O)6]2+, having three, five, and eight d-
electrons, respectively. These transition metals have been
selected as the t2g set is now completely filled with α electrons
for V2+ and Mn2+ or β electrons for Ni2+. This is in contrast to
the partially filled t2g set in [Co(H2O)6]2+ containing two β
electrons. As such, no JT effects are expected for these systems
since the eg and t2g sets are each evenly occupied. This is also
observed from the calculations for the V2+ and Ni2+ complexes
as stable complexes with Th symmetry are retrieved. However,
this is not the case for the Mn2+ complex, for which the most
symmetric stable complexes have S6 and D2h symmetries.
Systems with S6 and D2h symmetries have also been obtained
for V2+ and Ni2+. All structures have, within 3 kJ/mol, the same
energy and we will show and discuss the results for the

Figure 14. Variation of the splitting of the d-orbitals as a function of the electron occupation fraction of dxy which is transferred equally from dxz
and dyz for the [Co(H2O)6]2+ complex with D2h symmetry.
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complexes with S6 symmetry. The d-orbital splittings along
with the atomic contributions are shown in Figures 15, S13,
and S14 for [Mn(H2O)6]2+, [V(H2O)6]2+, and [Ni(H2O)6]2+,
respectively. For Mn2+ and V2+, the α-electrons are shown for
the UDFT calculations, whereas the β-electrons are presented
for Ni2+. The reason for this is that the spin-allowed d−d
transitions will be within α/β-electrons for V2+/Ni2+,
respectively. For Mn2+, there are no spin-allowed d−d
transitions. First, remark that, for all of the systems, both
AOC and UDFT correctly predict the splitting into a t2g and eg
set, which is in agreement with the qualitative LFT results.
This is due to the fact that for these systems, the t2g orbitals are
either completely filled with α-electrons, as is the case for Mn2+

and V2+, or with both α- and β-electrons, as is the case for the
Ni2+ complex. Second, for [Mn(H2O)6]2+, all α-d-orbitals are
occupied, which results in a correct prediction of the
magnitude of the d-orbital splitting by both AOC and
UDFT. This result is not surprising since the only differences
between the AOC and UDFT calculations are due to the spin
polarization which is absent in the former. However, as is the
case for the Co2+ complex, the splitting is severely over-
estimated by UDFT for [V(H2O)6]2+ and [Ni(H2O)6]2+. This
is also shown in Table 2 in which the d-orbital splitting
obtained from experiment,49 AOC, and UDFT calculations is
presented for the various complexes. This observation is in
agreement with ref 89, in which it was argued that DFT is
expected to yield the same d-orbitals sequence as LFT in those
cases where a suitable spherical configuration is constructed
corresponding to equal populations of the d-orbitals as for d10

or HS d5 complexes. Here, this observation is confirmed and
extended to octahedral d3, d5, and d8 systems.

4. CONCLUSIONS
In this work, we investigated Co2+ aqua-complexes with six,
five, and four ligands. The ground-state properties have been
examined, and a lot of attention has been paid to the electronic
structure. More specifically, we focused on the energy splitting
of the d-electrons and how this depends on the symmetry,

where both the influence on the coordination environment and
the specific point group are considered. Qualitative techniques
such as CFT and LFT reveal that the d-orbital splitting is
characteristic of the number of ligands coordinated to the TM.
To obtain quantitative results, DFT calculations have been
performed, both AOC and UDFT. Stable Co2+ aqua-
complexes with six, five, and four ligands have been obtained
from UDFT optimizations. We have observed a stable
structure containing six aqua ligands with D2h symmetry in
which JT distortions are clearly visible. Besides this, we also
found a structure with S6 symmetry. Moreover, we have shown
that the AOC method is capable of reproducing the d-orbital
splittings obtained from the qualitative techniques. UDFT
calculations do not succeed in this when only part of the d-
orbitals are occupied. Indeed, the energy gap between the d-
orbitals and the energy difference between the HOMO and
LUMO are overestimated by UDFT for six-coordinated aqua-
complexes. As such, the t2g orbitals are far from degenerate as
we would expect based on qualitative techniques. Based on the
work of Deeth et al., we demonstrated that the discrepancies
between UDFT and AOC are due to the different electron
occupations resulting in different interelectron repulsions. The
AOC orbitals confirm the chemical intuition as given by LFT
as both techniques describe the electron repulsion in a
spherical way, which was also shown by Daul et al.47 The d-
orbital splitting obtained by UDFT will be different due to the
integer occupation numbers resulting in different interelectron
repulsions. To further test the performance of UDFT, other
TMs have been investigated. We selected TMs for which the
t2g set is occupied evenly. The results for these systems are
qualitatively in agreement with for example LFT. Furthermore,
for [Mn(H2O)6]2+, for which all α d-orbitals are occupied,
even the d-orbital splitting is described correctly and in
agreement with the AOC calculations and experimental results.
The proper understanding of the electronic structure and
symmetry of TMCs is a key element for obtaining insights into
the formation process of MOFs and potentially also their
defect structures.

Figure 15. Splitting of the d-orbitals for the optimized [Mn(H2O)6]2+ complexes with S6 symmetry using AOC (left) and UDFT (right).
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Abstract

The nucleation process of zeolitic imidazolate frameworks (ZIFs) is, to date, not completely

understood. Recently, it has been found that, during the formation of Co-ZIF-67, after mixing

imidazole-type ligands with octahedral precursors containing oxygen-coordinated ligands, a

metal-organic pool with a diversity of transition metal complexes (TMCs) is formed show-

ing fingerprints of octahedral and tetrahedral Co2+ complexes with both types of ligands [M.

Filez et al. Cell Rep. Phys. Sci., 2:100680, 2021]. In order to further unravel this process, we

aim to characterize the d-d transitions of the TMCs and focus on their number, intensity, and

position which change during the process and can thus serve as a fingerprint for the formed

species. It was previously shown that the number of ligands and symmetry has a detrimen-

tal influence on the ground state properties of Co2+ TMCs. Herein, we investigate in how

far excited state properties of TMCs relevant during nano-porous formation processes can be

predicted by time-dependent density functional theory (TDDFT) and ligand field density func-

tional theory (LFDFT). As TMCs are known to be challenging systems with possibly degenerate

ground states and double excitations, we first investigate the performance of both techniques

on first-row octahedral aqua-complexes. With this knowledge, we then focus on tetrahedral
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Co2+ complexes with aqua and imidazole-type ligands in order to investigate in how far we

can propose a spectroscopic fingerprint that allows us to follow the Co2+ complexes during

the formation of Co-ZIF-67. The results of TDDFT and LFDFT are qualitatively in agreement

and provide complementary information. We found that various features can be used to distin-

guish between the species. However, as LFDFT is not suited for TMCs possessing the extended

imidazole-type ligands and double and spin-flip states are not included in TDDFT, both tech-

niques need to be complemented with more advanced methods to obtain a complete insight

in the d-d excitations of TMCs with imidazole ligands. Therefore, we particularly explored ab

initio ligand field theory, which is capable of describing double excitations and is, in contrast

to LFDFT, suited for TMCs with extended ligands.

1 Introduction

The nucleation process of zeolitic imidazolate frameworks (ZIFs) is, up to now, not yet com-

pletely understood. This makes the exploration for materials tailored for specific applications

in various domains very burdensome71,62,34. Recently, a combined experimental-computational

study27 investigated the nucleation of Co-ZIF-67, formed by mixing Co(NO3)2·6H2O and 2-

methylimidazole (2-mIm). The former contains predominantly octahedral transition metal

complexes (TMCs) with aqua ligands. It has been revealed that after mixing a pool with a

variety of TMCs is formed because of ligand elimination and substitution reactions as shown

in Figure 1. The transformation of octahedral precursors to five- and finally four-coordinated

complexes is accompanied by an exchange and elimination of aqua ligands with 2-mIm lig-

ands. For the sake of fully understanding this intricate process, we would like to study the

changes in the UV-Vis spectrum as this was also experimentally measured in the paper of Filez

et al. to identify the various species in the nucleation process. More specifically, we will con-

centrate on the number, intensity, and position of the d-d transitions as they alter during the

nucleation and can therefore act as a fingerprint. Previously, we studied the ground state (GS)

properties of six-, five-, and four-coordinated Co2+ aqua-complexes16 and concluded that the

d-orbital splitting is characteristic for the number of ligands coordinated to the transition metal

(TM) and for the symmetry of the complex. We also investigated the performance of different

techniques based on density functional theory (DFT) to calculate the d-orbital splitting quanti-

tatively. In this work, we complement our investigation toward the d-d excitations of six- and

four-coordinated Co2+ complexes as Filez et al. found that after mixing Co(NO3)2·6H2O and
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2-mIm, the system mainly consists of [Co(OR)6]2+, [Co(2-mIm)3(OR)]2+, and [Co(2-mIm)4]2+

complexes.27 Remark that here not only aqua ligands are considered but also other ligands co-

ordinating with oxygen to the TM, like methanol or NO−3 . Note that it is less probable for the

latter to directly coordinate to the TM as it will likely be replaced by the stronger aqua ligand.

However, NO−3 can appear in the second solvation shell and as such counterbalance the posi-

tive charge of the complex. In this work, we only consider aqua ligands in order to minimize the

complexity of the system and to be able to compare the results to literature data.51,70,68,38 Nev-

ertheless, we thereby neglect the possible symmetry breaking caused by for example methanol

compared to water. The studied complexes are indicated with gray in Figure 1. The excited

states (ESs) are calculated via time-dependent DFT (TDDFT) and ligand field (LFDFT). The

computational spectra can then be compared to experimental data in order to put forward a

fingerprint for the nucleation process of ZIFs.

lig
a
n
d

 e
lim

in
a
ti

o
n

ligand substitution

H2O 2-mImCo2+

Figure 1: Reaction network of ligand elimination and substitution reactions leading to fast pre-
equilibrium formation toward a metal-organic pool. The complexes which are mainly present
after mixing according to Ref.27 are indicated in gray. These include octahedral Co2+ complexes
with six aqua ligands and two types of tetrahedral structures, one with three 2-mIm and one
aqua ligand and the other with four 2-mIm ligands. Note that in practice, also methanol and to
a lesser extent NO−3 can act as ligands. Figure adapted from Ref.27 with permission of Elsevier,
Copyright 2021.

It is generally known that the calculation of ESs in TMCs is not a trivial task and poses vari-

ous challenges for current computational techniques74,23,22,2. Indeed, there might be numerous

ESs lying closely together, some of which are double excitations. Furthermore, degeneracies
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in the ground and/or excited states may occur. A large body of literature is available on the

usage of various electronic structure methods, including computationally very expensive tech-

niques, for the calculations of ESs in small octahedral complexes51,70,68,54. As within this work,

we ar not only interested in aqua-complexes but also in more complex ligands relevant for the

nucleation process, not all techniques proposed thus far are computationally feasible. There-

fore, within the first part of this paper, we give more fundamental insights by unraveling the

difficulties for the calculation of ESs in octahedral TMCs with aqua ligands and first-row diva-

lent TMs in a methanol environment. Furthermore, the advantages and disadvantages of two

computational techniques based on DFT, i.e., time-dependent DFT (TDDFT) and ligand field

DFT (LFDFT), are discussed. In the second part, we return our focus to the nucleation pro-

cess of Co-ZIF-67 and compare our computational results for octahedral Co2+ aqua-complexes

and tetrahedral Co2+ complexes containing 2-mIm and aqua ligands with the experimental

work of Filez et al.27 in order to come up with a spectroscopic fingerprint. In addition, as will

become clear in Section 3, the LFDFT results are difficult to interpret for complexes with ex-

tended imidazole-type ligands. Therefore, some ab initio LFT (AILFT) calculations have been

performed too.

2 Challenges of d-d excitations in aqua-complexes for TDDFT and

LFDFT

2.1 Using Tanabe-Sugano diagrams for the description of d-d excitations in TMCs

As octahedral and tetrahedral systems will play a major role in this work, the d-orbital splitting

as predicted by crystal field theory (CFT) is shown in Figure 2, in which we also introduced the

labeling of the orbital sets. In an octahedral ligand field, the d-orbitals of a TM split in a t2g and

eg set. Tetrahedral complexes bear a lot of similarities with octahedral complexes since both

point groups are cubic. However, as the ligands are now situated in between the coordinate

axes compared to at the coordinate axes as in octahedral complexes, the d-orbital splitting

pattern is reversed.
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Figure 2: d-orbital splitting in complexes with octahedral and tetrahedral symmetry. The split-
ting between the two orbital sets is denoted by ∆. The labeling of the d-orbitals is also indicated.

