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Abstract 

The utilization of light energy plays an essential role in today's society, e.g. in the generation of 

electricity employing photovoltaics, optical sensing and imaging as well as photochemistry. To 

power such applications suitable materials are necessary. 

A promising group of compounds for such light driven applications are transition metal complexes 

due to their electronic structure and the possibility to precisely control their atomic composition, 

allowing the fine-tuning of their properties for specific uses. In the past, however, many of the 

employed compounds relied on precious or rare metals. The high cost and lower availability of 

these metals impedes the usage of such complexes in large scale applications. In recent years 

research has focused on finding alternative systems that instead rely on earth-abundant metals as 

cheaper and more easily available options. 

The research presented in this work pursues the development of novel (pseudo-)octahedral 

transition metal complexes based on the earth-abundant metal iron by investigating the 

fundamental photophysical properties of these compounds. Since poly-pyridine complexes of 

iron() only exhibit very short lifetimes of the excited 3MLCT state (< 1 ps), suitable ligand systems 

to prolong the lifetime of the 3MLCT state have to be investigated. The ligands employed in this 

work combine the concept of high local symmetry with a push-pull design, simultaneously 

stabilizing the metal-to-ligand charge transfer (MLCT) and destabilizing dark non-emissive metal 

centred (MC) excited states. 

In the first part, the linear tridentate ligand 2,6-bis((3-methyl-2,3-dihydro-1H-imidazol-1-

ylidene)methyl)pyridine (pbmi) combining a π-accepting pyridine bridged via methylene bridges in 

the 2- and 6-position to a σ-donating methyl-imidazolidene moiety, respectively, was synthesized 

and utilized to attempt the synthesis of the homoleptic complex [Fe(pbmi)2]2+. The detailed 

investigation of the photophysical properties of the homoleptic complex [Fe(pbmi)2]2+ could not be 

carried since the compound could not be isolated. The synthesis and characterization of 

[Fe(pbmi)2]2+ was later published by Gros et. al. so further research attempts were stopped. 

In the second part the ligand design was modified to a tripodal structure incorporating two pyridine 

moieties as π-acceptors linked to a methyl-imidazolydene as a σ-donor via a methine-bridge, in the 

ligand 2,2'-((3-methyl-2,3-dihydro-1H-imidazol-1-ylidene)methylene)dipyridine (dpmi). The 

homoleptic iron(II) complex [Fe(dpmi)2]2+ was investigated regarding the lifetime of the 3MLCT 
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excited state utilizing ultra-fast transient absorption spectroscopy performed by Ayla Kruse (Group 

of Professor Lochbrunner) which revealed an extended lifetime of said excited state of about 9 ps. 

The third part focused on the idea of increasing the number of σ-donating methyl-imidazolylidene 

moieties inside the ligand, which should further increase the destabilizing effect on the excited MC 

states and prolong the lifetime of the excited 3MLCT state. Therefore the tridentate tripodal ligand 

2-(bis(3-methyl-2,3-dihydro-1H-imidazol-1-ylidene)methyl)pyridine (pdmi) incorporating two 

methyl-imidazole moieties and one pyridine ring and its homoleptic iron(II) complexes cis-

[Fe(pdmi)2]2+ and trans-[Fe(pdmi)2]2+ were synthesized and investigated towards their 

photophysical properties. The lifetime of the excited 3MLCT state was only increased slightly 

compared to [Fe(dpmi)2]2+ at 293 K. Variable-temperature ultra-fast transient absorption 

spectroscopy, however, revealed a temperature dependence of the lifetime of the 3MLCT state of 

cis-[Fe(pdmi)2]2+ and no such dependence in the trans-isomer. This temperature dependence of the 

lifetime was then utilized to investigate the electronic coupling between the excited 3MLCT and 3MC 

states using semi-classical Marcus-Hush theory, revealing an electronic coupling constant 

HAB = 81±6 cm−1 for the inter conversion barrier between the excited 3MLCT and 3MC states.
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Kurzzusammenfassung 

Die Nutzung von Lichtenergie spielt eine wichtige Rolle in der heutigen Gesellschaft, z.B. in der 

Erzeugung von Strom durch Einsatz von Photovoltaik-Anlagen, in optischer Sensorik und Bildgebung 

als auch in der Photochemie. Um solche Anwendungen zu ermöglichen, bedarf es geeigneter 

Materialen. 

Eine vielversprechende Gruppe and Verbindungen für solche lichtgetriebenen Anwendungen 

stellen Übergangsmetallkomplexe dar, aufgrund ihrer elektronischen Struktur als auch der 

Möglichkeit der präzisen Kontrolle ihrer atomaren Zusammensetzung, was die genaue 

Feinabstimmung dieser Systeme auf spezielle Anwendungen ermöglicht. In der Vergangenheit 

spielten Übergangsmetallkomplexe bestehend aus edlen oder seltenen Metallen eine große Rolle, 

die aufgrund der hohen Kosten und geringeren Verfügbarkeit solcher Metalle die Anwendung 

solcher Komplexe in großtechnischen Prozessen verhindert. Der Fokus der Forschung wandelte sich 

in den letzten Jahren darum hin zur Entwicklung alternativer Verbindungen welche statt der 

seltenen Metalle, billigere und leichter verfügbare Alternativen verwenden. 

Diese Arbeit beschreibt die Entwicklung von (pseudo-)oktaedrischen Übergangsmetallkomplexes 

basierend auf dem häufig vorkommenden Metall Eisen und der Untersuchung der fundamentalen 

photophysikalischen Eigenschaften dieser Verbindungen. Aufgrund der kurzen Lebenszeit des 

angeregten 3MLCT Zustands (< 1 ps) in Poly-Pyridin Eisen() Komplexen, müssen geeignete 

Ligandensysteme zur Verlängerung der Lebenszeit des 3MLCT Zustandes untersucht werden Die in 

dieser Arbeit verwendeten Liganden kombinieren hierbei das Konzept hoher lokaler Symmetrie mit 

dem Konzept von Push-Pull-Liganden, bei welchen gleichzeitig die Metall-zu-Ligand-Charge-Transfer 

(MLCT) angeregten Zustände stabilisiert und die dunklen, nicht emissiven, angeregten 

metallzentrierten (MC) Zustände destabilisiert werden. 

Im ersten Teil der Arbeit wird der tridentate lineare Ligand 2,6-Bis((3-methyl-2,3-dihydro-1H-

imidazol-1-yliden)methyl)pyridin (pbmi), welcher aus einem Pyridin als π-Akzeptor verbunden in 2- 

und 6-Position über Methylenbrücken mit je einem Methyl-Imidazol als σ-Donoren fungiert, und die 

Syntheseversuche des homoleptischen Eisen(II)-Komplexes beschrieben. Die Untersuchung der 

photophysikalischen Eigenschaften des Komplexes [Fe(pbmi)2]2+ konnten aufgrund von 

Aufreinigungsproblemen nicht durchgeführt werden. Die Synthese und Charakterisierung von 

[Fe(pbmi)2]2+ wurde später von Groß et. al. publiziert, sodass weitere Untersuchungen beendet 

wurden. 
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Im zweiten Teil der Arbeit wurde das Ligandendesign modifiziert und statt einen tridentate linearen 

Liganden ein tripodaler Ligand 2,2'-((3-Methyl-2,3-dihydro-1H-imidazol-1-yliden)methylen)-

dipyridin (dpmi) bestehend aus zwei Pyridinen als π-Akzeptoren verknüpft mit einer Methyl-

Imidazol-Einheit als σ-Donor über eine Methyl-Gruppe. Der homoleptische Komplex [Fe(dpmi)2]2+ 

wurde bezüglich der Lebenszeit des angeregten 3MLCT-Zustandes mittels ultra-schneller transienter 

Absorptions-spektroskopie von Ayla Kruse untersucht. Diese Untersuchung ergab eine erhöhte 

Lebenszeit des angeregten 3MLCT-Zustandes von 9 ps. 

Im dritten Teil der Arbeit lag der Fokus auf der Frage welchen Einfluss eine Erhöhung der Anzahl der 

Methyl-Imidazol σ-Donor-Einheiten und der somit vergrößerte destabilisierende Einfluss auf die 

metallzentrierten Zustände auf die Lebenszeit des angeregten 3MLCT-Zustand hat. Hierfür wurde 

der tripodale Ligand 2-(bis(3-methyl-2,3-dihydro-1H-imidazol-1-yliden)methyl)pyridin (pdmi) 

bestehend aus zwei Methyl-Imidazol-Einheiten und einem Pyridin und dessen homoleptische 

Eisen(II)-Komplexe cis-[Fe(pdmi)2]2+ und trans-[ Fe(pdmi)2]2+ synthetisiert und bezüglich ihrer 

photophysikalischen Eigenschaften untersucht. Die Lebenszeit des angeregten 3MLCT-Zustandes 

war im Vergleich zu [Fe(dpmi)2]2+ nur wenig erhöht. Allerdings konnte durch variable Temepratur 

transiente Absorptionsspektroskopie eine Temperatur Abhängigkeit der Lebenszeit des angeregten 

3MLCT-Zustands von cis-[Fe(pdmi)2]2+ festgestellt werden, welche im trans-Isomer nicht zu 

beobachten ist. Diese Temperaturabhängigkeit ermöglicht hier die Untersuchung der 

elektronischen Kopplung der angeregten 3MLCT und 3MC Zustände im Rahmen der Marcus-Hush 

Theorie. Diese Analyse gibt einen elektronischen Kopplungsparameter HAB = 81±6 cm−1 für die 

Energiebarriere der internen Konversion zwischen den angeregten 3MLCT und 3MC Zuständen. 
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Abbreviations and Physical Quantities 

Abbreviations 

a.u.   arbitrary units 

AGS   absorbance of the ground state species 

Aox   absorbance of the oxidized species 

Ared   absorbance of the reduced species 

Abs.   absorption 

Ar   para-tolyl 

bpy   2,2'-bipyridine 

btz   3,3′-dimethyl- 1,1′-bis(p-tolyl)-4,4′-bis(1,2,3-triazol-5-ylidene 

B3LYP   Becke, 3-parameter, Lee-Yang-Parr 

bimca−   1,8-bis(imidazolin-2-yliden-1-yl)carbazolide 

bmip   2,6-bis(imidazol-2-ylidene)pyridine 

tBu   tert-butyl 

CAAC   cyclic (alkyl)(amino)carbene 

CPCM   conductor-like polarizable continuum model 

CT   charge transfer 

Cz   carbazole 

D3BJ   Becke-Johnson damping 

DCM   dichloromethane 

dcpp   N,N'-dimethyl-N,N'-dipyridine-2-yl-pyridine-2,6-diamine 

dFppy−   anion of 2-(2,4-difluorophenyl)pyridine 

DFT   density functional theory 

dgpy   2,6-bis(2,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidin-1-yl)pyridine 

dgpz   2,6-bis(2,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidin-1-yl)pyrazine 

dipp   2,5-diisopropylphenyl 

DMF   dimethylformamide 

DMSO   dimethylsulfoxide 

ε   molar extinction coefficient 

ε0   permittivity of the vacuum 
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𝜂   refractive index 

ΔE   energy gap/difference 

e.g.   exempli gratia 

E   potential energy 

Ea   activation energy 

Em   Half Stokes shift 

ES   excited state 

ESI   electronspray ionization 

EXAFS   extended X-ray absorption fine structure 

f   frequency 

FcH   ferrocene 

GS   ground state 

𝐻̂   Hamiltonian 

HAB
2   electronic coupling matrix element 

HPLC   high-performance liquid chromatography 

IC   internal conversion 

i.e.   id est 

ILCT   intraligand charge transfer 

IR   infra-red 

ISC   intersystem crossing 

kB   Boltzmann constant 

kISC   rate constant for non-radiative relaxation from emissive state into GS 

knr,tot   rate constant for all processes of non-radiative relaxation 

kp   phosphorescence rate constant 

kr   rate constant for radiative relaxation 

λ   reorganization energy 

λS   solvent reorganization energy 

L   ligand 

LC   ligand centred 

LL'CT   ligand-to-ligand charge transfer 

LMCT   ligand-to-metal charge transfer 
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|𝑀 (𝑄0)|  transition dipole moment 

M   metal 

mbmi   1,1'-methylenebis-(3-methylimidazol-2-ylidene) 