Tanabe-Sugano (TS) diagrams are very helpful to predict and label the transitions between the

d-orbitals in octahedral and tetrahedral TMCs63. They show the excitation energy E as a func-

tion of the ligand field splitting ∆, where both are scaled by the Racah parameter B. The TS

diagram for octahedral Co2+ complexes with d7 electron configuration is shown in the left side

of Figure 3, where only the lowest energy states are included which are relevant in the remain-

der of this work. In the weak field limit situated at the left of the diagram, the lowest energy

terms 4F, 4P, and 2G are indicated in light purple, dark purple and green, respectively. Un-

der the influence of an increasing ligand field, these terms split in several states. The GS for

[Co(H2O)6]2+ is the high spin (HS) 4T1g(F) state corresponding to the t5
2ge2

g electron configu-

ration. The three micro-states with maximal spin projection associated with this configuration

are shown in the bottom row on the right and are labeled (a)-(c). The meaning of the line

style of the boxes will be explained later. From this GS, there are three spin-allowed and one

spin-forbidden transitions in the low-energy range. First of all, one t2g-electron can excite to an

eg-orbital, resulting in the t4
2ge3

g electron configuration, indicated by the 4T2g and 4T1g(P) states

in light and dark purple, respectively. These states are reached via a single excitation and are

therefore indicated with a dashed line. Six possible micro-states with maximal spin projection

can be drawn, (d)-(i). When another t2g-electron is transferred to an eg-orbital, t3
2ge4

g is obtained,

corresponding to the 4A2g term. This is a double excitation as now two electrons are excited,

which is indicated in the TS diagram with a dotted line. There is only one micro-state with

maximal spin projection, namely (j). The lowest spin-forbidden excitation is obtained when an

eg-electron is transferred toward a t2g-orbital followed by a spin flip, resulting in the 2Eg state

with t6
2ge1

g configuration as presented in green.
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Figure 3: TS diagram for octahedral d7 complexes in which the energy E is plotted as a function
of the ligand field splitting ∆, both scaled by the Racah parameter B. Quartet and doublet states
are indicated with purple and green lines, respectively. Dashed and dotted lines represent
single and double excitations. On the right, the corresponding micro-states with maximal spin
projection are indicated for the quartet states and are labeled (a)-(j). In DFT, one micro-state
is chosen as the GS reference, of which the box is denoted with a solid line. Single excitations
from this GS reference are characterized with dashed lines and double ESs with dotted lines.
Left pane of Figure adapted from Ref.7.

It is important to note that all of these transitions are Laporte forbidden since they conserve the

parity in a complex with a center of symmetry46. Therefore, d-d absorption bands are expected

to be weak for octahedral complexes. As spin-forbidden transitions are presumed to be even

less intense, we will only focus on spin-allowed excitations. Furthermore, one must keep in

mind that this description applies for TMCs with perfect octahedral symmetry. When geomet-

rical distortions occur in the complex, some of the states split into substates, leading to more

peaks in the spectra, as will be observed in the remainder of the manuscript.

The diagrams for d2, d3, d4, d6, and d8 complexes are presented in Figures S1, 4, 5, 6, and

S2, respectively. Note that the TS diagrams for octahedral dn complexes are identical to those

of tetrahedral d10−n systems. Indeed, as stated before, the splitting pattern for the d-orbitals in

a tetrahedral field is the inverse of that in an octahedral field. As such, the occupation of the

t2 and e orbital sets are similar for octahedral dn and tetrahedral d10−n complexes, resulting in
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analogous TS diagrams. The only difference is in the labeling of the states. As octahedral com-

plexes have a center of symmetry, the subscript g or u, indicating the symmetry with respect to

an inversion, is included, whereas this is not the case for tetrahedral systems.
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Figure 4: TS diagram for octahedral d3 and tetrahedral d7 complexes in which the energy E
is plotted as a function of the ligand field splitting ∆, both scaled by the Racah parameter B.
Quartet and doublet states are indicated with purple and green lines, respectively. Dashed and
dotted lines represent single and double excitations. On the right, the corresponding micro-
states with maximal spin projection are indicated for the quartet states and are labeled (a)-(j).
In DFT, one micro-state is chosen as the GS reference, of which the box is denoted with a solid
line. Single excitations from this GS reference are characterized with dashed lines and double
ESs with dotted lines. Left pane of Figure adapted from Ref.7.
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Figure 5: TS diagram for octahedral d4 complexes in which the energy E is plotted as a func-
tion of the ligand field splitting ∆, both scaled by the Racah parameter B. Quintet states are
indicated with purple lines. The dashed line represents a single excitation. On the right, the
corresponding micro-states with maximal spin projection are indicated. In DFT, one micro-state
is chosen as the GS reference, of which the box is denoted with a solid line. Single excitations
from this GS reference are characterized with dashed lines. Left pane of Figure adapted from
Ref.7.
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Figure 6: TS diagram for octahedral d6 complexes in which the energy E is plotted as a func-
tion of the ligand field splitting ∆, both scaled by the Racah parameter B. Quintet states are
indicated with purple lines. The dashed line represents a single excitation. On the right, the
corresponding micro-states with maximal spin projection are indicated. In DFT, one micro-state
is chosen as the GS reference, of which the box is denoted with a solid line. Single excitations
from this GS reference are characterized with dashed lines. Left pane of Figure adapted from
Ref.7.
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As mentioned above, tetrahedral d7 complexes will play a major role in this work. Hence, we

also discuss its TS diagram presented in Figure 4. The GS is now 4 A2, corresponding to the t3
2e4

electron configuration. Again three spin-allowed transitions with low energy occur. When an

e-electron gets excited toward a t2-orbital, the 4T2 and 4T1(F) terms are obtained, indicated in

light purple with dashed lines. When another e-electron is transferred to a t2-orbital, we arrive

at the t5
2e2 configuration, labeled with 4T1(P). This double excitation is again indicated with

a dotted line. The micro-states with maximal spin projection are also drawn for each electron

configuration. In contrast to the octahedral complexes, tetrahedral systems lack a center of

symmetry, and therefore, they have much more intense absorption bands.

These TS diagrams are helpful for the study of d-d excitations in TMCs as they show for each

electron configuration the number of ESs and provide a way to label them. Furthermore, the

link with the corresponding electron configurations will also be of use to interpret the results

obtained from TDDFT and understand its deficiencies.

2.2 TDDFT versus LFDFT

An extensive body of literature on octahedral aqua-complexes with first-row TMs is already

available51,70,68,54. Therefore, it is important to give some positioning of this work with re-

spect to the literature. Neese et al. tested complete active space self-consistent field (CASSCF)

and spectroscopy oriented configuration interaction (SORCI) on these challenging systems and

concluded that the SORCI method on top of state-averaged CASSCF calculations yields good

results51. Multireference ab initio techniques such as CASSCF, complete active space second-

order perturbation theory (CASPT2), and multireference configuration interaction (MRCI) have

been employed by Yang et al.70. This study was followed by the work of Vlahovic et al., who

compared TDDFT and LFDFT results68. They reported LFDFT to be the preferred method as

TDDFT only yields acceptable results for d2 and d4 TMCs. The rather poor performance of

TDDFT was linked to the fact that double excitations are not covered and that orbital relax-

ation, which plays an important role when the ES only depends on the ligand field splitting, is

neglected. Finally, Radoń et al. performed high-level multireference CASPT2 and second order

n-electron valence state perturbation theory (NEVPT2)54. They retrieved excellent results by

explicitly including the second solvation shell and by adequately choosing the active space and

extrapolating the energetics to the complete basis set limit. In the previous works, the compu-
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tational techniques were quantitatively tested against experimental results and high-level ab

initio calculations30,33,37,38.

With this work, we would like to make a contribution to the previous studies by performing

a comparison between results obtained from TDDFT and LFDFT calculations. Another DFT-

based technique, which is, in contrast to TDDFT, capable to describe double excitations is con-

stricted nth order variational DFT (CV(n)-DFT)21,72,39,58. Nevertheless, to the best of our knowl-

edge, its current implementation does not support unrestricted calculations and can therefore

only be used for closed shell systems. Hereby, we want to emphasize that our goal is to find

trends which can be helpful to unravel the nucleation process of ZIFs. Hence, we will also cal-

culate spectra of Co2+ complexes with more complex ligands than water. In this sense, it is not

possible to perform some of the very expensive levels of theory used in previous studies. First,

we will critically evaluate in how far computationally cheaper methods are able to give a quali-

tative correct picture for the series of first-row octahedral aqua-complexes. At second instance,

we will use this knowledge to acquire some insights into the UV-Vis spectra of Co2+ complexes

observed during the nucleation process. Theretofore, we will apply techniques based on DFT

to calculate the ESs of octahedral and tetrahedral Co2+ complexes. These methods give a good

balance between accuracy and computational cost, at least for typical, simple systems43. How-

ever, care must be taken when considering more challenging systems like TMCs. In addition,

we will also briefly investigate the performance of AILFT for these TMCs.47,61

The GS reference, from which ESs are determined, can be obtained from average of config-

uration (AOC) or unrestricted DFT (UDFT) calculations as studied in our previous work16. In

the former, the d-electrons are distributed evenly among the five molecular orbitals dominated

by d-orbitals, resulting in a spin-restricted self-consistent field DFT calculation with fractional

occupation numbers. In the latter, a spin-unrestricted calculation is performed with integer

occupation numbers. In the following, we discuss how ESs can be determined via both tech-

niques.

When starting from an AOC reference, multiplet energies can be obtained by calculating the

energies of suitable determinants73. Although this method has been extended by Daul24, it

remains limited as mixing between states is not included. Therefore, we will examine LFDFT,
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which has been introduced by Atanasov et al.5,6,4,3. Indeed, the Kohn-Sham (KS)-orbitals ob-

tained from an AOC calculation are ideally suited for techniques in which electron-electron

repulsion is treated within full spherical symmetry, like for example in CFT. In LFDFT, the LF

parameters are not determined by making use of experimental input, as is usually done in CFT,

but they are obtained solely based on DFT calculations. In this way, the multiplet energy levels

of a given electron configuration can be determined. The key feature of this technique is that

both dynamical correlation, via the DFT exchange-correlation potential, and non-dynamical

correlation, via configuration interaction within the active space of KS orbitals with domi-

nant d-character, are taken into account. LFDFT can only calculate oscillator strengths between

states coming from different electron configurations. The d-d transitions studied in this work

come from the same electron configuration and are hence assumed to be Laporte forbidden.

Nevertheless, we will show by using TDDFT that the oscillator strengths for the d-d transitions

in TMCs which are not perfectly octahedral are different from zero as they are not completely

Laporte forbidden.

When the GS reference is obtained from UDFT, the most popular technique to determine ESs

is TDDFT57 within the linear-response approach as developed by Casida18. Usually, the adia-

batic approximation is applied in which the time-dependent exchange correlation potential is

approximated by a GS one13,8. This black box technique has already been widely used for a

broad area of systems, ranging from organic41,40 and inorganic29,20,9,48,56 molecules17,13,12,36,28

to the very challenging TMCs28,49,15. However, we have to pay attention when analyzing the

results for TMCs. Sometimes, the fact that the GS is not described correctly in DFT can be

reflected in a wrong characterization of the ESs. For example, Deeth et al. found that in tetra-

hedral Pd complexes, the d-orbital splitting is predicted incorrectly by DFT, which is reflected

in the ESs25. In our previous paper, we found that for the six-coordinated complexes the order

of d-orbitals within the t2g or eg set are sometimes interchanged in the AOC and UDFT calcu-

lations due to the different electron occupations, resulting in different interelectron repulsions.

However, no mixing between the two orbital sets occurs. Furthermore, we observed that the

gap between the occupied and unoccupied orbitals is overestimated by UDFT. We will study

in this work in how far these discrepancies are reflected in the ESs.

To set the scene, Figure 7 gives an overview of the most important challenges for the calcu-

11



lation of ESs in octahedral first-row aqua-complexes, being the presence of a degenerate GS

and/or double excitations. The electron configuration is shown too, where we assumed that

for all complexes the high-spin state is the most stable one. Remark that Mn2+ with the d5

configuration has been omitted as this complex has no spin-allowed d-d transitions.

d1/Sc2+ d2/Ti2+ d3/V2+ d4/Cr2+

Degenerate ground state

Non-degenerate ground state

Presence of double excitations

d6/Fe2+ d7/Co2+ d8/Ni2+ d9/Cu2+

Figure 7: Overview of the challenges encountered for the calculation of ESs in octahedral first-
row TMCs. The electron configuration of the high-spin GS is shown. Green/red indicates
that the GS is non-degenerate/degenerate and diagonal stripes denote the presence of double
excitations.

First of all, whether the GS is degenerate or not, is indicated in red or green, respectively. As

can be seen, most of the octahedral TMCs have a degenerate GS, the only exceptions are V2+

and Ni2+. On the one hand, configuration averaging, as is done in AOC, is, in principle, neces-

sary to treat the degenerate micro-states of the GS equally. On the other hand, the degeneracy

is mostly elevated by Jahn-Teller (JT) effects35, which has been investigated for some of the

complexes in our previous work16. This is in agreement with the results of Shee et al. who

have recently put forward that in most TMCs, static correlation is rarely found in the GS60.

Therefore, we also performed UDFT calculations, in which one of the degenerate micro-states

in the GS is selected. TDDFT, being a single reference technique, calculates the ESs based on

this GS reference. In Figures 3 and 4, this micro-state is indicated with a solid line. For the octa-

hedral d7 TMC, we arbitrarily chose one of the three micro-states with maximal spin-projection

corresponding to 4T1g(F) as the GS reference, namely (a). The fact that TDDFT selects a specific

micro-state as reference from which excitations are determined has two consequences. First of

all, the other two micro-states belonging to 4T1g(F), (b) and (c), are reached via single excita-

tions. These single excitations are indicated with dashed lines. Second, only four of the six

micro-states corresponding to 4T1g(P) and 4T2g are reached via an excitation of a single elec-
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tron. These are (d), (e), (g), and (h), and are indicated with a dashed line. (f) and (i) can only

be reached when two electrons are excited from the GS reference. These double excitations are

indicated with a dotted line. This has been addressed in Ref.74 as well. Micro-state (j) corre-

sponding to 4A2g is also a double ES. The behaviour of the tetrahedral d7 complexes shown in

Figure 4 is different. All micro-states corresponding to 4T2 and 4T1(F), i.e., (b)-(g), are single

ESs, and all micro-states corresponding to 4T1(P), i.e., (h)-(j), are double ESs. Therefore, they

are indicated with dashed and dotted lines, respectively.

It is widely known that, due to the adiabatic approximation, TDDFT is not capable of treat-

ing ESs with mainly double excitation character45. Let us consider the two situations studied

before. In the case of a non-degenerate GS, as for example in Figure 4, there are three double

excitations, as stated before. They correspond to a transfer of two eg electrons to t2g orbitals,

leading to the 4T1(P) state. Interactions can occur between the single 4T1(F) and double 4T1(P)

ESs, visualized by the bending of both lines in the TS diagram. However, TDDFT is not capable

of reproducing the double excitations and will only generate single ESs too high in energy as

the interaction with the double ESs is lacking45. Now, consider the case of a degenerate GS as

presented in Figure 3. According to the TS diagram, there is only one double ES state, 4A2g,

which does not have any ESs with matching symmetry with which it can interact. However,

due to the fact that TDDFT selects a specific GS, also micro-states (f) and (i) become double ESs.

They have symmetry 4T1g or 4T2g and therefore, interactions with 4T1g(F) can occur.

In the following, we will divide the TMCs shown in Figure 7 in three categories, based on

the degeneracy of the GS and the presence of double ESs, and compare the performance of

LFDFT and TDDFT. We start with V2+ and Ni2+ with non-degenerate GSs. In this category,

we will also consider tetrahedral d7 complexes as they play a central role in the search for a

possible fingerprint for the ZIF nucleation process. After this, we study Sc2+, Cr2+, Fe2+, and

Cu2+, which have a degenerate GS, but for which no double excitations are present. We con-

clude with the most difficult systems, Ti2+ and Co2+, which have both a degenerate GS and the

presence of double excitations. A proper description of the latter is also indispensable in order

to unravel the nucleation process. Before we dive into this, we first discuss the computational

details.
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2.2.1 Computational details

The AOC, UDFT, LFDFT, and unrestricted TDDFT calculations were performed with Amster-

dam Density Functional (ADF)64. As in this work we only focus on isolated complexes and

not on the Co-ZIF-67 material, nor on the metal-organic pool, we only performed cluster cal-

culations. The TZ2P+ basis set, with extra d-Slater type orbitals (STO), has been applied for

the TMs, and the TZ2P basis set has been used for the other elements. In analogy to our pre-

vious work16, we have chosen to apply the B3LYP-D3 functional14,42. Grimme D3 dispersion

corrections have also been added31. The calculations performed in this work use this level of

theory, unless explicitly stated otherwise. As it is well-known that TDDFT results can strongly

depend on the used functional68, two other functionals have also been tested for [Co(H2O)6]2+,

namely PBE01 and ωB9732 as they are known to perform good for the description of TMCs and

are available in ADF19,69. Methanol has been included as a solvent using COSMO53. Recently,

Radoń et al. stated that the inclusion of the second solvation shell is essential to correctly de-

termine the ESs of octahedral aqua-complexes54. However, in this work, the situation is more

complicated as the complexes are situated in a methanol environment to mimic the experi-

mental conditions valid in the formation of ZIFs. A full study of the influence of the solvation

environment on the ESs of the TMCs is beyond the scope of this work as our focus is on the

development of a qualitative fingerprint to follow the nucleation process of ZIFs. Scalar rela-

tivistic effects were taken into account using the ZORA formalism65,66,67. Geometry optimiza-

tions have been performed using UDFT. We checked that all computed internal normal modes

of the optimized structures show positive frequencies, ensuring that the geometries represent

minima of the GS potential energy surface. The optimized coordinates of all complexes stud-

ied in this work are given in Table S2. The symmetry of the complexes has been determined by

GaussView 5.026. Although they do not have perfect octahedral and tetrahedral symmetry, we

will, for simplicity, use the Oh and Td symmetry labels to designate the states. In the TDDFT

calculations, the lowest 30 excitations have been determined. We convoluted the simulated

TDDFT spectra with a Gaussian envelope with a standard deviation of 500 cm−1 to simulate

the Franck-Condon width of spectra. TDDFT can be performed with or without the symme-

try keyword. The main advantage of adding the keyword is that it allows one to determine

the symmetry of the ESs, which, in addition to their main contributions, can be helpful for la-

beling. The biggest disadvantage is that, when symmetry is invoked, the oscillator strength

is, per definition, zero. Spin-forbidden ESs can in principle be calculated using Spin-flip (SF)-
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TDDFT59,55,68. However, these transitions are composed of a lot of small contributions, making

it difficult to label them. Furthermore, as they are spin-forbidden, they are much less intense

than the excitations calculated via regular TDDFT. Therefore, we will not further discuss spin-

forbidden excitations. Spin orbit coupling (SOC) has been included in the LFDFT calculations.

Although the degeneracy of the states in the subsequent LFDFT spectra is not shown, this infor-

mation has been used to group the micro-states and to characterize them with labels according

to the TS diagrams.

The AILFT calculations are parameterized via N-electron valence perturbation theory (NEVPT2)

using ORCA.50,52 In order to estimate the effect of dynamical correlation, we compared the re-

sults with AILFT calculations starting from a CASSCF(7,5) reference, which does not capture

these correlation effects. These calculations are computationally more expensive than the DFT-

based techniques and have been performed using a minimal active space as it was found in

Ref.51 and Ref.70 that this is sufficient for SORCI and multireference calculations, respectively.

Although it is expected that the effect of increasing the d-orbital space is small for TMCs with

an oxidation state of +2, additional investigations are needed to further test the influence of the

active space size. The def2-TZVP basis set has been used and the methanol solvent has been

included via the conductor-like polarizable continuum model (C-PCM)11.

We note that the complexes studied in this work are positively charged. This charge can be

counterbalanced by NO−3 ligands surrounding the TMCs. In addition, it is possible that some

of the ligands get deprotonated. However, this depends on the pH of the solution. Setting

up models that account for these complexities of the molecular environment would be very

complex and is beyond the scope of this study.

2.2.2 Non-degenerate GS but double excitations

[V(H2O)6]2+ and [Ni(H2O)6]2+

[V(H2O)6]2+ and [Ni(H2O)6]2+ complexes have a d3 and d8 configuration, respectively, and

thus non-degenerate GSs. Stable structures with D2h, Th, and S6 symmetry were obtained.

For the V2+ complexes, the d-orbital splitting is shown in Figure S3. The LFDFT and TDDFT

spectra are shown in Figures 8, S4, and S5. Ni2+ complexes have similar results, presented in

Figures S6, S7, S8, and S9. As equivalent conclusions can be drawn for the different symmetries,
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we only discuss the complexes with D2h symmetry in detail. The only difference with the other

complexes is that the peaks in the LFDFT spectra are much broader for the S6 complex. Also,

as the S6 complexes have the least symmetry, the oscillator strengths calculated by TDDFT are

a little bit larger, although they remain very small.

First, we take a look at [V(H2O)6]2+ and examine the LFDFT results in the top pane of Figure 8.

The micro-states are plotted as vertical bars, of which the colors represent their contributions,

the quartet states are shown in purple and the doublet states in green. As stated in Section

2.2.1, the labeling of the micro-states according to the TS diagrams is based on their contribu-

tions and degeneracy. First of all, at around 0 cm−1, the non-degenerate 4 A2g GS is situated,

which is purely 4F. Furthermore, the second region with quartet states is situated around 11750

cm−1, contains large portions of 4F and corresponds to the 4T2g state. Remark that some contri-

butions of doublet states occur to. The third quartet region at 17600 cm−1 contains significant

parts from both 4F and 4P. The same holds for the band at around 27250 cm−1. They are la-

beled as 4T1g(F) and 4T1g(P), respectively. As can be seen in the TS diagram shown in Figure

4, 4T1g(F) and 4T1g(P) correspond to a single and double excitation, respectively. They have

the same symmetry and mixing is observed in the LFDFT spectrum. In between the previously

stated bands doublet contributions are present which will not be analyzed further.

Now, let’s inspect the TDDFT results in the bottom pane of Figure 8. The black curve represents

the convoluted absorption spectrum, whereas the vertical bars positioned at the excitation en-

ergies are hatched according to the main contributions present in the ES. The different hatch

styles are introduced in the inset showing the d-orbital splitting obtained by UDFT. There are

six excitations with mainly d-d character, grouped in two clusters of three states each. Every

ES accords to a transition from a t2g to an eg orbital. They correspond to the micro-states (b)-(g)

in Figure 4 and the clusters can be labeled as 4T2g and 4T1g(F), respectively. Note the presence

of an ES in the region where the double excited state 4T1g(P) in the LFDFT spectrum occurs.

As it has no d-d character, it does not correspond to 4T1g(P). Indeed, TDDFT is not capable of

determining double excitations. Finally remark the very small oscillator strengths for all the

ESs.

In our previous work, we observed that the gap between occupied and unoccupied orbitals
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is overestimated in UDFT compared to AOC16. Although the gap is circa 43000 cm−1 ver-

sus 11000 cm−1 for [V(H2O)6]2+, the qualitative pictures of the ESs computed by LFDFT and

TDDFT agree rather well apart from a shift to higher energies of only 3000-4700 cm−1. The

overestimation of the excitation energy of 4T1g(F) can be explained by the fact that the double

excited 4T1g(P) is missing in TDDFT as explained in Section 2.2.
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Figure 8: LFDFT (top) and TDDFT (bottom) spectrum of [V(H2O)6]2+ with D2h symmetry. The
vertical bars in the LFDFT spectrum indicate the contribution of each micro-state. The degen-
eracy is not displayed. In the TDDFT spectrum, the vertical bars show the excitations with
mainly d-d character, whereby the largest contributions are denoted. The legend for the dif-
ferent hatch types is given in the inset in which the α d-orbital splitting obtained via UDFT is
presented. The black curve represents the convoluted absorption spectrum, for which the axis
is presented on the right.

The results are very similar for the Ni2+ complexes. Triplet and singlet states are indicated with

shades of red and blue, respectively. We observe that there is little mixing between the single

and double excited 3T1g states. In the TDDFT spectrum, there are again six d-d ESs, grouped in
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two peaks, 4T2g and 4T1g(F), respectively.

Based on the results of these complexes with non-degenerate GSs, we can provisionally con-

clude that, even though the excitation spectrum contains double ESs and the d-orbital splitting

between the occupied and unoccupied orbitals is overestimated by UDFT compared to AOC,

TDDFT and LFDFT yield qualitatively similar results for the d-d excitations. However, one

must keep in mind that double excitations are not retrieved by TDDFT and one must verify the

character of the ES to confirm whether it is a d-d transition or not.

Tetrahedral [Co(H2O)4]2+ complex

Before investigating the performance of LFDFT and TDDFT for systems with degenerate GSs,

we first consider tetrahedral [Co(H2O)4]2+, as similar four-coordinated complexes with aqua

and/or 2-mIm ligands will play an important role in the second part of this work. As can

be seen in the TS diagram shown in Figure 4, these complexes have, as [V(H2O)6]2+ and

[Ni(H2O)6]2+, a non-degenerate GS and contain double excitations. [Co(H2O)4]2+ has been

subject of our preceding work, in which an optimal structure has been obtained16. The d-

orbital splitting is shown in Figure S10 and the LFDFT and TDDFT spectra in Figure 9. In the

LFDFT spectrum, we can clearly distinguish the 4A2 GS and 4T2 and 4T1(F) single excitations,

which all have almost exclusively 4F contributions. The 4T1(P) band corresponding to a double

excitation is rather broad. Moreover, there is very little mixing between the 4T1(F) single and

4T1(P) double excitations. When investigating the TDDFT spectrum, we first of all remark the

much larger oscillator strengths observed in the TDDFT results, which is in agreement with

our expectations for these non centrosymmetric tetrahedral complexes. This information can

not be obtained from LFDFT calculations. Furthermore, there are again six ESs in which an

electron is transferred from an e orbital to a t2 orbital and which correspond to transitions to

the micro-states (b)-(g) in Figure 4. These single ESs are grouped in two clusters and are labeled

as 4T2 and 4T1. As there is a significant shift between the LFDFT and TDDFT results, we also

tested the performance of PBE0 and ωB97, for which the spectra are shifted toward larger and

smaller wavelengths with respect to B3LYP, respectively as shown in Figures S11, S12, and S13.

The excitation energies strongly depend on the chosen functional as shifts up to 3700 cm−1 are

observed.
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As such, we conclude that also for tetrahedral complexes with non-degenerate GSs, the pic-

ture of d-d excitations obtained from LFDFT and TDDFT is qualitatively similar. Moreover,

both techniques give supplemental information, whereas LFDFT is capable of describing dou-

ble excitations, TDDFT yields oscillator strengths. Nevertheless, the exact position of the ESs

obtained from TDDFT strongly depend on the functional and differ from the LFDFT results.