MC   metal centred 

Me   methyl 

MECP   minimum energy crossing point 

Mes   mesityl 

MLCT   metal-to-ligand charge transfer 

𝜈   wavenumber 

NHC   N-heterocyclic carbene 

NMR   nuclear magnetic resonance 

Ph   phenyl 

phen   1,10-phenanthroline 

photoCORM  photoactive CO-releasing molecule 

phtmeimb−  phenyl(tris(3- methylimidazol-1-ylidene))borate 

pphen−   anion of 2-(3-(tert-butyl)phenyl)-1,10-phenanthroline 

ppy−   anion of 2-phenylpyridine 

iPr   iso-propyl 

r   distance 

RIJCOSX  resolution of the identity chain-of-spheres exchange 

SM   Huang-Rhys factor 

SOC   spin-orbit coupling 

T   temperature 

TA   transient absorption 

TD-DFT   time dependent density functional theory 

THF   tetrahydrofurane 

TMC   transition metal complex 

tpe   1,1,1-tris(pyrid-2-yl)ethane 

tpy   2,2';6',2''-terpyridine 

TS   transition state 

TZVP   valence triple-zeta polarisation 
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UV/Vis   ultraviolet/visible 

vs.   versus 

XANES   X-Ray absorption near edge structure 

ZORA   zeroth order regular approximation 

δ   chemical shift (NMR spectroscopy) 

Δ   ligand field splitting 

ΔG   Gibbs free energy change 

Δo   ligand field splitting in octahedral coordination 

   emission quantum yield 

abs   number of absorbed photons 

em   number of emitted photons 

τ   lifetime 

 

Units 

K   Kelvin 

eV   electron Volt 

V   Volt 

J   Joule 

cm−1   reciprocal centimetre 

nm   nanometre 

Å   Ångström 

s   second 

µs   microsecond 

ns   nanosecond 

ps   picosecond 

fs   femtosecond 

°   degree 

°C   degree Celsius 

%   percent (1/100) 

ppm   parts per million 
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1 Introduction 

Today sustainability is regarded more important than ever, since energy and resource consumption 

is higher than ever.[1],[2] Due to the increasing demand for energy, goods and fossil fuels, a shortage 

of these finite resources in the long run is inevitable.[3] The increased usage of fossil fuels does 

furthermore contribute to earth’s climate change and has detrimental influence on the 

environment.[4] Therefore the United Nations recognized the need for changes and called into 

actions an agenda to “ensure sustainable consumption and production patterns” in 2015, trying to 

meet their goals by the year 2030.[5] 

This prompted researchers all over the world to find next-generation materials to tackle these 

pressing issues. 

A way to replace fossil fuels is by using sunlight as a plentiful energy source, which can be used to 

either generate electricity, to meet today’s energy needs, or to drive chemical reactions.[6]–[8] These 

photochemical reactions, apart from possibly being more sustainable, give access to substrates 

otherwise not available via thermal reactions.[9] 

Research does not only focus on purely organic systems but also on a variety of transition metal 

complexes (TMCs) to harvest light as they are a very versatile class of compounds which can be 

used in a variety of applications such as light emitting diodes, solar energy conversion or light-driven 

chemistry.[9]–[11] A TMC consists of a transition metal centre and an organic ligand scaffold. 

Transition metal complexes show properties, which can’t be observed by only looking at the 

individual parts. Compared to solid state materials, TMCs have a distinct and tuneable structure, 

which can be used to tailor the properties of a TMC for specific uses. 

In the last decades, the focus of research has been on photoactive TMCs based on rare-earth and 

precious metals, such as ruthenium, iridium and platinum. One of the most prominent examples of 

such a photoactive TMC is the complex [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine) whose photophysical 

properties have been extensively studied[12]–[15] and which has been used, as well as its derivatives, 

in a variety of applications such as photocatalysis,[9],[16] dye-sensitized solar cells,[17]–[19] water 

splitting catalysis[20] and photodynamic therapy[21]. These studies gave a good understanding of the 

underlying photophysics and photochemical properties of not only poly-pyridine ruthenium 

complexes but also other photoactive precious metal complexes.[22]–[27] However the low 

abundancy of precious metals hinder large scale applications of such systems associated with the 
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high cost of the required metals and also sometimes insufficient photostability of the 

compounds.[28] 

Therefore, in the last years there have been efforts to replace these rare 4d and 5d transition metals 

in photoactive TMCs by more earth-abundant alternatives, such as 3d metals like Cr, Mn, Fe, Co and 

Cu, as well as the 4d-metal Mo.[29]–[34] These systems do not only pose a more sustainable alternative 

to the precious metals presented earlier but are also of scientific interest due to their differing 

photophysics compared to 4d and 5d metals. Unfortunately, most of these 3d/4d metal complexes 

are not yet suitable for large-scale applications, due to either a lack of photostability, the 

complicated synthesis of ligands or more complex photophysical pathways, leading to low excited 

state lifetimes, hindering the application as photoactive compounds.[35] 
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1.1 Photophysics of TMCs 

To understand the photophysical properties of TMCs it is of great importance to investigate the 

excited states of the system, since the energies of the excited states is substantial for the 

photoactivity of the complexes. Hence, it is necessary to understand the underlying processes after 

photoexcitation of a TMC to be able to tune their properties to fit specific needs, e.g. excited state 

potentials for photoredox catalysis. In the following the photophysical processes that are relevant 

for the context of this work are going to be discussed using [Ru(bpy)3]2+ as a prominent example. 

1.1.1 Luminescence 

Excitation of [Ru(bpy)3]2+ using green or blue light initially leads to the population of a singlet metal-

to-ligand charge-transfer (1MLCT) state. In this excited state the metal centre is formally oxidized 

while one bipyridine ligand is formally reduced with a singly occupied π*-orbital.[14],[36] From this 

1MLCT state there are in principle three possible relaxation pathways accessible. First is the 

relaxation back into the singlet ground state (1GS) via fluorescence, second a non-radiative decay 

back into the ground state and third is an intersystem crossing (ISC) into a 3MLCT state. The ISC in 

[Ru(bpy)3]2+ is ultrafast (< 110 fs) because of the strong spin-orbit coupling (SOC) due to the heavy 

ruthenium() centre which lifts the formal spin-selection rule.[37],[38] Due to this fast ISC the 

aforementioned fluorescence only play a minor role.[39]–[41] 

 

Figure 1: a) Chemical structure of [Ru(bpy)3]2+, b) energy diagram with selected relaxation pathways and exemplary 
electron configurations for relevant electronic states, c) schematic potential energy surface diagram for 

(pseudo-)octahedral ruthenium() complexes (TS = transition state, MECP = minimum energy crossing point). 

 
From this 3MLCT state a relaxation via phosphorescence back into the electronic ground state can 

occur. Since the 3MLCT → 1GS transition is formally spin-forbidden in nature, the deactivation of the 

photoexcited [Ru(bpy)3]2+ is slow and a relatively long excited state lifetime of a few hundred 
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nanoseconds in water (620 ns) and acetonitrile (855 ns) are observed.[42],[43] The phosphorescence 

quantum yield of [Ru(bpy)3]2+ equals to 6.3 % in water at room temperature and 6.2 % in 

acetonitrile.[43],[44] 

As seen above, the two main characteristics of luminescent excited states are their lifetime  as well 

as their luminescence quantum yield . The excited state lifetime is thereby defined as the 

reciprocal of the sum of all radiative (kr) and all non-radiative (knr,tot) rate constants (tot. = total) in 

the absence of a quencher as depicted in Eq. (1). For phosphorescent excited states this lifetime is 

in the regime of p = 10−6 – 102 s and surpasses the lifetimes normally obtained for fluorescence (F 

= 10−10 – 10−7 s) due to the spin-forbidden nature of the relaxation via phosphorescence.[45]–[47] 

 

 
𝜏 =  

1

𝑘r + 𝑘nr,tot
=  

1

𝑘r +  𝑘ISC + 𝑘nr
 (1) 

 

Herein, kISC is the intersystem crossing (ISC) rate from the emissive state back into the ground state, 

while knr is the thermally activated non-radiative rate.[47] 

The luminescence quantum yield  gives the efficiency of the luminescence which is defined by the 

ratio between the radiative decay constant kr and the sum over all decay constants:[42] 

 

 
𝜙 =  

𝑘r

𝑘r + 𝑘nr,tot
 (2) 

 

The luminescence quantum yield  can also be expressed as the ratio of numbers of emitted 

photons Γem and absorbed photons Γabs, Eq. (2) can be modified by eliminating the rate constant 

for fluorescence kF from the total quantum yield to obtain:[42] 

 

 
𝜙P =  

Γem

Γabs
 (3) 

 

The rate constants for phosphorescence (kP) themselves are given by the Einstein coefficients for 

spontaneous emission:[48],[49] 
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𝑘P =  

8π2𝜂3𝜈̃3

3𝜀0ℏ
|𝑀(𝑄0)|2 (4) 

 

In this equation  is the solvent refractive index, 𝜈 is the emission energy given in cm−1 and |M(Q0)| 

is the transition dipole moment of the transition between excited state and ground state. As seen 

in Eq. (4) both fluorescence and phosphorescence quantum yield depend on the transition dipole 

moment to the power of three as well as the emission energy to the power of two. This dependency 

of the fluorescence and phosphorescence rate constants on the emission energy only applies to 

atomic transitions or to molecules with fixed nuclei.[48] Due to the motion of nuclei a broadening of 

emission bands is observed, composed of a number of vibrational transitions. To account for this 

spectral broadening the expression in Eq. (4) can be extended by Franck-Condon factors given the 

following equation:[49] 

 

 
𝑘F,P =  

8π2𝜂3𝜈3

3𝜀0ℏ
|𝑀ES→GS(𝑄0)|2 ∑ 𝜈3

𝜈̃

∫|𝜓GSm

∗ 𝜓ES0
dQ|

2
 (5) 

 

The transition dipole moment |M(Q0)| for this transition can be obtained via first-order 

perturbation interactions between the two involved states via spin-orbit coupling:[49] 

 

 
𝑀ES→GS(𝑄0) =  ∑ |∑

⟨T1|𝐻SOC|Sm⟩

𝐸(Sm) − 𝐸(T1)
𝑀Sm,j

(𝑄0)

𝑚

|

2

j ϵ x,y,z

 (6) 

 

Herein the total transition dipole moment over all spatial directions j depends on the magnitude of 

SOC given by ⟨T1|𝐻SOC|Sm⟩ and the transition dipole moment 𝑀Sm,j
(𝑄0) between the two involved 

states of differing vibrational level m. 

Another expression for the phosphorescence rate constants can be derived as the rate constants 

rely on intensity borrowing from excited states Sm with similar energy to the T1 state, i.e. with small 

energy difference E(Sm) – E(T1):[50]–[52] 
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𝑘P(𝑇̃1

𝛼) =  
4

3ℏ4𝑐3
(Δ𝐸TS)3 ∑ | ∑

⟨Tm
α |𝐻𝑆𝑂𝐶|S0⟩

𝐸(S0) − 𝐸(Tm)

∞

𝑚=1

⟨T1
α|𝑀𝛾|Tm

α⟩

𝑥,𝑦,𝑧

𝑦

+ ∑
⟨Sn|𝐻𝑆𝑂𝐶|T1
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(7) 

 

For efficient transition the excited Sm states should possess high transition dipole moments and 

different orbital compositions in contrast to the T1 state to induce spin-orbit coupling and therefore 

efficient depopulation of the T1 state. 

1.1.2 Non-radiative decay for CT-Emitters 

The luminescence of d6 low-spin complexes often stems from excited 3MLCT states, in which the 

complex geometry is more or less unchanged to the ground state.[53] Excited states whose geometry 

only slightly differs from the GS geometry are called nested states. For these nested states there is 

only limited vibronic coupling to the ground state, slowing down non-radiative decay. In contrast, 

the strong coupling limit is only possible when the excited state is strongly distorted in comparison 

to the ground state, leading to a large displacement and crossing of the potential energy 

surfaces.[49],[52],[54] 

 

 

Figure 2: Potential energy well diagrams of ground state (GS) and excited state (ES) for a) weak and b) strong coupling 

limit in the harmonic approximation (E= gap between GS (0) and ES (0), Ea = activation energy, Em = Half Stokes shift). 
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In detail, this means that a transition in the weak coupling limit starts with an isoenergetic (i.e. 

horizontal tunnelling from the excited state into a vibronically hot ground state level, followed by 

vibrational relaxation within the ground state manifold.[54] The rate constant for the weak coupling 

limit is given by Eq. (8):[49],[55] 

 
𝑘nr  =  

2𝜋

ℏ

𝐻AB
2

√4𝜋𝜆𝑠𝑘𝐵𝑇
∑ [

𝑆𝑀
𝑛𝑀

𝑛𝑀!
𝑒(−𝑆𝑀)𝑒

(−
(Δ𝐸−𝑛𝑀ℏ𝜔𝑀−𝜆𝑆)2

4𝜆𝑠𝑘𝐵𝑇
)
] (8) 

 

In Eq. (8) HAB is the coupling matrix element and S is the reorganization energy of the solvent. The 

measure of the displacement of the ES minimum in contrast to the GS minimum along the 

coordinate Q is represented by the Huang-Rhys factor SM. nm gives the quantum number of the 

effective intraligand vibrational mode ℏM, and the energy difference between ground and excited 

state in the vibrational ground state is given by E. 