Therefore, a quantitative comparison with experimental data will be given for the complexes

studied in the second part of this work.
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Figure 9: LFDFT (top) and TDDFT (bottom) spectrum of [Co(H2O)4]2+. The vertical bars in
the LFDFT spectrum indicate the contribution of each micro-state. The degeneracy is not dis-
played. In the TDDFT spectrum, the vertical bars show the excitations with mainly d-d charac-
ter, whereby the largest contributions are denoted. The legend for the different hatch types is
given in the inset in which the β d-orbital splitting obtained via UDFT is presented. The black
curve represents the convoluted absorption spectrum, for which the axis is presented on the
right.
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2.2.3 Degenerate GS but no double excitations: [Sc(H2O)6]2+, [Cr(H2O)6]2+ ([Fe(H2O)6]2+

and [Cu(H2O)6]2+)

Now, we look into the more complicated complexes which have a degenerate GS, but do not

contain double excitations. We found stable [Cr(H2O)6]2+ and [Fe(H2O)6]2+ complexes with

D2h symmetry. This is the highest possible symmetry as the GS is degenerate. The d-orbital

splitting is shown in Figures S14 and S15, respectively and the LFDFT and TDDFT spectra

in Figures 10 and 11. A large difference between the Cr2+ and Fe2+ complexes is that the eg

set is degenerate for the former whereas it is the t2g set for the latter, which corresponds to

strong and weak JT distortions, respectively. This is also reflected in the LFDFT spectra as the

spread in the GS term, being 5Eg and 5T2g, is much larger for the former than for the latter. The

same observation is made for the TDDFT spectra. The first peak is located at larger energies

for [Cr(H2O)6]2+ than for [Fe(H2O)6]2+ and corresponds to an eg → eg and two t2g → t2g

transitions, respectively. The other quintet states, 5T2g for Cr2+ and 5Eg for Fe2+, are situated

at higher energies. There are respectively three and two peaks in the LFDFT spectrum which

clearly agree with the three t2g → eg and two eg → t2g excitations in the TDDFT spectrum.

Finally, we note that there is no mixing between the triplet or singlet contributions and the

quintet states. From these case studies, we can conclude that the degeneracy of the GS poses

no extra challenges for the calculation of d-d excitations via LFDFT and TDDFT.
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Figure 10: LFDFT (top) and TDDFT (bottom) spectrum of [Cr(H2O)6]2+ with D2h symmetry.
The vertical bars in the LFDFT spectrum indicate the contribution of each micro-state. The
degeneracy is not displayed. In the TDDFT spectrum, the vertical bars show the excitations
with mainly d-d character, whereby the largest contributions are denoted. The legend for the
different hatch types is given in the inset in which the α d-orbital splitting obtained via UDFT
is presented. The black curve represents the convoluted absorption spectrum, for which the
axis is presented on the right.
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Figure 11: LFDFT (top) and TDDFT (bottom) spectrum of [Fe(H2O)6]2+ with D2h symmetry.
The vertical bars in the LFDFT spectrum indicate the contribution of each micro-state. The
degeneracy is not displayed. In the TDDFT spectrum, the vertical bars show the excitations
with mainly d-d character, whereby the largest contributions are denoted. The legend for the
different hatch types is given in the inset in which the β d-orbital splitting obtained via UDFT
is presented. The black curve represents the convoluted absorption spectrum, for which the
axis is presented on the right.

As for [Sc(H2O)6]2+ some other orbitals are situated in between the d-orbitals in the AOC re-

sults shown in Figure S16, LFDFT can not be applied. Furthermore, the most common oxida-

tion state of Sc2+ is +3. For [Cu(H2O)6]2+ too, some problems have been encountered as no

stable structures have been found in the methanol solvent environment. Therefore, we will not

elaborate further on these complexes.
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2.2.4 Degenerate GS and double excitations [Ti(H2O)6]2+ and [Co(H2O)6]2+

A stable [Co(H2O)6]2+ structure with D2h symmetry has been obtained previously, but is reori-

ented such that the smallest metal-bond distance is directed along the z-direction16. For com-

pleteness, the d-orbital splitting, extensively discussed in Ref.16, is shown in the left pane of

Figure S17. The spectra are presented in Figure 12. In order of increasing energy, we can clearly

discern the 4T1g(F) GS, single excited 4T2g, double excited 4A2g, and single excited 4T1g(P) in

the LFDFT spectrum. Remark that mixing between the single and double excitations is limited.

For the TDDFT spectrum, six ESs occur, which correspond to transitions from the GS to the

micro-states (b)-(e), (g), and (h), as shown in Figure 3. They are grouped in three clusters of

two ESs each. The first two are excitations in between the t2g orbital set, corresponding to the

micro-states (b) and (c), reached via a single excitation from the GS reference (a). These two

ESs can thus be labeled as 4T1g(F). For the other four excitations, an electron is excited from

a t2g to an eg orbital, which are thus labeled as 4T2g and 4T1g(P). We also tested the perfor-

mance of the PBE0 and ωB97 functionals for this complex as shown in Figures S18, S19, and

S20. The position of 4T1g(P) is shifted to larger/smaller wavelengths compared to the B3LYP

results for PBE0 and ωB97, respectively. The functional dependence is less pronounced than

for [Co(H2O)4]2+, but shifts up to 1900 cm−1 are still observed. A comparison with the experi-

mental results of Filez et al. and other literature data is given in the next section.

In Ref.16, we also found a stable structure with S6 symmetry, which has been reoriented such

that the ligands are oriented as much as possible toward the coordinate axes. The results are

shown in the right pane of Figure S17 and S21. The LFDFT spectra for the D2h and S6 com-

plexes are in good agreement. However, discrepancies are observed between the TDDFT spec-

tra. Only one ES is corresponding to 4T1g, which is at much larger energies in the S6 complex

than in the D2h system. Furthermore, one can not distinguish the 4T2g and 4T1g(P) states. An

identical behaviour has been observed for d2 [V(H2O)6]3+ complexes presented in Figures S22,

S23, and S24.

Unfortunately, the AOC results show that other orbitals are situated in between the d-orbitals

for [Ti(H2O)6]2+ as shown in Figure S25. Hence, this complex will not be studied further.
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Figure 12: LFDFT (top) and TDDFT (bottom) spectrum of [Co(H2O)6]2+ with D2h symmetry.
The vertical bars in the LFDFT spectrum indicate the contribution of each micro-state. The
degeneracy is not displayed. In the TDDFT spectrum, the vertical bars show the excitations
with mainly d-d character, whereby the largest contributions are denoted. The legend for the
different hatch types is given in the inset in which the β d-orbital splitting obtained via UDFT
is presented. The black curve represents the convoluted absorption spectrum, for which the
axis is presented on the right.

From this case study of octahedral TMCs with first-row TMs and aqua ligands, extended with

tetrahedral Co2+ aqua-complexes, we can conclude that LFDFT and TDDFT yield qualitative

similar results, which are complementary to each other. Whereas LFDFT is capable of describ-

ing double excitations, TDDFT allows one to determine oscillator strengths. The overestima-

tion of the gap between the occupied and unoccupied orbitals by UDFT compared to AOC is
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not reflected in the excitation spectra. Even the d-d excitations in challenging systems, with

a degenerate GS and double excitations, can be described qualitatively correctly by both tech-

niques. However, care must be taken for complexes with degenerate GSs and double excita-

tions possessing S6 symmetry, for which only LFDFT yields reasonable results. Furthermore,

as for some ESs, the excitation energy is different for the TDDFT and LFDFT results, a compar-

ison with experimental data is necessary. This will be addressed in the next Section, in which

we apply both LFDFT and TDDFT to TMCs relevant for the nucleation of ZIFs. The results of

the octahedral Co2+complexes with aqua ligands presented in this section are complemented

with spectra of tetrahedral Co2+ complexes with aqua and/or 2-mIm ligands as indicated in

Figure 1. Furthermore, we will compare our computational results for these systems with ex-

perimental data and we will briefly investigate the performance of AILFT.

3 Spectroscopic fingerprint for the nucleation of Co-ZIF-67

As stated in the Introduction, the mixture obtained after mixing Co(NO3)2·6H2O and 2-mIm

mainly consists of the complexes indicated in gray in Figure 1 according to Ref.27. The exper-

imental UV-Vis spectrum of the mixture is shown in blue in Figure 13. A linear combination

fit (LCF) presented with a dashed line deconvolutes the spectrum in three main contributions.

The yellow curve corresponds to [Co(OR)6]2+ complexes, whereby OR can be water, methanol,

or NO−3 . Red indicates [Co(2-mIm)3(OR)]2+ and the green curve has been identified as [Co(2-

mIm)4]2+. In the following, we will investigate each structure separately. Note that excitations

below 14000 cm−1 are not measured as this region is situated in the near infra-red lying outside

the scope of the work presented in Ref.27.
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Figure 13: Experimental absorption spectra in the visible range of the electromagnetic spectrum
after Co(NO3)2·6H2O-2-mIm mixing (blue). A LCF (blue, dotted) deconvolutes the spectrum
in [Co(OR)6]2+ (yellow), [Co(2-mIm)3(OR)]2+ (red), and [Co(2-mIm)4]2+ (green) constituents.
Figure adapted from Ref.27 with permission of Elsevier, Copyright 2021.

3.1 [Co(2-mIm)4]2+

The [Co(2-mIm)4]2+ complex indicated in green in Figure 13 is characterized by the 4T1(P)

state observed as the three spin-orbit split sub-peaks situated at 16667, 17637, and 18315 cm −1.

This is in agreement with Banci et al., who used the angular overlap method to state that, for

general tetrahedral Co2+ complexes, the 4T1(P) state is situated in the region between 13500

and 19500 cm−1 10. Furthermore, he showed that these complexes have two additional ESs at

lower energies, namely 4T2 and 4T1(F). The latter lies in the region between 5000 and 11000

cm−1, whereas the former is situated below 5000 cm−1 and is therefore difficult to detect10. As

these states are not situated in the the range of UV-Vis, they are not observed in Figure 13. An

overview of ESs in tetrahedral Co2+ complexes can be found in Ref.44.

We performed LFDFT and TDDFT calculations for this complex. Note that in our calculations

we used 1,2-dimethylimidazole (1,2-dmIm) instead of 2-mIm to prevent dimerization and to ex-

clusively study the initial change in the symmetry and coordination of Co2+. The geometrical

structure is shown in the left pane of Figure 14. The d-orbital splitting is shown in Figure S26.
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We compare the LFDFT and TDDFT spectra presented in Figure 15 with these of [Co(H2O)4]2+

in Figure 9 in order to estimate the influence of changing the ligands from aqua to 2-mIm. First

of all, we note that the oscillator strengths in the TDDFT results are four times larger than those

of [Co(H2O)4]2+. Furthermore, there are some minor shifts in the ESs, resulting in a more pro-

nounced left shoulder of the second band, but the overall picture remains unaltered. 4T2 is

situated around 10000 cm−1, whereas 4T1(F) is located around 15000 cm−1. Compared to the

results of Banci et al., we must conclude that the spectra are strongly blue-shifted over around

5000 cm−1. This is maybe due to our choice of functional. Indeed, as stated previously, the

specific position of the peak as calculated by TDDFT strongly depends on the used functional.

As 4T1(P) is a double excitation, it is not reachable by TDDFT. The micro-states in the LFDFT

spectra are no longer present in clusters, but they are more spread-out, making it difficult to

determine the energies of the states. This is due to the fact that the imidazole ligands are less

compact than the aqua ligands. We can roughly say that the 4T2 state is located between 5000

and 8000 cm−1 and the 4T1(F) state lies between 9000 and 12000 cm−1, which is in agreement

with the results of Banci et al.. The double excited 4T1(P) state is located at around 17500 cm−1,

in accordance with the results of Filez et al.. However, as the bands are rather spread-out, very

specific conclusions can not be drawn.

Figure 14: Visualization of the geometrical structure of [Co(1,2-dmIm)4]2+ (left) and [Co(1,2-
dmIm)3(H2O)]2+ (right). Carbon, cobalt, hydrogen, nitrogen, and oxygen are indicated in gray,
purple, light gray, blue, and red, respectively.
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Figure 15: LFDFT (top) and TDDFT (bottom) spectrum of [Co(1,2-dmIm)4]2+. The vertical
bars in the LFDFT spectrum indicate the contribution of each micro-state. The degeneracy is
not displayed. In the TDDFT spectrum, the vertical bars show the excitations with mainly d-
d character, whereby the largest contributions are denoted. The legend for the different hatch
types is given in the inset in which the β d-orbital splitting obtained via UDFT is presented. The
black curve represents the convoluted absorption spectrum, for which the axis is presented on
the right.

As the LFDFT spectrum of the tetrahedral complex with 1,2-dmIm ligands is rather diffuse,

we performed AILFT(NEVPT2) calculations too. The results are shown in Figure 16. Contrary

to the LFDFT spectra, shown in the top pane of Figure 15, the states are grouped together.