Since the dependence of knr from E is exponential this expression is often referred to as the 'energy 

gap law',[54] meaning that a smaller energy gap will result in a larger knr in case of the weak coupling 

limit. 

 

For the strong coupling limit the rate constant knr is defined by Eq. (9):[54] 

 

 
𝑘nr  =  

𝑘𝐵𝑇

ℏ

𝐻AB
2

√𝐸𝑚(𝑘𝐵𝑇)3
𝑒

(−
Δ𝐸𝑎
𝑘𝐵𝑇

)
 (9) 

 

In this equation Em represents half the Stokes shift between excitation and emission energy.[54] Ea 

is the energy between the excited state minimum and the potential energy surface crossing point. 

In contrast to the weak coupling limit, the strong coupling limit does not show a dependence on 

E. Instead an Arrhenius-like behaviour is observed, since a thermal energy barrier in form of Ea 

is present and must be overcome for the transition to happen. In case of Ea = 0 the crossing point 

of the potential energy surfaces is directly though the energy minimum of the excited state, leading 

to barrier-less, very fast non-radiative deactivation. 

 

Apart from the relaxation via phosphorescence in d6 luminophores there exists another relaxation 

pathway back into the electronic ground state, namely via internal conversion (IC) into a metal-

centred excited state (3MC) with an electron configuration of (t2g)5 (eg*)1. The population of an eg* 

orbital leads to a strong distortion of the complex due to the anti-bonding nature of the orbital in 
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respect to the metal-ligand σ-bond.[56]–[58] This distortion leads to vibronic coupling with the 

electronic ground state (strong coupling limit) and leads to non-radiative relaxation. In d6 

complexes, the excited 3MC states are effectively non-emissive because of this large geometric 

distortion, leading to low excited state energies at the Franck-Condon point, giving rise to fast non-

radiative decay. Furthermore, the relaxation of the 3MC state back to the GS is Laporte- and spin 

forbidden leading to low radiative rates as well.[41],[59],[60] 

 

For [Ru(bpy)3]2+ the deactivation pathway 3MLCT → 3MC is associated with an energy barrier E of 

around 3600 cm−1 between the energetically lowest lying 3MLCT and 3MC states, so that the IC 

requires a thermal activation to take place.[61],[62] However, only investigating the energy barrier 

between the 3MLCT and the energetically lowest 3MC state to determine the temperature 

dependence of [Ru(bpy)3]2+ is a simplification that hinders correct predictions of the temperature 

dependence of the emission lifetimes of such systems. Therefore, not only the relaxation pathway 

via the lowest excited 3MC needs to be considered, but the pathways along the other excited 3MC 

states as well es their minimum energy crossing points (MECP) to the ground state need to be 

investigated as well.[47] Nevertheless, the phosphorescence lifetime of [Ru(bpy)3]2+ is strongly 

temperature dependant.[61],[62] 

 

With sufficient thermal energy the exited 3MC states can then be populated upon excitation and 

due to the anti-bonding nature of the eg* orbitals and the elongation of the metal ligand bonds 

dissociation becomes possible. Therefore, complexes like [Ru(bpy)3]2+ or other complexes using 

bidentate poly-pyridine ligands can undergo photo-substitution reactions upon excitation, leading 

to lowered photostability.[63]–[65] In general, the energy of the excited 3MC states relevant for the 

deactivation of the 3MCLT states is dependent on the ligand field splitting O, which describes the 

energy gap between the t2g and eg*-orbitals in octahedral complexes.[61] 

 

Another detrimental property of [Ru(bpy)3]2+ and similar complexes employing bidentate ligands is 

the Δ/Λ chirality which leads to the formation of diastereomers while using substituted bidentate 

ligands. This formation of diastereomers complicates the synthesis of pure diastereomers as well 

as associated characterization.[66]–[73] Therefore tridentate ligands have become a focal point of 

research since. 
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Because of the high ligand field splitting in [Ru(bpy)3]2+, the excited 5MC high spin state, featuring 

an electron configuration of (t2g)4 (eg*)2 is pushed to high energies and is not relevant for the 

photophysical processes after excitation. For other lighter TMCs with a d6 low spin configuration 

the quintet high spin state can however contribute strongly to non-radiative decay.[74] 

 

1.2 Charge-Transfer Emitters 

So far, the photophysical processes of [Ru(bpy)3]2+ have been discussed, in which the excited 3MLCT 

states played an important role. Apart from excited MLCT states, other charge transfer excited 

states can play a vital role in the photophysics of TMCs. 

Charge-transfer transitions (CT) can be described as a photoinduced intramolecular electron 

transfer and their nature is dependent on the type of orbitals involved in the underlying transition. 

Most common charge transfer transition include MLCT, ligand-to-metal charge transfer (LMCT), 

ligand-to-ligand charge transfer (LL’CT) and intraligand charge transfer (ILCT). Apart from such 

charge transfer states and the aforementioned excited MC states, π-π* also take place when using 

aromatic ligand systems (i.e. 2,2'-bipyridine) and are referred to as "ligand-centred" (LC). 

The energy of the MC states is, as mentioned before, dependent on the ligand field splitting O in 

octahedral complexes. For the charge transfer states the energy depends on the energy gap 

between the electron donating and accepting parts involved, in case of MLCT transition those are 

the t2g-orbitals of the metal centre and the π*-orbitals of the ligands. Due to this dependence, it is 

possible to tune the colour of such CT-complexes over a broad spectral range.[13],[27],[75],[76] 

1.2.1 Emitters based on precious metals 

Apart from poly-pyridine RuII
 as a CT emitter, varieties of other rare transition metals have garnered 

scientific interest over the last couple of decades such as IrIII, OsII, PtII and RhI. These metals are the 

basis for a plethora of photoactive compounds, which have been extensively studied regarding their 

photophysical properties.[13],[23],[26],[75],[77] The implementation of such heavy metals induces a high 

SOC,[37] which accelerates spin-forbidden processes such as ISC and phosphorescence. The use of 

such heavy metals furthermore pushes the deactivating 3MC states to higher energies, which 

mitigates non-radiative decay and strengthens the metal-ligand bonds (see Chapter 1.2.2). 
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Figure 3: Chemical structures for Ir(ppy)3 (left; ppy− = deprotonated form of 2-phenylpyridine) and [Os(bpy)2]2+ (bpy = 
2,2'-bipyridine). 

 

Ir(ppy)3 (ppy− = deprotonated form of 2-phenylpyridine), for example, is isoelectronic to 

[Ru(bpy)3]2+ and shows green emission at 510 nm from a 3MLCT state with a lifetime of 2.38 µs and 

a quantum yield of 40 % in tetrahydrofuran under inert atmosphere.[75] Ligand modification of ppy 

gives rise to a wide variety of IrIII complexes with different excited state redox potentials.[75],[78] For 

instance Ir(dFppy)3 (dFppy− = anion of 2-(2,4-difluorophenyl)pyridine) is used in energy transfer and 

photoredox catalysis due to its high triplet state energy of 2.75 eV and excited state oxidation 

potential of −1.66 V vs. FcH+/FcH.[78],[79] 

In contrast to the blue-shifted emission in Ir(ppy)3 compared to [Ru(bpy)3]2+ a red-shift can be 

achieved by using osmium as a metal centre. Osmium in [Os(bpy)3]2+ is more easily oxidized than 

ruthenium leading to a smaller energy gap between the donating metal and accepting ligand 

orbitals, facilitating a lower energy MLCT transition. The MLCT emission in [Os(bpy)3]2+ is shifted to 

740 nm. Furthermore, due to the high SOC induced by osmium() the 3MLCT can be directly 

populated upon excitation which makes such a compound viable in photoredox catalysis activated 

by low-energy red light.[44],[80] 

1.2.2 Earth-abundant alternatives 

Due to their low abundance, however, usage of such heavy metals leads to high costs, which 

prevents large scale applications. Therefore, scientific interest has shifted to more abundant 

alternatives like 3d/4d metals (Cr/Mn/Fe/Co/Ni/Cu/Zn/Mo) as more sustainable solutions.[29],[33],[81] 

Apart from their higher abundancy the shift in studies has been motivated by scientific curiosity 

concerning the exploration of novel compounds and the understanding of their photophysical 

properties as well as their potential novel reactivities.[33] 
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Table 1: Abundance of selected metals in earth's crust in mg/kg.[82] 

Fe Mn Co Cr Cu Mo Ru Ir 

56300 950 250 102 60 1.2 0.001 0.001 

 

 

Figure 4: a) Radial distribution functions (RDFs) for the n = 3 shell of iron(II) (top) and the n = 4 shell of ruthenium(II) 
(bottom), b) the resulting overlap between 3d and 4d orbitals with ligand orbitals and c) schematical representation of 
the resulting ordering of excited states due to the primogenic effect in (pseudo-)octahedral iron(II) and ruthenium(II) 
complexes.[83],[84] 

 
A general problem for the usage of 3d metals in contrast to the heavier 4d and 5d metals is the 

smaller expansion of the 3d orbitals due to the primogenic effect, leading to a poorer metal-ligand 

orbital overlap (see Figure 4), therefore poorer metal-ligand interaction. [85],[86] This effect stems 

from to the absence of nodes in the radial distribution function of the first p, d and f shells (i.e. 2p, 

3d, 4f) resulting in a higher effective nuclear charge and therefore a contraction of the respective 

orbitals. The lower metal-ligand interaction in 3d metals leads to a lower ligand field splitting and 

low energy excited MC-states, which offer an efficient pathway for non-radiative relaxation. To 

avoid the population of such short-lived excited states a wide variety of strategies have been 

researched.[83] 
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Figure 5: Photoactive TMCs incorporating earth-abundant transition metals relevant for the discussion in this chapter. 
The character of the photoactive state is given in parentheses. (iPr =iso-propyl, dipp = 2,5-diisopropylphenyl, Me = methyl, 
Mes = mesityl, Cz = carbazolate, Ph = phenyl, tBu = tert-butyl). 

 
One solution to avoid the population of energetically low-lying excited MC states is the usage of 

metal ions with a completely occupied d-shell such as CuI, where an excited MC state does not exist. 

Over the past decades, this concept of using CuI with a d10 electron configuration has gained a lot 

of attention,[87] whereby a common design relies on tetrahedral copper complexes with 3MLCT 

states as the photoactive excited states. 

One prominent example of such a CuI complexes [Cu(phen)2]+ (phen = 1,10-phenanthroline). This 

tetrahedral complex, as are other CuI complexes, is formally oxidized to CuII upon MLCT excitation. 

CuII in contrast to CuI prefers a square-planar coordination geometry. These type of complexes 
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undergo a so-called "flattening distortion" upon excitation which opens an easy pathway for non-

radiative relaxation via mixing of the states.[88] To mitigate this excited state distortion derivatives 

of phen with sterically demanding groups in 2- and 9-potsiion have been synthesized but still show 

poor emission properties in solution.[89] One break-through could be achieved by substituting not 

only the 2- and 9-positions of phen but also substituting in 3,4,7- and 8-position to further rigidify 

the complex leading to lifetimes in solution of several µs (τ = 2.5-4.3 µs) and quantum yields in the 

range of 5.3-12 % in dichloromethane.[90] A further break-through was achieved with a different 

approach, by synthesizing linear CuI complexes, such as Cu(CAAC)(Cz) (CAAC = cyclic 

(alkyl)(amino)carbene, Cz = carbazole). In this complex the emissive state changes from a 3MLCT 

state as in [Cu(phen)2]+ to a 3LL'CT state which does not undergo non-radiative decay and shows 

quantitative luminescence with a phosphorescence quantum yield of  > 99 % in 2-methyl-THF 

solution.[91] 

Another approach to hinder such specific distortions in the possibly emissive excited state charge-

transfer is by using pseudo-octahedral complexes with a d6 electron configuration, as is the case for 

the already discussed [Ru(bpy)3]2+. Alternative to the aforementioned heavier metals that have 

garnered scientific interest are Cr0/MnI/CoIII and FeII for 3d and Mo0 for 4d metals. 