Comparison to the TDDFT spectrum shown in the bottom pane of Figure 15 reveals that 4T2

and 4T1(F) are situated at much smaller energies with a shift of more than 5000 cm−1, which is
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in good agreement with the findings of Banci et al. discussed in Section 3.1. The double excited

4T1(P) state is situated at larger energies compared to the experimental spectrum shown in

Figure 13 and the results of Banci et al.
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Figure 16: AILFT(NEVPT2) spectrum of [Co(1,2-dmIm)4]2+. Quartet and doublet states are
indicated in purple and green, respectively. The intensity of the transition is indicated by the
height of the bar. Although the doublet states are spin-forbidden, their bars are given a small
height in order to be visible.

3.2 [Co(2-mIm)3(OR)]2+

The following d-d excitations are discerned in the spectrum of [Co(2-mIm)3(OR)]2+ indicated

in red in Figure 13. First, two doublet ESs are observed: 2E(G) at 15408 cm−1 and 2T1(G) at

16155 cm−1. These spin-forbidden bands are the most narrow ones in the spectrum, which is in

line with our expectations. Because these states correspond to the t3
2e4 configuration, as shown

in Figure 4, it is also possible that some broadening occurs due to JT distortions. At 17825 and

19268 cm−1, the double excited 4T1(P) state is situated. This spectrum is clearly different from

that of [Co(2-mIm)4]2+.

The geometrical structure of [Co(1,2-dmIm)3(H2O)]2+ is shown in the right pane of Figure 14.

The splitting of the d-orbitals is shown in Figure S27 and the LFDFT and TDDFT spectra in

Figure 17. We do not observe large differences concerning the d-d transitions correspond-

ing with single excitations obtained via TDDFT between [Co(1,2-dmIm)3(H2O)]2+ and [Co(1,2-

dmIm)4]2+. We only note that there is no shoulder in the second band for the former complex.

The four ESs identified in the experimental spectrum are not reachable by TDDFT as they are

SF or double excitations. The LFDFT spectrum is even more diffuse than for the previous com-

plex, making it impossible to draw conclusions from it. As the large differences between the

tetrahedral Co2+ complexes found by Filez et al. are not observed by TDDFT, we conclude that
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more advanced techniques are needed, which are more precise and capable of determining d-d

transitions corresponding with double excitations.

The AILFT(NEVPT2) spectrum of [Co(1,2-dmIm)3(H2O)]2+ is shown in Figure S29. There are

no large differences between this spectrum and the one of [Co(1,2-dmIm)4]2+. As such, we con-

clude that AILFT(NEVPT2) is more suited to study the tetrahedral complexes with 1,2-dmIm

ligands than LFDFT. Nevertheless, the differences observed by Filez between tetrahedral com-

plexes with three and four 1,2-dmIm ligands are not retrieved.
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Figure 17: LFDFT (top) and TDDFT (bottom) spectrum of [Co(1,2-dmIm)3(OR)]2+. The vertical
bars in the LFDFT spectrum indicate the contribution of each micro-state. The degeneracy is
not displayed. In the TDDFT spectrum, the vertical bars show the excitations with mainly d-
d character, whereby the largest contributions are denoted. The legend for the different hatch
types is given in the inset in which the β d-orbital splitting obtained via UDFT is presented. The
black curve represents the convoluted absorption spectrum, for which the axis is presented on
the right.

3.3 [Co(OR)6]2+

As indicated with yellow in Figure 13, [Co(OR)6]2+ complexes are characterized by their band

maximum at 19531 cm−1, corresponding to the 4T1g(P) state. It has a shoulder located at 21277

cm −1, which also corresponds to the 4T1g(P) state. This is in agreement with the results of Banci
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et al., who found that, in general, 4T1g(P) is situated in between 15500 and 22000 cm−1 for octa-

hedral Co2+ complexes10. Furthermore, she found that 4T2g is situated in the band 6500-10500

cm−1, but as this ES is situated below the experimentally measured range, it is not observed in

Figure 13. Finally, octahedral Co2+ complexes have a double excited 4A2g state with a lower

intensity which is therefore often hidden by 4T1g(P). The 4 A2g state is experimentally observed

as a small peak around 15400 cm−1 in the raw experimental absorption spectrum of Filez et al.,

presented in Figure S28.

Good agreement is found between the spectrum shown in Figure 13 and experimental data

of [Co(H2O)6]2+ complexes in aqueous solution38 too. Indeed, in Ref.38, the spin-allowed sin-

gle excitations to 4T2g and 4T1g(P) are situated at 8100 cm−1 and at 19400 and 21550 cm−1,

respectively and the spin-allowed double excitation to 4 A2g is located at 16000 cm−1. Finally,

the lowest energy doublet state, i.e., 2Eg, is situated at 11300 cm−1.

We now compare the experimental spectrum shown in Figure 13 to the LFDFT and TDDFT

results presented in Figure 12. There is a good agreement with the LFDFT spectrum in which

4T2g and 4T1g(P) are situated at 8100-9400 cm−1 and 18400-21900 cm−1, respectively. 4 A2g is

located at 17500 cm−1. It is more difficult to determine the specific excitation energy of 2Eg

as contributions from doublet states are observed at 6600, 8400, and 13600-15700 cm−1. The

TDDFT results are also in good agreement: 4T1g(P) is located around 20000 cm−1, whereas

there is a slight shift observed for 4T2g, which is located at 10000-11300 cm−1.

The AILFT(NEVPT2) spectrum of [Co(H2O)6]2+ is shown in Figure 18. When comparing with

the LFDFT spectrum shown in Figure 12, we note that the spectra are similar but some dif-

ferences need to be highlighted. First of all, 4T2g and 4 A2g are shifted to smaller energies.

Excitation energies of [Co(H2O)6]2+ determined via the ab initio methods, both CASSCF and

NEVPT2, and the LFT models derived from them, AILFT(CASSCF) and AILFT(NEVPT2), are

listed in Table S1. The influence of dynamic correlation can be estimated by comparing the

CASSCF and NEVPT2 on the one hand and the AILFT(CASSCF) and AILFT(NEVPT2) results

on the other hand. These results reveal that the inclusion of dynamic correlation effects can not

be omitted.
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Figure 18: AILFT(NEVPT2) spectrum of [Co(H2O)6]2+. Quartet and doublet states are indi-
cated in purple and green, respectively. The intensity of the transition is indicated by the height
of the bar. Although the doublet states are spin-forbidden, their bars are given a small height
in order to be visible.

3.4 Spectroscopic fingerprint

We are now able to propose a spectroscopic fingerprint to follow the nucleation process of Co-

ZIF-67. Therefore, we compare the TDDFT spectra, which are shown in Figures 12, 15, and

17 and summarized in Figure 19. Remark that the absorbance is shown on the right axis for

[Co(H2O)6]2+, whereas it is on the left axis for the other complexes. The LFDFT spectra are not

considered as no conclusions can be drawn when the TMC possesses extended ligands. First of

all, we note that the oscillator strength of the centrosymmetric octahedral complexes is much

smaller than of tetrahedral TMCs, which accords with experiments. Based on the calculated

absorbance shown in Figure 19 and the experimental data shown in Figure 13, the order of

magnitude of the ratio of octahedral versus tetrahedral concentrations can be estimated. We

found that the tetrahedral complexes which trigger the nucleation process are 10−7-10−8 times

less present than the octahedral structures. This indicates that there is only a limited number

of tetrahedral complexes which trigger the nucleation process. Furthermore, the most intense

peak of the octahedral Co2+ complexes is situated at larger energies compared to that of the

tetrahedral structures, i.e., 20000 versus 15000 cm−1. Generally, these energies are in the correct

ranges and strongly align with CFT, in which a smaller ∆ is predicted for tetrahedral complexes

than for octahedral ones. Besides the main absorption peak, both octahedral and tetrahedral

complexes have additional, less intense, ESs around 10000 cm−1. Finally, d-d excitations with

very low energies are observed for the octahedral complexes and arise due to the degeneracy of

the GS. As the tetrahedral systems have a non-degenerate GS, no d-d excitations are observed

in this region. Unfortunately, on the basis of TDDFT calculations, we are not able to calculate
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the characterizing d-d excitations of [Co(1,2-dmIm)3(H2O)]2+ and [Co(2-mIm)4]2+ as proposed

by Filez et al. as they are double or SF excitations. Therefore, we must emphasize that other

techniques are needed which are able to calculate double excitations, in contrast to TDDFT, or

which can handle TMCs with extended ligands, as opposed to LFDFT.
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Figure 19: TDDFT spectra of [Co(H2O)6]2+ (yellow), [Co(1,2-dmIm)3(H2O)]2+ (red), and
[Co(1,2-dmIm)4]2+ (green). The absorbance is on the right for [Co(H2O)6]2+, whereas it is on
the left for [Co(1,2-dmIm)3(H2O)]2+ and [Co(1,2-dmIm)4]2+.

4 Conclusions

In this work, we studied the d-d excitations of Co2+ complexes relevant for the nucleation pro-

cess of Co-ZIF-67 and compared them with experimental spectra in order to investigate in how

far TDDFT or LFDFT are able to provide a spectroscopic fingerprint. As it is widely known

that the calculation of ESs for TMCs is very challenging, we first focused on octahedral aqua-

complexes in order to investigate the challenges encountered when calculating d-d excitations

via LFDFT and TDDFT. In the former, one starts from an AOC reference with fractional oc-

cupation numbers whereas ESs are calculated from an UDFT GS in the latter. The octahedral

aqua-complexes were divided in three categories based on the degeneracy of the GS and the

presence of double excitations. The following conclusions have been made. Although the gap

between occupied and unoccupied orbitals is overestimated by UDFT compared to AOC, the

results of TDDFT and LFDFT are qualitatively in agreement. This even holds for challenging

TMCs with a degenerate GS and double excitations. Furthermore, both techniques provide

complementary information, double excitations can be studied via LFDFT whereas the oscil-
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lator strength can only be retrieved from TDDFT. However, when one wants to make a quan-

titative comparison, one needs to take in mind that the energies of single ESs interacting with

double ESs are overestimated by TDDFT in which double excitations are not included. In ad-

dition, the TDDFT spectra of tetrahedral complexes need a significant red-shift to match the

LFDFT and experimental results. As we observed that the d-d excitations strongly depend on

the chosen functional, the performance of additional functionals could be tested. Finally, care

must be taken when TMCs with S6 symmetry and a degenerate GS are studied.

In a second step, we reverted our attention to complexes which are relevant for the nucleation

of Co-ZIF-67. These include octahedral Co2+ aqua-complexes and tetrahedral Co2+ complexes

with 2-mIm and aqua ligands. The most prominent difference between the octahedral and

tetrahedral Co2+ complexes is that the oscillator strengths of the former are much smaller as

these systems posses a center of symmetry. A comparison of the ratio of the absorption peaks

in experiment and theory allowed us to estimate the ratio of octahedral and tetrahedral com-

plexes. It was found that the tetrahedral structures which trigger the nucleation process are

10−7-10−8 times less present than the octahedral complexes. Another way in which the tetra-

hedral and octahedral TMCs can be distinguished is by the position of the main absorption

peak, which is shifted to smaller wavelengths for the former, which is in agreement with CFT.

Furthermore, additional ESs are observed at very small energies for the octahedral complex,

whereas this is not the case for the tetrahedral structures. Neither TDDFT nor LFDFT were

able to differentiate between the [Co(1,2-dmIm)4]2+ and [Co(1,2-dmIm)3(H2O)]2+ complexes.

We found that LFDFT can no longer be used for the tetrahedral complexes containing 2-mIm

ligands because the obtained spectra are too spread-out. Therefore, we briefly investigated the

performance of AILFT and found, just like for TDDFT, that no large differences are observed

between the spectra of [Co(1,2-dmIm)4]2+ and [Co(1,2-dmIm)3(H2O)]2+. Nevertheless, AILFT

is a promising technique to study these complicated systems. As the experimentally proposed

fingerprint by Filez et al. is situated in the UV-Vis region and contains mainly double and SF

excitations, other techniques which are able to include double excitations and can handle TMCs

with no symmetry are needed to distinguish between these tetrahedral complexes.
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[23] DANIEL, C., GONZÁLEZ, L., AND NEESE, F. Quantum Theory: The Challenge of Transi-

tion Metal Complexes. Phys. Chem. Chem. Phys. 23 (2021), 2533–2534.

40



[24] DAUL, C. Density Functional Theory Applied to the Excited States of Coordination Com-

pounds. Int. J. Quantum Chem. 52 (1994), 867–877.

[25] DEETH, R. J. Ligand Field and Density Functional Descriptions of the d-States and Bond-

ing in Transition Metal Complexes. Faraday Discuss. 124 (2003), 379–391.

[26] DENNINGTON, R., KEITH, T. A., AND MILLAM, J. M. Gaussview Version 5, 2019.

Semichem Inc. Shawnee Mission KS.

[27] FILEZ, M., CARATELLI, C., RIVERA-TORRENTE, M., MUNIZ-MIRANDA, F., HOEK, M.,

ALTELAAR, M., HECK, A. J. R., SPEYBROECK, V. V., AND WECKHUYSEN, B. M. Eluci-

dation of the Pre-Nucleation Phase Directing Metal-Organic Framework Formation. Cell

Rep. Phys. Sci. 2 (2021), 100680.

[28] GISBERGEN, S. V., GROENEVELD, J., ROSA, A., SNIJDERS, J., AND BAERENDS, E. Excita-

tion Energies for Transition Metal Compounds from Time-Dependent Density Functional

Theory. Applications to MnO−4 , Ni(CO)4, and Mn2(CO)10. J. Phys. Chem. A 103 (1999),

6835–6844.
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The number, intensity, and position of d− d excitations of transition metal complexes relevant

in the ZIF nucleation process have been investigated to propose a spectroscopic fingerprint.

These excited states are characterized via computational techniques based on density func-

tional theory. In general, the spectra obtained from time-dependent density functional theory

and ligand field density functional theory are qualitatively similar and provide complementary

information, but the latter is not suited for complexes with extended ligands.
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B
Appendix

In this appendix, the proofs of the fundamental theorems of TDDFT and
derivations for expressions encountered in Chapter 2 are given based on
Ref. 88. Furthermore, the symmetry elements for five-coordinated trigonal
bipyramidal and square pyramidal complexes are visualized. In addition,
the character tables of point groups encountered in this work are given.
Finally, the Tanabe-Sugano diagrams for various d-electron configurations
are provided.

B.1 Proofs of the fundamental theorems and
derivations of expressions encountered in the
study of TDDFT

B.1.1 Proof of the Runge-Gross theorem

Before proving the Runge-Gross theorem, we elucidate what is meant by
di�erent potentials. Based on the TD Schrödinger equation given in Eq. (2.1),
we can state that, if two potentials di�er by an additive TD scalar function
c(t), the corresponding wavefunctions only di�er by a TD phase factor:

ṽ(rrr, t) = v(rrr, t) + c(t)→ Ψ̃(t) = e−iα(t)Ψ(t), (B.1)

with c(t) = dα(t) /dt . When there is no confusion, we drop the spatial
and spin dependence of the TD wavefunction Ψ(xxx1 · · ·xxxN , t) by writing it as
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Ψ(t). The resulting densities are identical since the phase factors cancel out:

ñ(rrr, t) =〈Ψ̃(t)|n̂(rrr)|Ψ̃(t)〉
=〈Ψ(t)|eiα(t)n̂(rrr)e−iα(t)|Ψ(t)〉
=〈Ψ(t)|n̂(rrr)|Ψ(t)〉
=n(rrr, t).

(B.2)

Therefore, we say that two potentials are non-identical when they di�er by
more than an additive TD scalar function.

In order to prove the Runge-Gross theorem, it is required that the
external potential is expandable in a Taylor series with respect to the time
coordinate around the initial time t0:

v(rrr, t) =

∞∑
k=0

1

k!

∂kv(rrr, t)

∂tk
|t=t0(t− t0)k

=

∞∑
k=0

1

k!
v

(k)
0 (rrr)(t− t0)k,

(B.3)

and similar for v′(rrr, t). In the second line, we introduced a shorthand
notation for the k-th time-derivative at t = t0.

We prove the Runge-Gross theorem by showing that two di�erent
potentials result in di�erent densities. As the potentials are non-identical, a
smallest integer l exists such that

v
(l)
0 (rrr)− v′(l)0 (rrr) 6= constant. (B.4)

In the first part of the proof, we demonstrate that di�erent potentials result
in di�erent currents. In the second part, we extend this to the densities by
making use of the continuity equation.

Proof. In the first part, we show that a one-to-one correspondence exists
between current densities and external potentials. Therefore, we start from
the current density which is given by

jjj(rrr, t) = 〈Ψ(t)|ĵjj(rrr)|Ψ(t)〉, (B.5)

with the paramagnetic current-density operator defined as:

ĵjj(rrr) =
1

2i

N∑
l=1

[∇lδ(rrr − rrrl) + δ(rrr − rrrl)∇l] . (B.6)
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The equation of motion for the expectation value of a general operator Q̂(t)
is given by

∂

∂t
〈Ψ(t)|Q̂(t)|Ψ(t)〉 = 〈Ψ(t)|

(
∂Q̂

∂t
− i
[
Q̂(t), Ĥ(t)

])
|Ψ(t)〉, (B.7)

which results in the following expression for the current density:

∂

∂t
jjj(rrr, t) = −i〈Ψ(t)|

[
ĵjj(rrr), Ĥ(t)

]
|Ψ(t)〉. (B.8)

We also consider a second system, indicated with a prime:

∂

∂t
jjj′(rrr, t) = −i〈Ψ′(t)|

[
ĵjj(rrr), Ĥ ′(t)

]
|Ψ′(t)〉. (B.9)

When we evaluate Eq. (B.8) and (B.9) at t = t0 and subtract the results, we
obtain:

∂

∂t

{
jjj(rrr, t)− jjj′(rrr, t)

}
|t=t0 = −i〈Ψ0|

[
ĵjj(rrr), Ĥ(t0)− Ĥ ′(t0)

]
|Ψ0〉, (B.10)

where both Ψ(t) and Ψ′(t) evolve from the same initial state Ψ0. Hence,
the kinetic and electron-electron interaction terms are identical at t0 in
both systems and the Hamiltonians only di�er in their one-body external
potentials:

∂

∂t

{
jjj(rrr, t)− jjj′(rrr, t)

}
|t=t0 = −i〈Ψ0|

[
ĵjj(rrr),

N∑
i=1

v(rrri, t0)−
N∑
i=1

v′(rrri, t0)

]
|Ψ0〉.

(B.11)
We first focus on the un-primed terms in Eq. (B.11)

∂

∂t
jjj(rrr, t)|t=t0 = − i〈Ψ0|

[
ĵjj(rrr),

N∑
i=1

v(rrri, t0)

]
|Ψ0〉. (B.12)

When we pass to the coordinate representation, we introduce the following
shorthand notations:

x̄̄x̄x ≡ xxx1 · · ·xxxN
dx̄̄x̄x ≡ dxxx1 · · · dxNxNxN
Ψ̄ ≡ Ψ(x̄̄x̄x, t)

Ψ̄0 ≡ Ψ0(x̄̄x̄x) ≡ Ψ(x̄̄x̄x, t0).

(B.13)
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We obtain for the right-hand side of Eq. (B.12):

−1

2

N∑
i,l=1

∫
dx̄̄x̄xΨ̄∗0 [∇lδ(rrr − rrrl) + δ(rrr − rrrl)∇l, v(rrri, t0)] Ψ̄0

= −1

2

N∑
i,l=1

∫
dx̄̄x̄xΨ̄∗0

{
∇l
[
δ(rrr − rrrl)v(rrri, t0)Ψ̄0

]
+ δ(rrr − rrrl)∇l

[
v(rrri, t0)Ψ̄0

]
− v(rrri, t0)∇l

[
δ(rrr − rrrl)Ψ̄0

]
− v(rrri, t0)δ(rrr − rrrl)∇l[Ψ̄0]

}
.

(B.14)
On the first and third term in the integrand, an integration by parts is
performed where the boundary terms cancel.

−1

2

N∑
i,l=1

∫
dx̄̄x̄x
{
−∇l[Ψ̄∗0]δ(rrr − rrrl)v(rrri, t0)Ψ̄0 + Ψ̄∗0δ(rrr − rrrl)∇l

[
v(rrri, t0)Ψ̄0

]
+∇l[Ψ̄∗0v(rrri, t0)]δ(rrr − rrrl)Ψ̄0 − Ψ̄∗0v(rrri, t0)δ(rrr − rrrl)∇l[Ψ̄0]

}
.

(B.15)
The second and third term are calculated and part of them cancel with the
first and fourth term. The resulting two terms are identical and the factor
1/2 cancels

∂

∂t
jjj(rrr, t)|t=t0 = −

N∑
i,l=1

∫
dx̄̄x̄xΨ̄∗0δ(rrr − rrrl)Ψ̄0∇lv(rrri, t0). (B.16)

∇l is acting on v(rrri, t) and will only di�er from zero when i = l. Furthermore,
all terms in the summation are equal, therefore we chose l = 1 and introduce
a factor N

∂

∂t
jjj(rrr, t)|t=t0 = −N

∫
dx̄̄x̄xΨ̄∗0δ(rrr − rrr1)Ψ̄0∇1v(rrr1, t0). (B.17)

Working out the delta function, we obtain

∂

∂t
jjj(rrr, t)|t=t0 = −N

∑
σ

×∫
dxxx2 · · · dxxxNΨ∗0(rrr,xxx2 · · ·xxxN , t)Ψ0(rrr,xxx2 · · ·xxxN , t)∇v(rrr, t0).

(B.18)
Finally, this can be rewri�en using the density

∂

∂t
jjj(rrr, t)|t=t0 = −n(rrr, t0)∇v(rrr, t0). (B.19)
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The same holds for the primed-terms in Eq. (B.11). Inserting the obtained
results in Eq. (B.11) results in

∂

∂t

{
jjj(rrr, t)− jjj′(rrr, t)

}
|t=t0 = −n(rrr, t0)∇

[
v(rrr, t0)− v′(rrr, t0)

]
. (B.20)

If Eq. (B.4) is satisfied for l = 0, the right-hand side cannot vanish identically
and jjj and jjj′ will become di�erent infinitesimally later than t = t0. If
the smallest integer l for which the condition holds, is larger than zero, we
repeatedly use the equation of motion given in Eq. (B.7) and evaluate at t = t0
129:

∂l+1

∂tl+1

[
jjj(rrr, t)− jjj′(rrr, t)

]
|t=t0 = −n(rrr, t0)∇

[
v

(l)
0 (rrr)− v′(l)0 (rrr)

]
. (B.21)

Again, as the right-hand side is not identically equal to zero, the le�-hand
side must be di�erent from zero. From this we can conclude that a one-
to-one correspondence exists between the current density and the external
potential.

In the second part of the proof, we use the continuity equation, providing a
relation between the current density and the density:

∂n(rrr, t)

∂t
= −∇ ·jjj(rrr, t). (B.22)

We take the divergence of Eq. (B.21) and use Eq. (B.22) to obtain:

∂l+2

∂tl+2

[
n(rrr, t)− n′(rrr, t)

]
|t=t0 = ∇ ·

[
n(rrr, t0)∇w(l)

0 (rrr)
]
, (B.23)

where w(l)
0 (rrr) = v

(l)
0 (rrr)− v′(l)0 (rrr). A�er multiplying with w(l)

0 (rrr), the right-
hand side can be rewri�en as follows:

w
(l)
0 (rrr)∇ ·

[
n(rrr, t0)∇w(l)

0 (rrr)
]

= ∇ ·
[
w

(l)
0 (rrr)n(rrr, t0)∇w(l)

0 (rrr)
]
−

n(rrr, t0)
[
∇w(l)

0 (rrr)
]2
.

(B.24)

When we integrate over a volume element, Green’s theorem can be used for
the first term on the right-hand side and Eq. (B.24) becomes:∫

drrrw
(l)
0 (rrr)∇ ·

[
n(rrr, t0)∇w(l)

0 (rrr)
]

=

∮
dSSS ·

[
n(rrr, t0)w

(l)
0 (rrr)∇w(l)

0 (rrr)
]
−∫

drrrn(rrr, t0)
[
∇w(l)

0 (rrr)
]2
.

(B.25)
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For physically reasonable potentials, the surface integral on the right-hand
side vanishes when the surface is taken far enough. As we assumed that
the two potentials are di�erent, the right-hand side of Eq. (B.23) is strictly
negative and thus

∂l+2

∂tl+2
n(rrr, t)|t=t0 6=

∂l+2

∂tl+2
n′(rrr, t)|t=t0 . (B.26)

As such, we have shown that densities evolving from the same initial states
under the influence of di�erent potentials can not be identical.

B.1.2 Proof of the van Leeuwen theorem

In order to proof the van Leeuwen theorem, we require that n(rrr, t) = n′(rrr, t)
and use the fact that therefore all derivatives of the density are equal.
Consequently, in contrast to the Runge-Gross theorem, not only the
potential must be time-analytic around the initial time, but also the density.

The proof proceeds in two steps. In the first part, an expression between the
density and the external potential is derived. In the second step, the new
external potential is explicitly constructed, with the only constraint being
that v′(rrr, t) vanishes at infinity.

Proof. In the first step, we derive a relation between the density and the
external potential. In a similar way as for the Runge-Gross theorem, the
following expression is obtained for Eq. (B.8):

∂jjj(rrr, t)

∂t
=
N

2

∫
dx̄̄x̄x δ(rrr − rrr1)

{
HΨ̄∗∇[Ψ̄]− Ψ̄∗∇[HΨ̄] + c.c.

}
, (B.27)

where c.c. indicates the complex conjugate. We start with the time evolution
of the α component, being x, y, or z, of the probability current as given in
Eq. (B.27):

∂jα(rrr, t)

∂t
=
N

2

∫
dx̄̄x̄x δ(rrr − rrr1)

{
HΨ̄∗

∂Ψ̄

∂rα
− Ψ̄∗

∂HΨ̄

∂rα
+ c.c.

}
. (B.28)

In the following, we treat each part of the Hamiltonian given in Eq. (2.10)
separately.

kinetic term

The kinetic energy of the electrons is given by Eq. (2.3). The part of the
integrand of Eq. (B.28) situated between the brackets, without considering
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the complex conjugate, is given by:(
−1

2

N∑
i=1

∇2
i Ψ̄
∗

)
∂Ψ̄

∂rα
+

1

2
Ψ̄∗

∂

∂rα

(
N∑
i=1

∇2
i Ψ̄

)

= − 1

2

N∑
i=1

(
∇i ·

[(
∇iΨ̄∗

) ∂Ψ̄

∂rα

]
−∇iΨ̄∗ ·∇i

∂Ψ̄

∂rα

)

+
1

2

N∑
i=1

(
∇i ·

[
Ψ̄∗∇i

∂Ψ̄

∂rα

]
−∇iΨ̄∗ ·∇i

∂Ψ̄

∂rα

)

= − 1

2

N∑
i=1

∇i ·
((
∇iΨ̄∗

) ∂Ψ̄

∂rα
− Ψ̄∗∇i

∂Ψ̄

∂rα

)
.