Of these metals, the zero-valent metals Cr0 and Mo0 as well as MnI are promising candidates for 

earth abundant d6 emitters. Compared to ruthenium, these metal centres have a high electron 

density and as such require a different ligand design utilizing π-accepting ligands such as CO or 

isonitriles to stabilize the low oxidation state.[92] A first attempt at understanding luminescence in 

zero-valent molybdenum(0) or chromium(0) complexes was already reported 40 years ago wherein 

tetracarbonyl complexes of molybdenum and chromium of the type M(CO)4(bpy) or M(CO)4(phen) 

(M = Cr0, Mo0) were investigated towards their luminescence properties. However in such 

compounds the phosphorescence quantum yield of the 3MLCT state ( < 0.01 %) as well as their 

photostability were very low due to efficient CO loss upon irradiation. These detrimental properties 

hinder the usage of such complexes as photosensitizers.[93],[94] 

To mitigate the photosubstitution reaction the usage of bidentate isonitrile ligands was probed, 

whereby the complex Mo(LNC1)3 (LNC1 = ,2''-diisocyano-3,5,3'',5''-tetramethyl-1,1':3',1''-terphenyl) 

shows emission originating from a 3MLCT state at 560 nm with a lifetime of 74 ns in THF in deaerated 

solution at room temperature and a quantum yield of 0.6 %. The long lived 3MLCT state shows an 

excited state redox potential of approx. −2.6 V vs. FcH+/FcH and was used in the photocyclization 

of acyl cyclopropane.[95] 
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More recently the molybdenum(0) complex Mo(CO)3(tpe) (tpe = 1,1,1-tris(pyrid-2-yl)ethane) 

bearing three carbonyl groups and a tripodal tris-pyridine ligand was synthesized. In comparison 

with Mo(LNC1)3 and it's intricate ligand synthesis, Mo(CO)3(tpe) is much more easily accessible. The 

complex shows a low energy absorption band with a maximum at 450 nm with MLCT character in 

acetonitrile. Excitation into this absorption band gives rise to red emission at 720 nm with a lifetime 

of 127 ns and a phosphorescence quantum yield of 0.13 % at room temperature in acetonitrile. Due 

to its high photostability (degr = 0.00015 %) complex Mo(CO)3(tpe) was furthermore employed in 

photon upconversion reactions as well as photoredox catalysis in the dehalogenation reaction of 

chloropyriazine due to its excited state reduction potential of −2.06 V vs. FcH+/FcH.[28] 

As the lighter homologue of molybdenum(0), chromium(0) has also been a focal point of research. 

Using the analogue isonitrile ligands yielded chromium(0) complex Cr(tBuLNC1)3 exhibiting emission 

at 630 nm with a lifetime of 2.2 ns in deaerated THF at room temperature. The quantum yield for 

the chromium complex with  ≈ 10-5 is however magnitudes lower than for the molybdenum 

complex, probably due to the much lower ligand field splitting of Cr0 compared to Mo0.[96] 

Apart from Mo0 and Cr0 there have been reports about photoactive MnI complexes. Manganese(I) 

complexes utilizing carbonyls as ligands herby undergo the same photosubstitution reactions as the 

molybdenum(0) and chromium(0) carbonyl congeners. For MnI carbonyl complexes this property 

was employed in biological and therapeutic applications as so called photoCORMS.[97],[98] To 

mitigate this ligand loss upon photoexcitation the same strategy of using bi- or tridentate isonitrile 

ligands[32] like in the case of Mo0 and Cr0 was employed and the complexes [Mn(Lbi)3]+ and [Mn(Ltri)2]+ 

were synthesized. Both complexes exhibit a MLCT absorption at around 400 nm and emission with 

a maximum at 525 nm in deaerated acetonitrile. The luminescence lifetimes were determined as 

0.74 ns ( = 0.05 %) and 1.73 ns (( = 0.05 %) for [Mn(Lbi)3]+ and [Mn(Ltri)2]+ respectively.[99] 

Another example of possible d6 low spin emitters are CoIII complexes. Due to their electron-

deficiency CoIII complexes normally show low energy LMCT transitions, instead of MLCT transitions. 

The complexes [Co(dgpy)2]3+ (dgpy = 2,6-bis(2,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidin-1-

yl)pyridine) and [Co(dgpz)2]3+ (dgpz = 2,6-bis(2,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidin-1-

yl)pyrazine) using two bis-guanidine ligands as strong σ-donors show strong LMCT/ILCT absorptions 

at 311 nm and 340 nm, respectively. Excitation into these charge transfer bands gives rise to 

emission at 440 ( = 5.07 ns) and 412 nm (1 = 3.21 ns, 2 = 8.69 ns) with quantum yields of 0.70 % 

an 0.40 % for [Co(dgpy)2]3+ and [Co(dgpz)2]3+ respectively. The emission for both these cobalt 

complexes stems from a spin-forbidden transition from the lowest 3LMCT state to the 1GS.[100] Apart 
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from LMCT transitions there have also been reports of long-lived low energy MLCT transitions for 

CoIII complexes, as in the complex [Co(bimca)2]+ (bimca− = 1,8-bis(imidazolin-2-yliden-1-

yl)carbazolide). For this complex no luminescence was detectable, however the dark excited mixed 

3MLCT/3ILCT state shows a lifetime of 1.2 ns, which was used for photoinduced electron transfer 

reactions with methylviologen.[101] 
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1.3 Photophysical challenges of Iron() complexes 

 

Figure 6: a) Chemical structure of [Fe(bpy)3]2+ and b) schematic potential energy surface diagram for (pseudo-)octahedral 

polypyridine iron() complexes (TS = transition state; MECP = minimum energy crossing point). 

 
Taking a look at the overall abundance of transition metals in the earth's crust, a cheap and readily 

available alternative to RuII, IrIII, etc. would be iron, the lighter homologue of ruthenium (see Table 

1).[82],[102] Iron being the most abundant transition metal is usually present in the two prevalent 

oxidation states of +II and +III. Compared to ruthenium, these two common oxidation states of 

iron exhibit a much lower intrinsic ligand field splitting o due to the primogenic effect. This pushes 

the MC excited states to very low energies (see Figure 6).[74],[83] [Fe(bpy)3]2+ for instance does not 

show luminescence because of ultra-fast IC/ISC from the 3MLCT state into the dark 3/5MC states 

within 50 fs after excitation. The so formed 5MC high-spin state then relaxes back into the ground 

state within 650 ps.[103]–[106] The population of the excited metal centred state is hereby not only 

dependant on the relative energies of the involved excited states (e.g. 3MLCT and 3MC states) but 

furthermore also depends on the respective energy barrier between these states. This refers to the 

transition state (TS) between for instance 3MLCT and 3MC states, or the minimum energy crossing 

points (MECP) between the 3MC and 5MC states, as well as the 5MC state and 1GS (see Figure 6).[107] 
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Figure 7: Increasing the lifetime of the photoluminescent properties in ruthenium(II) complexes by changing the bite 
angle of the ligand, schematically shown for [Ru(tpy)2]2+ (tpy = 2,2';6',2''-terpyridine) and [Ru(dcpp)2]2+ (dcpp = 
N,N'-dimethyl-N,N'-dipyridine-2-yl-pyridine-2,6-diamine). Data recorded in acetonitrile at room temperature.[108] 

 
To counteract the primogenic effect and therefore increase the ligand field splitting in pseudo-

octahedral complexes of 3d TMs, switching from 5-membered ring chelating ligands, such as bpy or 

tpy, to ligands forming 6-membered ring chelates could be a viable strategy. This strategy, of 

increasing the bite angles of the ligands (see Figure 7) has already proven helpful in ruthenium(II) 

complexes. The phosphorescence quantum yield of [Ru(dcpp)2]2+ (dcpp = N,N'-dimethyl-N,N'-

dipyridine-2-yl-pyridine-2,6-diamine) could be increased to 30 % in acetonitrile at room 

temperature compared to 4.8 % for [Ru(tpy)2]2+ (tpy = 2,2';6',2''-terpyridine)) under the same 

conditions.[109] The lifetime of [Ru(dcpp)2]2+ could also be increased to 1.36 µs compared to 0.25 ns 

for [Ru(tpy)2]2+.[109] In case of the iron(II) homologue [Fe(dcpp)2]2+ the effect is not as pronounced 

as in the case of the ruthenium complexes.[110] The iron complex shows a lifetime of the 

energetically lowest excited state of 280 ps ([Fe(tpy)2]2+: 960 ps) which was assigned to the excited 

5MC state by ultra-fast time resolved X-ray spectroscopy, giving the same relaxation pathway for 

the dcpp complex as for the tpy one (1MLCT → 3MLCT → 3MC → 5MC → 1GS).[110]–[112] 

Since the main reason for FeII- and FeIII-complexes not showing luminescence is the relaxation via 

excited dark metal-centred states, a major strategy consists of increasing the energy of these MC 

states in favour of the MLCT states in Fe and LMCT states in Fe complexes. This can be achieved 

by utilising strong σ-donors which increase the energy of the eg*-orbitals of the metal centre.[68],[113] 

The most common type of σ-donor for this type of application are N-heterocyclic carbenes 

(NHCs).[114],[115] Apart from NHCs, meso-ionic carbenes can be used as well. These carbenes show 

stronger σ-donor and π-acceptor properties than the N-heterocyclic carbenes.[116],[117] The stronger 

σ-donating character can be explained by the formal negative charge on the carbene C-atom being 
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delocalized over the complete ring in a meso-ionic carbene, while the stronger π-accepting 

properties are due to energetically lower π*-orbitals due to additional N-atoms in the ring.[116]–[118] 

 

Figure 8: a) Chemical structure of [Fe(bmip)2]2+ and [Fe(iPrbmip)2]2+ and b) schematic potential energy surface diagram for 

(pseudo-)octahedral iron() complexes bearing strong σ-donating ligands (TS = transition state; MECP = minimum energy 
crossing point; Me = methyl, iPr = iso-propyl). 

 

The research in this field of iron() complexes started with the complex [Fe(bmip)2]2+
 (bmip = 2,6-

bis(imidazol-2-ylidene)pyridine) reported in 2013.[114] Using transient absorption (TA) spectroscopy 

a long-lived species with a lifetime of approx. 9 ps in acetonitrile was observed.[114],[119] This long-

lived state was assigned as the 3MLCT state, starting of the field of iron-carbene complexes as 

promising compounds to increase the lifetime of the possibly luminescent 3MLCT state.[114],[119] The 

relaxation pathway after excitation was thought as 1MLCT → 3MLCT → 3MC → 1GS, bypassing the 

excited 5MC high-spin state (see Figure 8).[114],[119] However more recent studies utilizing more 

modern TA spectrometers suggest that the lifetime of 9 ps belongs to an excited 3MC state, and 

that the 3MLCT state of [Fe(bmip)2]2+ is depopulated within a few hundred femtoseconds (< 300 fs). 

Compared to the earlier studies only the assignment of the long-lived excited state changed for 

[Fe(bmip)2]2+. The overall relaxation pathway stayed the same, showing, that the destabilizing 

nature of carbene donors on the MC excited states in principle works but has a stronger influence 

on the 5MC than on the 3MC states.[120] 
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Figure 9: Chemical structures of [Fe(dippbmip)(tpy)]2+, [Fe(dippbmip)(N^N^C)]2+ and [Fe(N^N^C)2]2+ (dipp = 2,5-
diisopropylphenyl). 

 
Other research focused on derivates of [Fe(bmip)2]2+ tried to show the dependence of the 3MLCT 

lifetime in comparison to the number of carbene moieties in the complex. In this study the 

complexes [Fe(N^N^C)2]2+, [Fe(dippbmip)(tpy)]2+, [Fe(dippbmip)(N^N^C)]2+ as well as [Fe(iPrbmip)2]2+ 

were synthesized and investigated towards their photophysical properties.[121] The lifetime of the 

3MLCT state could be raised with the increasing amount of carbene donors in the complexes from 

< 100 fs (for [Fe(N^N^C)2]2+ and [Fe(dippbmip)(tpy)]2+), 3.6 ps (for [Fe(dippbmip)(N^N^C)]2+) up to 8.1 

ps (for [Fe(iPrbmip)2]2+), while the 3MC lifetime decreased.[121] For all four complexes as before with 

[Fe(bmip)2]2+ the 5MC excited state does not seem to play a role in the photophysics of these iron 

carbene compounds. Considering the aforementioned re-assignment of the long-lived excited state 

in [Fe(bmip)2]2+ to the 3MC state, the assignment of the excited states in these four complexes might 

also be switched.[120],[121] 

 

Figure 10: Chemical structure of [Fe(btz)3]2+/3+ (Ar = para-tolyl). 
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The stronger destabilizing effect of increased amount of σ-donor moieties on the metal centred 

states could be proven by implementing the bidentate bis-carbene ligand btz (btz = 3,3′-dimethyl-

1,1′-bis(p-tolyl)-4,4′-bis(1,2,3-triazol-5-ylidene)) to form the complex [Fe(btz)3]2+.[116],[117] This 

complex shows an increased lifetime of the 3MLCT state of approximately 530 ps at room 

temperature in acetonitrile. The complex exhibits panchromatic absorption with a strong MLCT 

absorption band from approximately 600 nm tailing over 900 nm. Thus the emission should be 

somewhere in the near-IR region, which was outside the detection limit of the setup used and could 

not be investigated.[116],[117] 

 

Figure 11: a) Chemical structure of [Fe(phtmeimb)2]+ and b) schematic potential energy surface diagram for 
(pseudo-)octahedral iron(III) complexes bearing strong σ-donating ligands. 