(B.29)

A similar expression holds for the complex conjugate. Like for the previous
theorem, Green’s theorem is used. Again, the integral yields a vanishing
surface integral at infinity for i 6= 1 and only the term with i = 1 remains.
Eq. (B.28) then becomes:

∂jα(rrr, t)

∂t
=−∇ ·

N

4

∑
σ

∫
dxxx2 · · · dxxxN ×{

∇Ψ∗(rrr,xxx2 · · ·xxxN , t)
∂

∂rα
Ψ(rrr,xxx2 · · ·xxxN , t)−

Ψ∗(rrr,xxx2 · · ·xxxN , t)∇
∂

∂rα
Ψ(rrr,xxx2 · · ·xxxN , t) + c.c.

}
.

(B.30)

Furthermore, we introduce a new short-hand notation

x̂xx ≡ rrr,xxx2 · · ·xxxN
Ψ̂ ≡ Ψ(x̂xx, t).

(B.31)

Let us take a look at the β component of the divergence for which the
integrand becomes:

∂Ψ̂∗

∂rβ

∂Ψ̂

∂rα
− Ψ̂∗

∂2Ψ̂

∂rα∂rβ
+
∂Ψ̂

∂rβ

∂Ψ̂∗

∂rα
− Ψ̂

∂2Ψ̂∗

∂rα∂rβ

=2
∂Ψ̂∗

∂rβ

∂Ψ̂

∂rα
+ 2

∂Ψ̂

∂rβ

∂Ψ̂∗

∂rα
− ∂2Ψ̂Ψ̂∗

∂rα∂rβ

(B.32)

With the momentum-stress tensor Tβα(rrr, t), which is part of the energy-
momentum tensor, defined as:

Tβα(rrr, t) =∆
N

2

∫
dxxx2 · · · dxxxN

∂

∂rβ

{
∂Ψ̂∗

∂rβ

∂Ψ̂

∂rα
+
∂Ψ̂

∂rβ

∂Ψ̂∗

∂rα
− 1

2

∂2Ψ̂Ψ̂∗

∂rα∂rβ

}
,

(B.33)



262 Proofs and derivations encountered in study of TDDFT

Eq. (B.30) becomes

∂jα(rrr, t)

∂t
= −

∑
β

∂

∂rβ
Tβα(rrr, t). (B.34)

electron-electron interaction

The electron-electron repulsion is given by Eq. (2.4). The right-hand side of
Eq. (B.28), without considering the complex conjugate, is then:

N

2

∫
dx̄̄x̄x δ(rrr − rrr1)


1

2

N∑
i 6=j

1

|rrri − rrrj |
Ψ̄∗

 ∂Ψ̄

∂rα
− Ψ̄∗

∂

∂rα

1

2

N∑
i 6=j

1

|rrri − rrrj |
Ψ̄


=
N

2

∫
dx̄̄x̄x δ(rrr − rrr1)

{
1

2

N∑
i 6=j

1

|rrri − rrrj |
Ψ̄∗

∂Ψ̄

∂rα
− Ψ̄∗

∂Ψ̄

∂rα

1

2

N∑
i 6=j

1

|rrri − rrrj |


− 1

2
Ψ̄∗Ψ̄

∂

∂rα

N∑
i 6=j

1

|rrri − rrrj |

}

= − N

4

∫
dx̄̄x̄x δ(rrr − rrr1)|Ψ̄|2 ∂

∂rα

N∑
i 6=j

1

|rrri − rrrj |
,

(B.35)
where, in the first step, the derivative of the product in the second term is
calculated. The complex conjugate results in an identical contribution.

In order for the integrand to be di�erent from zero, either rrri = rrrα or
rrrj = rrrα. In the first case, j ∈ {1, · · · , α − 1, α + 1, · · ·N}, whereas in
the second case i ∈ {1, · · · , α − 1, α + 1, · · ·N}. Since all particles are
indistinguishable , we put rrrj = rrr2 in the first case and rrri = rrr2 in the second
case. Furthermore, as |rrrα − rrr2| = |rrr2 − rrrα|, both cases yield the same
result. As such, the following expression for the electron-electron interaction
Vee,α(rrr, t) is obtained:

−Vee,α(rrr, t) = −N(N − 1)

2

∫
dx̄̄x̄x δ(rrr − rrr1)|Ψ̄|2 ∂

∂rα

1

|rrrα − rrr2|
. (B.36)

external potential

The external potential is given by Eq. (2.27) and this part was already treated
in the proof of the Runge-Gross theorem in Section B.1.1. The result is given
in Eq. (B.19).
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Pu�ing all contributions together, we obtain:

∂jα(rrr, t)

∂t
= −n(rrr, t)

∂v(rrr, t)

∂rα
−
∑
β

∂Tβα(rrr, t)

∂rβ
− Vee,α(rrr, t), (B.37)

which is a local quantum version of Newton’s third law 255. From now on, we
drop the position- and time-dependence to ease the notation. We take the
time-derivative of the continuity Eq. (B.22) and use Eq. (B.37), which results
in:

∂2n

∂t2
= ∇ · (n∇v) +

∑
α,β

∂2Tβα
∂rβ∂rα

+
∑
α

∂Vee,α
∂rα

= ∇ · (n∇v) + q.

(B.38)

In the last equation, we introduced a new quantity q, encompassing the
momentum-stress tensor and the electron-electron interaction. Eq. (B.38)
is very useful as it defines a relation between the density and the external
potential.

In the second step, we explicitly construct the new external potential.
Consider a system with Hamiltonian given by Eq. (2.10). We define a new
system evolving under a new external potential, denoted with a prime, with
Hamiltonian: H ′(t) = Te + V ′ee + V ′en(t). Both systems give the same
density, i.e., n(rrr, t) = n′(rrr, t).

We start with determining the new initial state Ψ′0. As Eq. (B.38) is a
second order di�erential equation in time for n(rrr, t), two conditions are
imposed. First of all, at t = t0, the density in the new system must be equal
to the target probability density:

n′(rrr, t0) = 〈Ψ′0|n̂(rrr)|Ψ′0〉
= 〈Ψ0|n̂(rrr)|Ψ0〉
= n(rrr, t0)

(B.39)

The second condition that needs to be fulfilled is:

∂

∂t
n′(rrr, t)|t=t0 =

∂

∂t
n(rrr, t)|t=t0 , (B.40)

which can be rewri�en by using the continuity equation given in Eq. (B.22):

∇ ·jjj′(rrr, t)|t=t0 = 〈Ψ′0|∇ · ĵjj(rrr)|Ψ′0〉
= 〈Ψ0|∇ · ĵjj(rrr)|Ψ0〉
= ∇ ·jjj(rrr, t)|t=t0 .

(B.41)
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Now, we construct the external potential v′(rrr, t) in such a way that n(rrr, t) =

n′(rrr, t). Therefore, we impose n′(k)
0 = n

(k)
0 for all k. As v′(rrr, t) is time-

analytic, it can be wri�en as shown in Eq. (B.3) and is completely defined
when all v′(k)

0 are specified. We evaluate Eq. (B.38) for the primed system at
t = t0:

n
′(2)
0 = ∇ ·

(
n
′(0)
0 ∇v

′(0)
0

)
+ q
′(0)
0 . (B.42)

Now, we impose n′(2)
0 = n

(2)
0 . As the initial state |Ψ′0〉 is chosen in such a

way that n′(0)
0 = n

(0)
0 , as shown in Eq. (B.39), this can be rewri�en as follows:

∇ ·
(
n

(0)
0 ∇v

′(0)
0

)
= n

(2)
0 − q

′(0)
0 . (B.43)

This is a Sturm-Liouville equation which defines v′(0)
0 as all other quantities

are known. This equation has a unique solution provided the following
boundary condition is specified: v′(0)

0 (rrr)→ 0 for rrr →∞.

As such, the total potential is defined recursively via its Taylor expansion
coe�icients v′(k)

0 . v′(1)
0 is obtained by taking the derivative of Eq. (B.38) and

evaluating the resulting expression in t = t0:

n
′(3)
0 = ∇ ·

(
n
′(0)
0 ∇v

′(1)
0

)
+∇ ·

(
n
′(1)
0 ∇v

′(0)
0

)
+ q
′(1)
0 . (B.44)

Again, we equate the derivatives of the probability densities n′(3)
0 = n

(3)
0 and

obtain the following expression for v′(1)
0 :

∇ ·
(
n

(0)
0 ∇v

′(1)
0

)
= n

(3)
0 −∇ ·

(
n
′(1)
0 ∇v

′(0)
0

)
− q′(1)

0 . (B.45)

All quantities on the right-hand side are known as v′(0)
0 has been determined

from Eq. (B.43) and q′(1)
0 can be calculated from

q
′(1)
0 =

∂

∂t
q′(rrr, t)|t=t0

=− i〈Ψ′
0|
[
q̂qq′(rrr), Ĥ ′(t0)

]
|Ψ′

0〉.
(B.46)

From this we conclude that q′(1)
0 can be determined from the knowledge of

the initial state and the initial potential v′(0)
0 occurring in Ĥ ′(t0).

Proceeding in the same fashion leads to:

n
′(k+2)
0 = q

′(k)
0 +

k∑
l=0

(
k

l

)
∇ ·
(
n
′(k−l)
0 (rrr)∇v′(l)0

)
. (B.47)
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Imposing that n′(k)
0 = n

(k)
0 yields:

∇ ·
(
n

(0)
0 ∇v

′(k)
0

)
= n

(k+2)
0 − q′(k)

0 −
k−1∑
l=0

(
k

l

)
∇ ·

(
n

(k−l)
0 ∇v′(l)0

)
, (B.48)

from which v
′(k)
0 can be determined. Indeed, the right-hand side is com-

pletely known as the potentials v′(l)0 with l ∈ {0, 1, · · · , k−1} and the initial
state are known.

B.1.3 Derivation of expression for the Lehmann representa-
tion of the LR function

In this section, we prove that the Lehmann representation of the LR function
is given by:

χαβ(rrr,rrr′, ω) = lim
η→0+

∞∑
n=1

{
〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉

ω − Ωn + iη
− 〈Ψ0|β̂|Ψn〉〈Ψn|α̂|Ψ0〉

ω + Ωn + iη

}
.

(B.49)

Proof. First of all, we transform the LR function to the frequency domain by
taking the Fourier transform of Eq. (2.40):

χαβ(ω) = −i
∫ ∞
−∞

dτθ(τ)〈Ψ0|
[
α̂I(τ), β̂

]
|Ψ0〉eiωτ . (B.50)

Then, a completeness relation, 1̂ =
∑∞

n=0 |Ψn〉〈Ψn|, is inserted:

χαβ(ω) = −i
∞∑
n=1

∫ ∞
−∞

dτ θ(τ)eiωτ×{
〈Ψ0|α̂I(τ)|Ψn〉〈Ψn|β̂|Ψ0〉 − 〈Ψ0|β̂|Ψn〉〈Ψn|α̂I(τ)|Ψ0〉

}
.

(B.51)

Now, we use the explicit form of the operator α̂ in the interaction picture
representation given in Eq. (2.35) and obtain:

χαβ(ω) = −i
∞∑
n=1

∫ ∞
−∞

dτ θ(τ)eiωτ×{
〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉e−iΩnτ − 〈Ψ0|β̂|Ψn〉〈Ψn|α̂|Ψ0〉eiΩnτ

}
.

(B.52)
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By making use of the integral representation of the step function θ(τ)

θ(τ) = lim
η→0+

i

2π

∫ ∞
−∞

dω′
e−iω

′τ

ω′ + iη
, (B.53)

the first term in Eq. (B.52) becomes:

1

2π
lim
η→0+

∞∑
n=1

∫ ∞
−∞

dτ

∫ ∞
−∞

dω′
e−iω

′τ

ω′ + iη
ei(ω−Ωn)τ 〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉.

(B.54)
We make use of the general relation∫ ∞

−∞
dτ eiτ(ω−ω′) = 2πδ(ω − ω′) (B.55)

to rewrite Eq. (B.54) as follows:

lim
η→0+

∞∑
n=1

∫ ∞
−∞

dω′
δ(ω′ − ω + Ωn)

ω′ + iη
〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉

= lim
η→0+

∞∑
n=1

〈Ψ0|α̂|Ψn〉〈Ψn|β̂|Ψ0〉
ω − Ωn + iη

.

(B.56)

The second term in Eq. (B.52) is calculated similarly. By summing both parts,
we obtain the Lehmann representation of the LR function χαβ(ω) as shown
in Eq. (B.49).