 
Apart from increasing the lifetime of the 3MLCT state, the implementation of strong σ-donors also 

pushes the FeII/FeIII oxidation potential to lower energies, which gives rise to very easily oxidizable 

iron() complexes. For instance, the introduction of four carbenes in the complex [Fe(bmip)2]2+ 

pushes the oxidation potential to +0.31 V vs. FcH+/FcH compared to +0.72 V vs. FcH+/FcH observed 

for [Fe(tpy)2]2+.[114] Introducing even more carbene moieties into the ligands pushes this potential 

down even further, as observed in the [Fe(btz)3]2+ complex, whose FeII → FeIII oxidation occurs at 

−0. 58 V vs FcH+/FcH.[116] One compound with even lower oxidation potential is the complex 

Fe(phtmeimb)2, with an FeII → FeIII oxidation at −1.16 V vs. FcH+/FcH. These very low oxidation 

potentials impede the direct synthesis of the iron() complexes, and upon synthesis [Fe(btz)3]3+ and 

[Fe(phtmeimb)2]+ are obtained.[117],[122],[123] For the latter reduction is quite challenging, due to the 

low oxidation potential and up until now no attempts for the synthesis of Fe(phtmeimb)2 have been 

reported. The reduction of [Fe(btz)3]3+ can be carried out by the addition of sodium dithionite in 

deaerated acetonitrile solution.[117] The d5 low-spin complexes [Fe(btz)3]3+ and [Fe(phtmeimb)2]+ 
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themselves show interesting photophysical properties since they show luminescence originating 

from a 2LMCT excited state with a lifetime of 100 ps and 2 ns in acetonitrile at room temperature, 

respectively.[122],[123] Contrary to the spin-forbidden phosphorescence observed in RuII and IrIII 

complexes the here observed luminescence originates from a spin-allowed transition from the 

2LMCT state into the 2GS. These FeIII complexes show, that the destabilizing nature of carbenes not 

only works for FeII, but also pushes the dark excited 4/6MC states in d5 low-spin iron() complexes 

to higher energies, enabling fluorescence in such systems.[122],[123] 

 

Figure 12: a) Chemical Structure of Fe(pphen)2 and b) schematic potential energy surface diagram for (pseudo-)octahedral 

iron() complexes bearing strong σ-donating and π-accepting ligands (TS = transition state; MECP = minimum energy 
crossing point; tBu = tert-butbutyl). 

 
In the preceding paragraphs the strategy of destabilizing the MC states by implementing strong σ-

donors was described. Instead of destabilizing the metal centred states, another strategy would be 

to stabilize the MLCT states by implementing stronger π-acceptors as ligands, thereby reducing the 

energy of the π*-orbital of the ligands. In combination with σ-donor ligands so called push-pull 

complexes can be synthesized, in which the energy of the eg*-orbitals is increased while the energy 

of the π*-orbitals is decreased simultaneously (see Figure 6). The beneficial effect of using such π-

accepting ligands could be demonstrated by derivatizing the aforementioned [Fe(bmip)2]2+, 

whereby the central pyridine-rings were substituted in the para-position by carboxylic acids. 

Compared to the unsubstituted complex, the lifetime of the complex was increased to approx. 20 

ps in acetonitrile at room temperature.[120],[124] 

Another recent example where this strategy of simultaneously destabilizing MC states and 

stabilizing the MLCT states was implemented was the Fe(pphen)2 (pphen− = deprotonated form of 

2-(3-(tert-butyl)phenyl)-1,10-phenanthroline) complex.[125] This complex incorporates two π-
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accepting 1,10-phenanthroline (phen) and two σ-donating cyclometalated phenyl moieties. The 

complex exhibits panchromatic absorption with an intense band from approximately 650 nm tailing 

above 1050 nm, assigned to MLCT transitions. Excitation into this strong absorption feature gives 

rise to emission with a maximum at approximately 1220 nm in a d8-toluene/THF (9/1) solution at 

room temperature under argon. The lifetime of the lowest excited MLCT state was determined by 

TA and emission spectroscopy to be 1 ns.[125] Furthermore, the complex shows strong solvent 

dependence on the photostability, since using acetonitrile or dichloromethane as co-solvents leads 

to a loss of the NIR emission feature. Further investigation via mass spectrometry and UV/Vis/NIR 

absorption spectroscopy point towards the formation of the oxidized complex [Fe(pphen)2]+, 

implying oxidative quenching of the excited state. This oxidative quenching pathway could also be 

proven by photoreaction of 4-chlorobromobenzene with benzene using the iron(II) complex as 

photosensitizer.[125] 

In addition to the destabilizing effect of the cyclometalated phenyl group on the MC states, as well 

as the strong π-accepting strength of the 1,10-phenanthrolin moiety another key feature of the 

compound is the strong rigidity of the phenanthroline group. The rigidification of the system 

hinders the strong distortion in the 3MC excited state pushing the crossing point between the 3MLCT 

and 3MC hypersurface to higher energies, with an energy barrier for the 3MLCT-to-3MC transition 

of around 0.02 eV in case of Fe(pphen)2.[125] 

 

Figure 13: Chemical structures of [Fe(bpy)(btz)2]2+, [Fe(bpy)(mbmi)2]2+ and [Fe(mbmi)3]3+ (Ar = para-tolyl). 

 
The effect of rigidification  of the ligand backbone on the excited state lifetimes could also be shown 

by comparison of the complexes [Fe(btz)3]3+ and [Fe(mbmi)3]3+ (mbmi = 1,1'-methylenebis-(3-

methylimidazol-2-ylidene).[126] In [Fe(btz)3]3+ the ligands form 5 membered ring-chelates since the 

two carbene moieties are directly linked together while in the mbmi-ligand the two carbene units 

are connected via a flexible methylene bridge. These differing connection motives have a direct 
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influence on the excited state lifetime of the complexes. As already mentioned earlier [Fe(btz)3]3+ 

possesses a lifetime for the lowest excited state of 100 ps whereas the lifetime of the 2LMCT state 

of [Fe(mbmi)3]3+ decreased to 54 ps. These differences are due to the more distorted coordination 

sphere in the excited state of [Fe(mbmi)3]3+ compared to [Fe(btz)3]3+ leading to faster non-radiative 

decay. This can also be observed in the heteroleptic complexes [Fe(bpy)(btz)2]2+ and 

[Fe(bpy)(mbmi)2]2+ where the lifetimes of the excited 3MLCT state were determined as 13 and 7.6 ps 

respectively.[126] This shows that the rigidity of the ligands and therefore the resulting complexes 

has a direct influence on the lifetime of the excited CT states. This increase in the lifetime of the CT 

states in more rigid ligand environments is due to the transition state between the 3MLCT and 3MC 

states being pushed to higher energies, thereby increasing the energy barrier for the IC. 
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1.4 Marcus-Hush Theory/Electron Transfer 

One of the most fundamental type of reactions in chemistry are redox reactions. These reactions 

involve the oxidation of one atom or molecule while another atom or molecule is reduced 

simultaneously. In short: one electron is transferred from one reactant to another. Since these type 

of electron transfer (ET) reactions play such a vital role in chemistry, their understanding is of high 

value and has garnered scientific interest. Understanding of the mechanism and kinetics of electron 

transfer reaction started in the 1940s with research of Marcus.[127] 

Examining the photoexcitation of TMCs with a d6 low-spin electron configuration, for example 

[Ru(bpy)3]2+, the transition from the 1GS to the 1MLCT state can be seen as an oxidation of the metal 

centre and the concomitant reduction of one of the bpy ligands (see Figure 14).[42],[128] This 

transition is therefore also an electron transfer reaction within the same molecule. The same 

applies for the IC from the 3MLCT to the 3MC excited state, whereby the ET reaction takes place 

from the reduced ligand to the formally oxidized metal centre.[42],[128] 

 

Figure 14: Schematic reaction of [Ru(bpy)3]2+ upon photoexcitation from the 1GS into the 1MLCT, ISC into the 3MLCT and 
IC into the 3MC state. 

The description of the mechanisms and kinetics in thermal ET reactions was first described by R. A. 

Marcus and is covered below. 

1.4.1 Non-adiabatic approach: Marcus Theory 

The first approach for a quantitative description of electron transfer reactions was done 

theoretically for outer sphere self-exchange reactions, while it was later found that this theory was 

also applicable to ET reactions in general.[127],[129] 

 

[Fe(H2O)6]2+ +  [Fe(H2O)6]3+  ⇌ [Fe(H2O)6]3+ + [Fe(H2O)6]2+ (10) 
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The first assumption for the theory was that the ET reaction can be described as a motion of atoms 

on a potential energy surface. The atoms involved in this reaction include not only the reactants 

but also the solvent molecules surrounding them. These atoms and molecules can thereby be 

described by their nuclear coordinates.[127],[129] A transition from the reactants to the products is 

only possible at the saddle point on the energy surface and can only occur if the system contains 

enough energy for the transition. This applies to all electron transfer reactions with weak electronic 

interaction between the two reactants.[127],[129] 

 

The theory for ET by Marcus states that during a thermal electron transfer the coordinates of the 

nuclei do not change, as is the case with optical electron transfer (Franck Condon principle). 

Because of energy conservation the ET reaction can only occur at the saddle point of the energy 

surface. To achieve this, fluctuations of all coordinates have to occur.[127],[129] 

To simplify this complex situation, which depends on nuclear motion, two approximations can be 

used. First is the assumption that the energy change for the motion of the reactants can be 

approximated by a harmonic potential. Second, any change of charge of the reactants during the 

ET process is proportional to the change of polarization of the solvent ("linear response 

approximation"). These approximations lead to free energy curves for the reactants Gr and products 

Gp, which are simple quadratic functions of a general reaction coordinate.[127] 

 

 

Figure 15: Schematic free energy surface for the non-adiabatic electron transfer for a) degenerate states (e.g. self-
exchange) and b) non-degenerate states with both possible pathways for energy transfer (optical and thermal). 

 
Keeping these simple energy diagrams in mind, the formulas for the description of the ET reaction 

derived by R. A. Marcus are easily understood. 
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The rate constant for the thermal electron transfer is given by an Arrhenius-like equation (Eq. (11), 

where Ea is the activation barrier and A, the pre-exponential factor or frequency factor, is 

determined by the frequency of collisions and their orientation. Ea is given by Eq. (12) in which G0 

is the standard free energy of the reaction. For the electron transfer two different cases can be 

observed dependant on the value of G0. In the first case G0 = 0 leading to degenerate states, in 

the other case G0 ≠ 0 resulting in non-degenerate states. In Eq. (12)  describes the reorganization 

energy of the system involved in the ET process. 

 
𝑘 = 𝐴 𝑒

(−
𝐸a

 𝑘𝐵𝑇
)
 (11) 

   

 
𝐸a =  

(𝜆 + ΔG0)2

4𝜆
 (12) 

 

For the electron transfer there are three pathways possible. These pathways are the thermal one, 

which was explained above, an optical electron transfer (see Figure 15) and lastly tunnelling 

between the two energy surfaces is possible. In case of degenerate states, the optical excitation 

energy is equal to the reorganization energy . Therefore, the reorganization energy  is equal to 

the liberated energy by rearranging the system after optical ET, yielding the new relaxed geometry. 

The reorganization energy can consists of two basic terms. One describes the inner reorganization 

energy i which is the energy arising from the displacement of the nuclei in the product, the other 

contribution is the outer reorganization energy o which is the energy needed to reorient the 

surrounding solvent molecules.[127] 

 

Figure 16: Schematic free energy surfaces for different values of G0. 
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In case of non-degenerate states the optical excitation energy is equal to the sum of the 

reorganization energy  and the standard free energy G0. 

Since the relation of  and G0 has a direct influence on the activation energy Ea, three different 

limiting cases can be considered. If G0 = 0 the activation energy is at a maximum, which is called 

Marcus-normal region. When G0 decreases, the activation energy decreases as well until G0 = −, 

at which point the activation barrier Ea = 0, so no activation barrier is observed. If the standard 

enthalpy G0 keeps decreasing (G0 > −) the activation energy rises again. This region is also called 

Marcus-inverted region. With this information, Eq. (11) means that the rate for electron transfer 

increases with increasing G0 until a maximum rate is reached. If the reaction then continues 

getting more exothermic the electron transfer rate constant decreases again, and electron transfer 

get slower.[127] 

The herein described Marcus theory leads to good quantitative results in general but exhibits one 

major drawback. Strictly speaking, the theory is only applicable for systems with very weak 

electronic interactions. For systems with a significant electronic coupling, as is observed in 

intramolecular ET reactions (e.g. the transition from the MLCT to MC excited states in d6 low spin 

complexes as mentioned before), a more refined approach was made by Hush, to include strongly 

interacting systems.[127] 

1.4.2 Adiabatic approach: Marcus-Hush theory 

As written above, the Marcus-Hush theory applies to systems where the electronic communication 

between two redox sites is not negligible anymore, meaning that the electronic coupling is greater 

than the thermal energy kBT. The electronic communication is hereby quantified by the electron 

coupling parameter HAB. The electronic coupling via HAB of the two non-adiabatic free energy 

surfaces for reactants and products from the Marcus theory leads to the energy surfaces depicted 

in Figure 17. In case of electronic coupling between the two states a double minimum curve is 

obtained in the adiabatic ground state and a single minimum in the excited state. The electronic 

coupling parameter HAB is given by the energetic separation between the GS and ES and is exactly 

equal to 2 HAB in both degenerate and non-degenerate states.[130] 
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Figure 17: Schematic free energy surface for the adiabatic electron transfer for a) degenerate states and b) non-
degenerate states with both possible pathways for energy transfer (optical and thermal). 

 
Obtaining the values for the activation energy Ea in the adiabatic case is not as easy as in the non-

adiabatic one, since the electronic coupling leads to a stabilization of the curve minima. To obtain 

expression for Ea a term for the free energy of the transition state as well as the reactant minimum 

depending on HAB and G0 is formulated. This can be done since the terms for the reaction 

coordinate are also depending on HAB and G0. The difference of these two energies gives then the 

free energy of the activation Ea. For the degenerate and non-degenerate states two differing 

equations for Ea are obtained depicted in Eq. (13) and Eq. (14) respectively.[130] 

 
𝐸a =  

(𝜆 − 2𝐻AB )2

4𝜆
 (13) 

   

 
𝐸a =  

𝜆

4
+

Δ𝐺0

2

2

+
Δ𝐺0

2

4(𝜆 − 2𝐻AB)
−  𝐻AB +

𝐻AB
2

𝜆 + Δ𝐺0
−

𝐻AB
4 Δ𝐺0

(𝜆 + Δ𝐺0)4
 (14) 
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1.5 Studying TMCs with transient absorption spectroscopy 

 

Figure 18: Schematic representation of how a difference spectrum is obtained. Left: Schematic absorption spectra of the 
ground state (GS, blue) and the excited state (ES, orange). Right: Schematic representation of the obtained transient 
absorption plot, after subtraction of the ground state absorption spectrum from the excited state absorption spectrum. 
The positive feature in orange represents excited state absorption (ESA), the negative blue feature represents ground 
state bleaching (GSB).[42] 

 
To gain insight into the photophysical properties of non-luminescent complexes and obtain 

information about the lifetime of dark excited states, (ultra-fast) time-resolved pump-probe 

spectroscopy is useful.[42] After excitation with a (fs-)laser pulse (pump), time-resolved absorption 

spectra of the excited states (probe) are measured. Typically these absorption spectra of the excited 

state are subtracted by the ground state spectrum of the compound to yield difference spectra (see 

Figure 18). Characteristic excited state absorption bands as well as their time traces give a 

possibility to estimate the lifetime of these excited states. In the case of d6 transition metal 

complexes exhibiting MLCT absorption (e.g. [Ru(bpy)3]2+), these characteristic excited state 

absorption bands are related to LMCT absorptions shifted to lower energy and to the ligand radical 

anion at higher energy (see Figure 14). In other words, upon excitation of the initially populated 

MLCT state a charge transfer from the ligand to the metal centre occurs. Apart from excited state 

absorption another diagnostic feature in transient absorption (TA) spectra is the ground state 

bleach which stems from the loss of starting material (e.g. RuII for [Ru(bpy)3]2+) in the excited state 

relative to the ground state (or presence of RuIII after formal oxidation of [Ru(bpy)3]2+).[42] 

To help the assignment of the excited state absorption bands measured in TA spectroscopy, the 

MLCT excited state absorption spectra can be simulated using spectroelectrochemical 

measurements.[128] As mentioned before, the MLCT state can be viewed as a formal oxidation of 

the metal centre while simultaneously reducing the ligand. To simulate this excited state both 

electron transfer processes can be investigated separately by either electrochemical oxidation or 
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reduction using absorption spectroscopy. From the obtained sub-spectra a difference spectrum for 

the excited state can be determined using the following equation:[128] 

 

 Δ𝐴ex =  (𝐴ox + 𝐴red)𝜂 − 2𝐴GS(1 − 𝜂) (15) 

 

Here Aex is the excited state difference absorbance obtained via the simulation and Aox, Ared and 

AGS the measured absorbances of the oxidized, reduced and ground state species.  is a scaling 

factor. 

Apart from gaining insight into the excited state lifetimes of dark excited states, fs-TA spectroscopy 

has also been utilized to probe the activation barrier between excited states. This can be done by 

variable temperature TA measurements as was carried out for the high-spin to low-spin transition 

involved in the ground state recovery dynamics of [Fe(bpy)3]2+. If a temperature dependence on the 

decay kinetics in a compound can be observed via (fs-)TA spectroscopic measurements, the 

obtained Arrhenius data allows interpretation of the underlying processes between two excited 

states in a semi-classical Marcus-type framework. This interpretation can be made by deriving 

simple relations between the Arrhenius equation (Eq. (11)) and a semi-classical formulation of 

Marcus theory given by the following equation:[131] 

 

 
𝑘nr =  

2π

ℏ
|𝐻AB|2

1

√4π𝜆𝑘𝐵𝑇
𝑒

−
(𝜆+Δ𝐺0)2

4𝜆𝑘𝐵𝑇  (16) 

 

In this equation G0 is the energy difference between the two involved excited states (i.e. the 

driving force; in case of [Fe(bpy)3]2+ the two states involved are the 1A1 ground and 5T2 excited state). 

Comparing the Arrhenius equation (11) and equation (16) immediately gives a connection between 

the two pre-exponential terms:[131] 

 

 
𝐴 =  

2π

ℏ
|𝐻AB|2

1

√4π𝜆𝑘𝐵𝑇
 (17) 
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An expression for the activation energy between the two excited states involved can be derived as 

follows:[131] 

 
𝐸a =  

(𝜆 + Δ𝐺0)2

4𝜆
 (18) 

 

These two equations (Eq. (17) and Eq. (18)) allow the use of ultrafast variable-temperature TA data 

to obtain experimentally grounded estimates for the electronic coupling parameter HAB between 

two excited states. This was done for instance for [Fe(bpy)3]2+ and [Fe(tpy)3]2+ for which electronic 

coupling parameters were determined as 4.4±0.2 cm−1 and 6.2±1.2 cm−1, respectively, for the 

coupling between the excited 5MC and singlet ground state.[131] 
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2 Aim of work 

The photophysics of TMCs with noble metals, such as ruthenium(II), are well investigated and 

understood due to many years of intensive research. The major drawback of such compounds is, 

however, the low abundance of the metal centre and therefore the high cost. Due to its high earth 

abundance iron(II) represents a potential alternative candidate to replace ruthenium(II) as a 

photosensitizer. Therefore, the aim of this work is the design of novel photoactive iron(II) 

complexes. The focus herein lies on using tridentate six-membered-ring chelating ligands, 

increasing the ligand field splitting due to the larger bite-angle of the ligand and the better orbital 

overlap between the ligand and metal orbitals. This could potentially lead to an extension of the 

lifetime of the excited 3MLCT state. This concept of high local (octahedral) symmetry in the first 

coordination sphere will be combined with the design of push-pull ligands using strong σ-donors in 

form of N-heterocyclic carbenes (NHCs) as well as pyridine moieties as π-acceptors. The usage of 

strong σ-donors should furthermore destabilize the dark non-emissive excited MC states, while 

using pyridine as a π-acceptor should lead to low-lying MLCT sates. 

 

Figure 19: Ligands and complexes to be synthesized as part of this work.  

 
For this, three novel ligands bearing NHCs were designed. Firstly, the linear ligand 2,6-bis((3-methyl-

2,3-dihydro-1H-imidazol-1-ylidene)methyl)pyridine (pbmi) bearing a π-accepting pyridine as well as 

two σ-donating methyl-imidazole moieties linked by methylene bridges in the pyridine 2- and 6-
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position will be synthesized. This ligand will then be used to attempt the synthesis of the homoleptic 

complex [Fe(pbmi)2]2+. 

Secondly, the tripodal ligands 2,2'-((3-methyl-2,3-dihydro-1H-imidazol-1-ylidene)methylene)-

dipyridine (dpmi), incorporating two pyridines and one methyl-imidazolylidene bridged via a methyl 

group, and 2-(bis(3-methyl-2,3-dihydro-1H-imidazol-1-ylidene)methyl)pyridine (pdmi), bearing one 

pyridine and two methyl-imidazolylidene bridged via a methyl group, will be synthesized. For these 

ligands the homoleptic complexes [Fe(dpmi)2]2+ and trans-[Fe(pdmi)2]2+ and cis-[Fe(pdmi)2]2+ will be 

synthesized and characterized. The complexes will be investigated towards their structure using 

single crystal X-ray diffraction or X-ray absorption near-edge structure spectroscopy (XANES)/ 

extended X-ray absorption fine structure (EXAFS), 1H, 13C, 19F and 31P NMR spectra, IR spectroscopy 

and mass spectrometry to verify the proposed composition and structure of the complexes. The 

photophysical properties of the complexes will be studied employing steady state and ultra-fast 

time-resolved absorption as well as emission spectroscopy supported by theoretical methods (DFT 

and TD-DFT), to obtain an understanding of the excited state landscape and the underlying excited 

state dynamics in the respective complexes. Furthermore electrochemical investigations will be 

carried out using cyclic voltammetry, square-wave voltammetry and UV-Vis 

spectroelectrochemistry for simulation and interpretation of the results obtained via ultra-fast 

transient absorption spectroscopy. 
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3 Results and Discussion 

Most results of the research in this work have been published in peer-reviewed journals. In the 

following sections, the discussed publications are reprinted, as well as non-published results 

described. 

The synthesis of the ligand pbmi and the attempts at synthesis for the complex [Fe(pbmi)2]2+ are 

described in section 3.1, with results obtained by DFT and TD-DFT calculations. 

Synthesis, characterization and quantum-chemical calculation of the novel iron(II) complex 

[Fe(dpmi)2]2+ are presented in section 3.2 "Higher MLCT lifetime of carbene iron(ii) complexes by 

chelate ring expansion". The title complex was investigated towards the effect of lifetime extension 

of the excited 3MLCT state by utilizing six-membered-ring chelates incorporating strong σ-donors in 

the form of N-heterocyclic carbenes. To evaluate the effect of using such a tripodal tridentate 

carbene ligand, the ligand and complex were synthesized and characterized by T. Reuter. To gain 

further insight into the structure, XANES and EXAFS was performed by R. Schoch from the group of 

Prof. M. Bauer (Universität Paderborn). Since no luminescence was observable for the complex, 

transient absorption measurements were carried out to gain an understanding of the excited state 

lifetimes. The TA experiments were carried out by A. Kruse from the group of Prof. S. Lochbrunner 

(Universität Rostock). These measurements show that the complex [Fe(dpmi)2]2+ exhibits an 

extended lifetime of the 3MLCT state of approx. 9 ps due to the six-membered-ring chelating nature 

of the ligand dpmi combined with its strong σ-donating methyl-imidazole moieties. 

In Section 3.3 "A Tetracarbene Iron(II) Complex with a Long-lived Triplet Metal-to-Ligand Charge 

Transfer State due to a Triplet-Triplet Barrier" the preparation and characterization of the two 

isomers of [Fe(pdmi)2]2+ is described. The synthesis and characterization of the ligand and 

complexes in the ground state were performed by T. Reuter, while the purification necessary to 

obtain pure cis- and trans-isomers was carried out via HPLC by D. Zorn. The single crystal X-Ray 

diffraction analyses reported were done by C. Förster. Since no luminescence of the complexes is 

observed either at room temperature or at 77 K in frozen solution, transient absorption 

spectroscopy was performed by R. Naumann. These TA spectroscopic measurements were 

performed at variable temperatures and reveal temperature dependency of the lifetime of the 

3MLCT state for cis-[Fe(pdmi)2]2+. The so obtained Arrhenius data was then analysed using semi-

classical Marcus theory to gain insight into the electronic coupling between the excited triplet state. 
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To help the interpretation of the measurements DFT and TD-DFT calculations were carried out by 

T. Reuter. 

Section 3.4: "Ground- and Excited-State Properties of Iron(II) Complexes Linked to Organic 

Chromophores" describes the synthesis and characterization of two iron(II) complexes using 

modified bmip-ligands. The synthesis and most of the characterization in the ground state of the 

complexes was performed by P. Dierks from the group of Prof. M. Bauer (Universität Paderborn). 