B.1.4 Derivation of expression for the Lehmann representa-
tion of the KS response function

Here, we derive the following expression for the Lehmann representation of
the KS response function:

χs(rrr,rrr
′, ω) = lim

η→0+

∞∑
j,k=1

(ak − aj)
φ∗k(rrr)φk(rrr

′)φ∗j (rrr
′)φj(rrr)

ω − ωjk + iη
. (B.57)

Proof. For this proof, we work in the second quantization, where |Φn〉 is
wri�en using creation- and annihilation operators:

|Φn〉 = â†pâh|Φ0〉, (B.58)

where âh annihilates a particle in orbital φh and â†p creates a particle in
orbital φp. In the GS, p denotes an empty orbital with occupation number
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ap = 0, whereas h denotes an occupied orbital with an occupation number
ah = 1. It is the other way around for the ES.

Since φα(rrr) = 〈rrr|α〉 and φ∗α(rrr) = 〈α|rrr〉, relations for changing between the
rrr-basis and α-basis are the following:

Φ†(rrr) =
∑
α

〈α|rrr〉a†α

=
∑
α

φ∗α(rrr)a†α
(B.59)

and similarly
Φ(rrr) =

∑
α

〈rrr|α〉aα

=
∑
α

φα(rrr)aα.
(B.60)

An expression for n̂(rrr) in second quantization is derived as follows:

n̂(rrr) = Φ†(rrr)Φ(rrr)

=
∑
α,β

φ∗α(rrr)φβ(rrr)a†αaβ.
(B.61)

First, we determine 〈Φ0|n̂(rrr)|Φn〉:

〈Φ0|n̂(rrr)|Φn〉 = 〈Φ0|n̂(rrr)a†pah|Φ0〉
=
∑
α,β

φ∗α(rrr)φβ(rrr)〈Φ0|a†αaβa†pah|Φ0〉. (B.62)

Note that, due to the orthonormality of Φ0, this term only di�ers from zero
when α = h and β = p. Therefore, we obtain the following:

〈Φ0|n̂(rrr)|Φn〉 = φ∗h(rrr)φp(rrr). (B.63)

In a similar fashion, we get:

〈Φn|n̂(rrr)|Φ0〉 = φ∗p(rrr)φh(rrr). (B.64)

Substituting these equations in Eq. (2.53) yields:

χs(rrr,rrr
′, ω) = lim

η→0+

∞∑
j,k=1

(ak − aj)
φ∗k(rrr)φk(rrr

′)φ∗j (rrr
′)φj(rrr)

ω − ωjk + iη
, (B.65)

where Ψ0 and Ψn are replaced by Φ0 and Φn, respectively. The excitation
energies ωjk = εj − εk are energy di�erences between KS orbital energies.
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B.1.5 Derivation of expression for the transition density

In this section, we prove that the transition density can be wri�en as follows:

n1(rrr,Ω) =
∞∑

j,k=1

αkjΦjk(rrr)βjk. (B.66)

Proof. Eq. (2.69), evaluated at ω = Ω, is introduced in Eq. (2.74):

βjk =

∫
drrr′
∫

drrr′′Φ∗jk(rrr
′)fHXC(rrr′, rrr′′,Ω)γ(rrr′′,Ω)

Ω− ωjk
. (B.67)

We take the Fourier transform of Eq. (2.61) without an external perturbation
and evaluate it at ω = Ω:

n1(rrr,Ω) =

∫
drrr′χs(rrr,rrr

′,Ω)

∫
dxxxfHXC(rrr′,xxx,Ω)n1(xxx,Ω). (B.68)

Inserting Eq. (2.59) results in:

n1(rrr,Ω) =

∞∑
j,k=1

(ak − aj)
∫

drrr′
φ∗k(rrr)φk(rrr

′)φ∗j (rrr
′)φj(rrr)

Ω− ωjk
×∫

dxxxfHXC(rrr′,xxx,Ω)n1(xxx,Ω),

(B.69)

where we dropped limη→0+ and iη in the denominator to ease the notation.
Now, we use the definitions given in Eq. (2.68) to obtain

n1(rrr,Ω) =
∞∑

j,k=1

αkj

∫
drrr′

Φjk(rrr)Φ
∗
jk(rrr

′)

Ω− ωjk

∫
dxxxfHXC(rrr′,xxx,Ω)n1(xxx,Ω).

(B.70)
By inserting Eq. (B.67), this simplifies to

n1(rrr,Ω) =
∞∑

j,k=1

αkjΦjk(rrr)βjk. (B.71)

B.1.6 Derivation of the alternative form of the Casida equa-
tion

It is proven in this section that, by assuming that fXC is frequency-
independent, so that the matrices LLL and MMM are real, the Casida equation can
be cast into the alternative form:

CCCZZZ = Ω2ZZZ, (B.72)
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with

CCC =(LLL−MMM)1/2(LLL + MMM)(LLL−MMM)1/2

ZZZ =(LLL−MMM)1/2(XXX − YYY ).
(B.73)

Proof. The Casida equation given in Eq. (2.82) can be wri�en as two coupled
linear matrix equations:

LXLXLX + MYMYMY =− ΩXXX

MXMXMX + LYLYLY =ΩYYY.
(B.74)

Subtracting and summing these two equations results in

(LLL−MMM)(XXX−YYY) =− Ω(XXX + YYY) (B.75)

(LLL + MMM)(XXX + YYY) =− Ω(XXX−YYY). (B.76)

Multiplying both sides of Eq. (B.75) with (LLL + MMM) leads to

(LLL + MMM)(LLL−MMM)(XXX−YYY) = −Ω(LLL + MMM)(XXX + YYY), (B.77)

in which Eq. (B.76) can be substituted:

(LLL + MMM)(LLL−MMM)(XXX−YYY) = Ω2(XXX−YYY). (B.78)

In order to obtain a Hermitian eigenvalue problem, we multiply both sides
by (LLL−MMM)1/2, where we assumed that (LLL−MMM) is positive definite:

(LLL−MMM)1/2(LLL+MMM)(LLL−MMM)1/2(LLL−MMM)1/2(XXX−YYY) = Ω2(LLL−MMM)1/2(XXX−YYY).
(B.79)

This expression has the form described in Eq. (B.72) with

CCC =(LLL−MMM)1/2(LLL + MMM)(LLL−MMM)1/2

ZZZ =(LLL−MMM)1/2(XXX−YYY).
(B.80)



270
Symmetry elements of trigonal bipyramidal and square pyramidal

structures

B.2 Symmetry elements of trigonal bipyramidal
and square pyramidal structures

C3

(a)

C2

(b)

σv

(c)

σh

(d)

Figure B.1: Visualization of the symmetry elements of a TBP structure. The
first line contains the rotational symmetry elements of a TBP
structure (a): 1 C3 axis. (b): 3 C2 axes. The mirror planes are
visualized in the second line (c): One of three σv mirror planes.
(d) one σh mirror plane.

C4=C2

(a)

σv

(b)

σd

(c)

Figure B.2: Visualization of the symmetry elements of a SP structure. There
is one rotational symmetry element (a): 1C4 axis and coincident
C2 axis. In addition, two mirror planes occur (b): One of two σv
mirror planes. (c): one of two σd mirror planes.
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B.3 Character tables

C4v E 2C4(z) C2 2σv 2σd
A1 1 1 1 1 1
A2 1 1 1 -1 -1
B1 1 -1 1 1 -1
B2 1 -1 1 -1 1
E 2 0 -2 0 0

Table B.1: Character table of C4v .43

D3h E 2C3(z) 3C ′2 σh(xy) 2S3 3σv
A′1 1 1 1 1 1 1
A′2 1 1 -1 1 1 -1
E′ 2 -1 0 2 -1 0
A”1 1 1 1 -1 -1 -1
A”2 1 1 -1 -1 -1 1
E” 2 -1 0 -2 1 0

Table B.2: Character table of D3h.43

The point group contains 4 complex-valued 1D irreducible representations
that can be combined intoE∗g andE∗u . TheseE representations are reducible,
but have the advantage of real character values. They almost behave like true
irreducible representations, however, their norm is twice the group order.
Therefore, they are marked with an asterisk. Also, the 4 C3 and 4 S6 true
classes, containing separate le� and right rotations, are combined into 8
pseudo-classes.
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Th E 4C3 4(C3)2 3C2 i 4S6 4(S6)5 3σh
Ag 1 1 1 1 1 1 1 1
Eg 1 +ε +ε∗ 1 1 ε ε∗ 1
Eg 1 +ε∗ +ε 1 1 ε∗ ε 1
Tg 3 0 0 -1 3 0 0 -1
Au 1 1 1 1 -1 -1 -1 -1
Eu 1 +ε +ε∗ 1 -1 -ε -ε∗ - 1
Eu 1 +ε∗ +ε 1 -1 -ε∗ -ε -1
Tu 3 0 0 -1 -3 0 0 1

Table B.3: Character table of Th, ε = 2πi
3 (operator that rotates a vector by

2π
3 ).43

D2h E C2(z) C2(y) C2(x) i σ(xy) σ(xz) σ(yz)

Ag 1 1 1 1 1 1 1 1
B1g 1 1 -1 -1 1 1 -1 -1
B2g 1 -1 1 -1 1 -1 1 -1
B3g 1 -1 -1 1 1 -1 -1 1
Au 1 1 1 1 -1 -1 -1 -1
B1u 1 1 -1 -1 -1 -1 1 1
B2u 1 -1 1 -1 -1 1 -1 1
B3u 1 -1 -1 1 -1 1 1 -1

Table B.4: Character table of D2h.43 The naming of irreducible representa-
tions in this group as B1x, B2x, B3x is a special convention used
only for D2 and D2h.

D3d E 2C3 3C ′2 i 2S6 3σd
A1g 1 1 1 1 1 1
A2g 1 1 -1 1 1 -1
Eg 2 -1 0 2 -1 0
A1u 1 1 1 -1 -1 -1
A2u 1 1 -1 -1 -1 1
Eu 2 -1 0 -2 1 0

Table B.5: Character table of D3d.43
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S6 E C3(z) (C3)2 i (S6)5 S6

Ag 1 1 1 1 1 1
Eg 1 +ε +ε∗ 1 ε ε∗

Eg 1 +ε∗ +ε 1 ε∗ ε
Au 1 1 1 -1 -1 -1
Eu 1 +ε +ε∗ -1 -ε -ε∗

Eu 1 +ε∗ +ε -1 -ε∗ -ε

Table B.6: Character table of S6, ε = 2πi
3 (operator that rotates a vector by

2π
3 ).43

C2v E C2(z) σv(xz) σv(yz)

A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 1 -1
B2 1 -1 -1 1

Table B.7: Character table of C2v .43

D2d 2S4 E C2(z) 2C ′2 2σd
A1 1 1 1 1 1
A2 1 1 1 -1 -1
B1 1 -1 1 1 -1
B2 1 -1 1 -1 1
E 2 0 -2 0 0

Table B.8: Character table of D2d.43
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B.4 Tanabe-Sugano diagrams
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Figure B.3: Tanabe-Sugano diagram for octahedral d2 complexes. Only
spin-allowed transitions are included. Figure adapted from Ref.
165. Figure adapted from Ref. 165 with permission of Oxford
Publishing Limited, copyright 2010.
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Figure B.4: Tanabe-Sugano diagram for octahedral d3 and tetrahedral d7

complexes. Spin-allowed and spin-forbidden transitions are in-
dicated with full and dashed lines, respectively. Figure adapted
from Ref. 165. Figure adapted from Ref. 165 with permission of
Oxford Publishing Limited, copyright 2010.
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Figure B.5: Tanabe-Sugano diagram for octahedral d4 complexes. Only
spin-allowed transitions are included. Figure adapted from Ref.
165. Figure adapted from Ref. 165 with permission of Oxford
Publishing Limited, copyright 2010.
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Figure B.6: Tanabe-Sugano diagram for octahedral d6 complexes. Only
spin-allowed transitions are included. Figure adapted from Ref.
165. Figure adapted from Ref. 165 with permission of Oxford
Publishing Limited, copyright 2010.
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Figure B.7: Tanabe-Sugano diagram for octahedral d8 complexes. Only
spin-allowed transitions are included. Figure adapted from Ref.
165. Figure adapted from Ref. 165 with permission of Oxford
Publishing Limited, copyright 2010.
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D
List of So�ware Packages

In the context of this PhD dissertation, various so�ware packages have been
used extensively. Below, an overview of these so�ware packages is provided.

ADF and AMS

Amsterdam Density Functional (ADF), version 2018.105, is a quantum
chemistry so�ware package based on DFT, for molecules, solids, and
liquids.256, 257 Amsterdam Modeling Suite (AMS), version 2020.103258 and
2021.103259, is the new driver program introduced in the 2018 release of AMS
and handles all changes in the simulated geometry of the system. These
programs were adopted in this PhD dissertation to perform AOC, LFDFT,
UDFT, and unrestricted TDDFT calculations.

CP2K

CP2K is a quantum chemistry and solid state physics program package
to perform atomistic simulations of solid state, liquid, molecular, periodic,
material, crystal, and biological systems.260 CP2K was adopted in this PhD
dissertation to perform ab initio MD simulations.

Gaussian 16

Gaussian 16 is the latest in the Gaussian series of programs and provides
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state–of–the–art capabilities for electronic structure modeling. Gaussian 16
was adopted in this PhD dissertation to perform geometry optimizations,
rotational scans, frequency calculations, and TDDFT calculations. More
information about this so�ware is available under this link and in Ref. 261.

http://gaussian.com/gaussian16/
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