The spectroelectrochemical measurements were performed by T. Reuter, while TA measurements 

were performed by Ayla Kruse (geb. Päpcke) from the group of S. Lochbrunner (Universität 

Rostock). 
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3.1 Synthesis of [H2pbmi]2+ and synthesis attempts of its 

homoleptic iron(II) complex 

DFT calculations (B3LYP, Def2-tzvp/J, D3BJ, RIJCOSX, ZORA, CPCM(acetonitrile), KDIIS) were 

performed for the homoleptic iron() complex [Fe(pbmi)2]2+ to gain insight into the energetic 

position of the excited states in comparison to the ground state. The calculated single point 

energies at the optimized geometries relative to the energy of the 1GS are shown in Table 2. 

Table 2: Calculated energies of the electronic excited states of [Fe(pbmi)2]2+ in acetonitrile relative to the energy of the 
ground state in eV. 

 1GS 3MLCT 3MC 5MC 

E / eV 0 --- 0.32 0.95 

 
The value for the energy of the 3MLCT state is missing in the table, as no optimized geometry for 

this excited state could be obtained. The 3MLCT state could only be optimized with geometric 

constraints, so the calculated energies cannot be compared to the energies of the relaxed 

geometries of the other states. By removing the constraints the calculation optimizes to the 3MC 

state, hinting at a barrierless pathway from the 3MLCT state to the 3MC state during the calculation. 

The Jahn-Teller axis in the 3MC excited state is here along the z-axis along the py-Fe-py-bonds. 

Comparing the energies of the 3MC and 5MC excited states shows using four strong σ-donating 

carbene moieties in the complex seems to push the energy of the highly distorted 5MC state to 

much higher energy than the excited 3MC state. In the 5MC state all Fe-C/N distances are elongated 

due to the population of both the dz2 and dx2−𝑦2 orbitals, thereby imposing a large reorganisation 

barrier between the 3MC and 5MC states. Combined with the higher energy of the quintet excited 

state compared to the 3MC state, and the very low energy of 0.32 eV of the 3MC state, the lowest 

energetically excited state in [Fe(pbmi)2]2+ should be the 3MC state, according to DFT calculations. 

In summary the DFT calculations show, by using four strong σ-donating carbene moieties the energy 

of the 5MC state is pushed above the energy of the 3MC state, but that the excited triplet metal 

centred state seems to still be the lowest excited state for [Fe(pbmi)2]2+. Furthermore there doesn’t 

seem to be a barrier between the 3MLCT and 3MC state indicated by the calculations of the 3MLCT 

without constraints yielding the 3MC state. This suggests that the lifetimes of the excited 3MLCT 

state for [Fe(pbmi)2]2+ could be relatively short. 
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To obtain the complex [Fe(pbmi)2]2+ first the ligand has to be synthesized in the form of its proligand 

[H2pbmi]X2 (X− = anion). The synthesis of this proligand is possible in three steps starting from 2,6-

bis(hydroxymethyl)-pyridine (see Figure 20). 

 

Figure 20: Synthesis scheme for [H2pbmi]2+. 

 
In the first step 2,6-bis(hydroxymethyl)-pyridine is brominated via aqueous HBr (48 %) to 2,6-

bis(bromomethyl)pyridine (I). This can either be reacted with 1H-imidazole and NaOH in THF to 

obtain 2,6-bis(N-methylene-imidazolium)pyridine (II), which can be methylated via methyl iodide, 

or the pro-ligand can be obtained by directly reacting the 2,6-bis(bromomethyl)pyridine (II) with 

1-methylimidazole. In case of the first synthesis route the proligand is obtained as an iodide salt, in 

case of the second route as a bromide salt. 

 

Figure 21: Synthesis scheme for [Fe(pbmi)2]2+. 

 

The synthesis of the homoleptic iron() complex was then first carried out analogous to known 

syntheses of iron() complexes bearing five-membered-ring chelating ligand bmip, namely 

suspending the proligand in THF at −70 °C, addition of a solution of KN(SiMe3)2 (KHMDS) in THF to 

deprotonate the proligand, followed by addition of a solution of iron()bromide in THF (see Figure 
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21). Upon addition of the base, and deprotonation of the proligand, the formed ligand dissolved in 

THF and a yellow solution was obtained which turned purple-red upon addition of the 

iron()bromide. After removal of the solvent under reduced pressure, however no formation of 

the desired complex [Fe(pbmi)2]2+ could be observed via 1H NMR spectroscopy or ESI+-mass 

spectrometry. 

 

Figure 22: ESI+ mass spectrum of the raw product obtained upon reaction of Fe(OTf)2 with KHMDS and [H2pbmi]I2. 

 

Changing the iron() source from iron()bromide to iron()triflate gave the same observations 

during the reaction and the formation of the desired complex [Fe(pbmi)2]2+ could be observed via 

ESI+ mass spectrometry (see Figure 22). The purification of the complex was not possible and no 

pure product was obtained. A probable reason was, that the conversion of the reaction to the 

complex was not large enough. Only little amounts of the complex were formed, as seen by the 

presence of proligand in the mass spectrum (see Figure 22). 

To try and increase the yield of the complex several synthesis attempts were done by changing the 

base from KHMDS to potassium tert-butoxide (KOtBu), sodium methoxide or ethoxide, 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), potassium or caesium carbonate, lithium 

diisopropylamide or to sodium hydride. For all the bases, apart from potassium and caesium 

carbonate, the same observations were made during the reaction as before with KHMDS but still 

no product could be isolated. 
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Apart from changing the base in the reaction, the counterions of the proligand were varied as well, 

from iodide to bromide, tetraphenylborate, triflate, or hexafluorophosphate. This did not seem to 

have a big influence on the formation of the complex, as the same observations were made as 

before. Still the purification of the complex obtained via these routes could not be achieved. 

 

Figure 23: Synthetic scheme for the transmetalation reaction of [H2pbmi]Br2 with Ag2O and subsequent reaction with 
FeBr2. 

 

Another way to try and increase the yield of the reaction was by utilizing silver()oxide as a 

transmetalation agent and reacting it with the bromide salt of the proligand (see Figure 23). The 

resulting silver complex was then reacted with iron()bromide. This reaction, however, did not 

work, and upon purification only the proligand was obtained again. 

Due to the publication of the synthesis and characterization of [Fe(pbmi)2]2+ by the group of Prof. 

Gros (University of Lorraine) the project was not continued.[132] 

Prof. Gros and his co-workers were able to synthesize the complex by reacting FeBr2 with KOtBu in 

anhydrous DMF under N2 atmosphere at 0 °C. This yielded the complex in a yield of 19 % after 

column chromatography on silica with an acetone/H2O/KNO3(sat) = 10:3:3 mixture.[132] 

Fs-TA spectroscopy revealed three global lifetimes obtained as τ1 = 0.3 ps, τ2 = 1.3 ps and τ3 = 7.3 

ps. The first lifetime was hereby assigned to the IC from the vibrationally excited 3MLCT states to 

the excited 3MC states, which are then de-populated after 1.3 ps leading to vibrationally excited 

"hot" ground state.[132] 

The very short lifetime of the excited 3MLCT state of [Fe(pbmi)2]2+ stems from the high flexibility of 

the pbmi ligand, due to its methylene bridges, leading to strong distortion of the complex along the 

z-axis (py-Fe-py) in the excited 3MC state. This flexibility leads to energetically low lying 3MC states, 

with only small energy barriers for the 3MLCT → 3MC transition. This is in agreement to the results 

obtained via DFT calculations presented at the beginning of Chapter 3.1. 
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In summary [Fe(pbmi)2]2+ exhibits only a very short lifetime of the excited 3MLCT state due to the 

flexibility of the ligands, which prompted further research to use more rigid ligand structures while 

still incorporating the 6-membered chelate motive. This lead to the employment of tripodal ligands 

for the synthesis of novel iron() complexes as described in chapters 0 and 3.3. 
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3.2 Higher MLCT lifetime of carbene iron(II) complexes by chelate 

ring expansion 

Thomas Reuter, Ayla Kruse, Roland Schoch, Stefan Lochbrunner, Matthias Bauer, Katja Heinze 

Chem. Comm. 2021, 57, 7541-7544 

This Article reports on the synthesis and 

characterization of the homoleptic iron() complex 

[Fe(dpmi)2]2+ (dpmi = 2,2'-((3-methyl-2,3-dihydro-

1H-imidazol-1-yl) methylene)dipyridine). It displays 

an extended lifetime of the exited 3MLCT state of 

around 9 ps revealed by ultra-fast transient 

absorption spectroscopy. 

 

Author Contributions 

Synthesis and characterization of the compounds and DFT calculations were carried out by Thomas 

Reuter. Ultra-fast transient absorption measurements were performed by Ayla Kruse (group of 

Prof. Dr. S. Lochbrunner). Roland Schoch (group of Prof. Dr. Matthias Bauer) performed the Xanes 

and EXAFS measurements, as well as the simulation of the obtained data. The manuscript was 

written by Prof. Dr. Katja Heinze (90 %) and Thomas Reuter (10 %). 

Supporting Info 

Can be found at pp. 107. 

The full supporting information can be obtained here. 

 

"Reprinted with permission from Thomas Reuter, Ayla Kruse, Roland Schoch, Stefan Lochbrunner, 

Matthias Bauer and Katja Heinze. Copyright 2021 Royal Society of Chemistry” 
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3.3 A Tetracarbene Iron(II) Complex with a Long-lived Triplet Metal-

to-Ligand Charge Transfer State due to a Triplet-Triplet Barrier 

Thomas Reuter, Dimitri Zorn, Robert Nauman, Jan Klett, Christoph Förster, Katja Heinze 

Angew. Chem. Int. Ed. 2024, 63, e202406438 

This article reports on the synthesis and characterization of 

the homoleptic complexes trans- and cis- [Fe(pdmi)2]2+ 

(pdmi = 2-(bis-(3-methyl-2,3-dihydro-1H-imidazol-1-yl)-

methyl)pyridine). The complexes show an extended 

lifetime of the excited 3MLCT state of approx. 15 ps in 

acetonitrile. Variable temperature TA measurements 

reveal an energy barrier between the excited 3MLCT and 

3MC states for the cis-isomer which is analysed using semi-

classical Marcus theory. 

 

Author contribution 

Synthesis and characterization of the title compounds as well as DFT calculations were carried out 

by Thomas Reuter. The purification of the title compounds via HPLC was performed by Dimitri Zorn. 

TA and variable temperature TA measurements, as well as emission spectroscopy was carried out 

by Dr. Robert Naumann. Raman spectra were measured by Dr. Jan Klett. Dr. Christoph Förster 

solved the crystal structure of the title compounds. The manuscript was written by Prof. Dr. Katja 

Heinze (90 %) and Thomas Reuter (10 %). 

 

Supporting Information 

Can be found at pp. 137. 

The full supporting information can be obtained here. 

 

“Reprinted with permission from Thomas Reuter, Dimitri Zorn, Robert Naumann, Christoph Förster 

and Katja Heinze. Copyright 2024 Wiley” 

https://onlinelibrary.wiley.com/doi/10.1002/anie.202406438
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3.4 Ground- and Excited-State Properties of Iron(II) Complexes 

Linked to Organic Chromophores 

Philipp Dierks, Ayla Päpcke, Olga S. Bokareva, Björn Altenburger, Thomas Reuter, Katja Heinze, 

Oliver Kühn, Stefan Lochbrunner, Matthias Bauer 

The article reports on the synthesis and characterization of the 

homoleptic complexes [Fe(bim-ant)2]2+ and [Fe(bim-pyr)2]2+ (bim = 1,1′-

(pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ylidene); ant = 9-

anthracenyl; pyr = 1-pyrenyl). The compounds were investigated towards 

an antenna effect. Both complexes show luminescence from the singlet 

excited state of the anthracenyl- and pyrenyl-moiety with a red-shift 

compared to the non-coordinated anthracene and pyrene. 

 

 

Author Contribution 

Synthesis and characterization of the title compounds was carried out by Philipp Dierks (group of 

Prof. Dr. Matthias Bauer). Transient absorption spectroscopy was performed by Ayla Päpcke and 

Björn Altenburger (group of Prof. Dr. Stefan Lcohbrunner. Spectroelectrochemical measurements 

were carried out by Thomas Reuter and interpretation of the data was performed by Thomas Reuter 

and Prof. Dr. Katja Heinze. Theoretical calculations were performed by Olga S. Bokareva (group of 

Prof. Dr. Oliver Kühn). 

Supporting Information 

Can be found at pp. 195. 

The full supporting information can be obtained here. 

 

“Reproduced from Ref.[133] with permission from ACS Publications.” 
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4 Summary and Outlook 

Finding cheaper alternatives for photosensitizers based on rare and noble metals such as 

ruthenium(II) and iridium(III) has been of great scientific interest in the last couple of years. One 

such alternative is the lighter homologue of ruthenium(II), namely iron(II). In contrast to 

ruthenium, iron(II) complexes show vastly different photophysical behaviour upon excitation due 

to the lower intrinsic ligand field splitting of iron. The focus of research into suitable iron(II) 

complexes as replacements of ruthenium(II) luminophores has been to incorporate strong σ-

donors in form of N-heterocyclic carbenes to destabilize dark non-emissive excited MC states in 

favour of the possibly luminescent excited MLCT states. 

In this work, the preparation of three ligands incorporating strong σ-donors in the form of methyl-

imidazolylidenes as well as pyridines as π-acceptors is reported. It was not possible to isolate the 

formed homoleptic complex of 2,6-bis((3-methyl-2,3-dihydro-1H-imidazol-1-yliden)methyl)-

pyridine (pbmi). The formation of the homoleptic complex [Fe(pbmi)2]2+ could be observed via ESI+-

mass spectrometry. DFT calculations reveal that the excited 5MC state should be much higher in 

energy than the 3MC excited state, and therefore shouldn't play a role in the photophysics of 

[Fe(pbmi)2]2+. The calculations also indicate that there seems to be no energy barrier between the 

3MLCT and 3MC states, which would result in a barrierless deactivation and therefore low lifetime 

of the excited charge transfer state. 

In contrast to complex [Fe(pbmi)2]2+, the synthesis of the ligands 2,2'-((3-methyl-2,3-dihydro-1H-

imidazol-1-ylidene)methylene)dipyridine (dpmi) and 2-(bis(3-methyl-2,3-dihydro-1H-imidazol-1-

yl)methyl)pyridine (pdmi) and their homoleptic complexes [Fe(dpmi)2]2+ and [Fe(pdmi)2]2+ was 

successful. For the complex [Fe(dpmi)2]2+ only the cis-isomer is obtained upon synthesis as revealed 

by the number of 1H and 13C NMR resonances. This is expected due to the destabilizing trans 

influence of the carbenes in a conceivable trans coordination. The electronic absorption spectrum 

of [Fe(dpmi)2]2+ in acetonitrile shows two absorption bands at 415 nm (ε = 17310 L mol−1 cm−1) and 

500 nm (ε = 19390 L mol−1 cm−1) which were assigned to MLCT transitions using TD-DFT 

calculations. Excitation into either of these absorptions bands does not give rise to any observable 

emission neither at room temperature nor at 77 K in frozen solution. To probe the lifetime of the 

excited states, ultra-fast transient absorption spectroscopy was employed. The analysis of the 

obtained data gave rise to two lifetimes of τ1 = 1.0 ps and τ2 = 9.2 ps, of which the component with 

9.2 ps was assigned to the 3MLCT state with the help of a simulated TA spectrum obtained via 
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spectroelectrochemical UV-Vis experiments. Considering the lifetime of 9 ps for the 3MLCT state 

and comparison to [Fe(bmip)2]2+ shows an increase in lifetime of the 3MLCT state by an order of 

magnitude, although only two σ-donating carbene moieties were employed in [Fe(dpmi)2]2+ 

compared to the four carbene moieties in [Fe(bmip)2]2+. The difference in the complexes lies in the 

six-membered-ring chelating nature of the dpmi ligand in contrast to the five-membered-ring 

chelates in [Fe(bmip)2]2+. Due to the larger bite angle of dpmi and therefore the better orbital 

overlap between the ligand and metal orbitals leads to a higher ligand field splitting and therefore 

an extended 3MLCT lifetime due to the stronger destabilization of the excited MC states. DFT 

calculations, furthermore, reveal that for complex [Fe(dpmi)2]2+ the excited 5MC state is slightly 

higher in energy than the excited 3MC state by approx. 0.06 eV. In addition, the even larger 

distortion of the 5MC state, in contrast to the 3MC state, imposes a large reorganisation barrier 

between these two excited states, which substantiates the interpretation that the 5MC state is by-

passed and that the complex undergoes ISC from the 3MC state directly into the ground state. 

In contrast to the synthesis of [Fe(dpmi)2]2+, the synthesis of [Fe(pdmi)2]2+ in THF at −70 °C revealed 

the presence of both the cis- and the trans-isomer, which could not be separated by conventional 

column chromatography. The separation could be carried out using a HPLC revealing a ratio of trans 

and cis isomers of 4:1 for the synthesis at low temperatures and yielding pure trans-[Fe(pdmi)2]2+ 

after HPLC. Due to the low amount of cis-isomer obtained at −70 °C, a high temperature synthesis 

was carried out in DMF at 20 °C, which pushed the ratio of trans and cis isomers to 1:2. HPLC 

separation yielded the pure cis-[Fe(pdmi)2]2+. Both isomers could be characterized by NMR and 

IR/Raman spectroscopy as well as single crystal X-ray diffraction, which confirmed the proposed 

symmetries and the diamagnetic nature of the low-spin iron(II) complexes. Both complexes show 

intense absorption bands in the visible spectral region with maxima at 521 nm 

(ε = 7430 L mol−1 cm−1) and 471 nm (ε = 8680 L mol−1 cm−1) for trans-[Fe(pdmi)2]2+ and 

cis-[Fe(pdmi)2]2+ in acetonitrile at room temperature, respectively. According to TD-DFT calculations 

and charge-transfer number analyses, these absorption bands were assigned to MLCT transitions, 

whereby the sharper absorption band of the trans-isomer is assigned to a single transition, while 

the broader absorption band of the cis-isomer is composed of four Fe→py2 transitions. Neither 

trans-[Fe(pdmi)2]2+ nor cis-[Fe(pdmi)2]2+ show emission at room-temperature or at 77 K in frozen 

solution or solid state upon excitation into the MLCT absorption band. To gain insight into the 

excited state lifetime of the 3MLCT state, ultra-fast TA spectroscopy was carried out, revealing 

lifetimes of the excited 3MLCT state of τ293 K(trans) = 8.0/14.5 ps and τ293 K(cis) = 8.6/15.2 ps in 

MeOH/EtOH (2:3 v/v) and MeCN, respectively. Compared to [Fe(dpmi)2]2+ the increase in σ-
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donating NHC-moieties does not lead to a strong increase of the lifetime of the 3MLCT state, as 

envisioned. Varable-temperature TA spectroscopy performed in MeOH/EtOH (2:3 v/v) on both 

trans-[Fe(pdmi)2]2+ and cis-[Fe(pdmi)2]2+ revealed a temperature-dependence of the lifetime of the 

3MLCT state for the cis-isomer, whereby the lifetime was increased to τ130 K(cis) = 177 ps. The 

obtained Arrhenius data was discussed in the picture of semi-classical Marcus theory, whereby an 

electronic coupling constant HAB for the IC-barrier could be obtained between the excited 3MLCT 

and 3MC states of HAB = 81±6 cm−1. This relatively small value stems from the tilting of the pyridine 

ring and the decrease of the N-Fe-C(trans) angle, during the 3MLCT/3MC IC process. This motion 

leads to an overlap between the pyridine π* and the iron 3dz2 orbitals, enabling vibronic coupling 

along this mode. This motion is hindered in rigid matrices leading to an even higher lifetime of 

τ77 K(cis) = 1.67 ns, however no luminescence was detected either in frozen solution or in the solid 

state at 77K. This is likely due to the energetically lowest 1MLCT states exhibiting only small 

transition dipole moments and a similar orbital composition to the lowest excited 3MLCT state, 

preventing large spin-orbit coupling. 

In summary, the combination of six-membered-ring chelating ligands with σ-donors and π-

acceptors resulted in the increased lifetime of the excited 3MLCT state. The increased number of σ-

donors did not lead to a substantial increase of said lifetime, but gives rise to a temperature 

dependence in the lifetime of one of the obtained isomers. This complex showed the need of 

rigidifying the ligands to hinder detrimental motions and so mitigating the electronic coupling 

between the excited triplet states. Furthermore, since the increased number of σ-donors did not 

seem to push the energy of all 3MC states significantly, a new strategy could be to modify the π-

acceptor, either by modifying the pyridine with electron withdrawing groups, or substituting the 

pyridine ring by stronger π-acceptors such as pyrazine. 
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6 Appendix 

6.1 Supporting Information for Section 3.1 "Synthesis of [H2pbmi]2+ 

and synthesis attempts of its homoleptic iron(II) complex" 

General Procedure: If not otherwise noted, all reactions were carried out under an inert 

atmosphere. THF was distilled from potassium. All other reagents were used as received from 

commercial suppliers (Acros, Sigma-Aldrich, abcr, TCI). 

ESI+-mass spectrometry was carried out with a Micromass Q-TOF Ultima 3-spectrometer. 

UV/Vis absorption spectra were carried out on a Varian Cary 5000 spectrometer in quartz glass 

cuvettes with 1 cm path length. 

NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer at 400.31 MHz (1H). All 

resonances are reported in ppm versus tetramethylsilane and referenced against the solvent signal 

as internal standard (d6-DMSO: 1H  (ppm) = 2.50, CD3CN: 1H  (ppm) = 1.94.[134] 

DFT calculations were carried out using the ORCA program package (version 4.0.2).[135] All 

calculations were performed using the B3LYP functional[136]–[138] and employed the RIJCOSX 

approximation.[139],[140] Relativistic effects were calculated at the "zeroth order regular 

approximation" (ZORA) level.[141] To account for solvent effects, a conductor-like screening model 

(CPCM) modelling acetonitrile was used in all calculations.[142],[143] Geometry optimizations were 

performed using Ahlrichs' split-valence triple-zeta basis set ZORA-def2/J-TZVP.[144],[145] Atom-

pairwise dispersion correction was performed with the Becke-Johnson damping scheme 

(D3BJ).[146],[147] The presence of energy minima was checked by numerical frequency calculations. 

The simulation of transitions from the ground-state to excited states was done on the same level 

of theory described above by time-dependent DFT (TD-DFT) calculations, where the 50 

energetically lowest excitations were calculated.[148],[149] 
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Synthesis of 2,6-Bis(bromomethyl)pyridine (I)[150] 

2,6-Bis(hydroxymethyl)pyridine (2.03 g, 14.6 mmol) was heated in Hydrogen bromide (48 % in 

water, 20 mL) at 125 °C (oil bath) for 15 h. After cooling to room temperature water (50 mL) was 

added to the yellow solution and the mixture brought to pH = 8 by addition of an aqueous sodium 

bicarbonate solution. The resulting solution was extracted with DCM (4x 50 mL), the combined 

organic phases dried over magnesium sulfate and the solvent removed under reduced pressure. 

The raw product was purified via column chromatography on silica with petrolether/ethyl acetate 

(9:1). The product was obtained as a colourless solid (1.88 g, 7.10 mmol, 49 %).  

Rf = 0.03 (petrolether/ ethylacetate 9:1) 

1H-NMR (400 MHz, CD3CN); δ(ppm) = 7.77 (t, 3J = 7.74 Hz, 1H, H1), 7.42 (d, 3J = 7.74 Hz, 2H, H2), 4.57 

(s, 4H, H3). 

MS (ESI+): m/z (%) = 265.91 (100) [M+H]+. 

 

Figure 24: 1H NMR spectrum of I measured in CD3CN (*). 
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Figure 25: ESI+ mass spectrum of I measured in CH3CN. 

Synthesis of 2,6-Bis(N-methylen-imidazolyl)pyridine (II)[151] 

Sodium hydroxide (0.27 g, 6.75 mmol, 2.42 eq.) and Imidazole (0.76 g, 11.2 mmol, 3.99 eq.) were 

dissolved in THF (30 mL). To this solution was added a solution of 2,6-Bis(bromomethyl)pyridine 

(0.74 g, 2.79 mmol, 1.00 eq.) in THF (20 mL) and the resulting mixture was stirred at room 

temperature for 16 h. The solvent was removed under reduced pressure and the residue dissolved 

in DCM (50 mL). The solution was washed twice with a saturated sodium chloride solution (50 mL), 

dried over magnesium sulfate. The solvent was removed under reduced pressure to give the 

product as a colourless solid (0.66 g, 2.76 mmol, 99 %). 

1H-NMR (400 MHz, CD3CN); δ(ppm) = 7.71 (t, 3J = 7.75 Hz, 1H, H1), 7.59 (s, 2H, H6), 7.06 (m, 4H, 

H4,5), 6.59 (s, 2H, H2), 5.21 (s, 4H, H3). 

MS (ESI+): m/z (%) = 240.14 (100) [M+H]+. 
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Figure 26: 1H NMR spectrum of II measured in CD3CN (*). 

 

Figure 27: ESI+ mass spectrum of II measured in CH3CN. 

Synthesis of 2,6-Bis(N-methylene(N'-methylimidazolium)pyridine diiodide [H2pbmi]I2
[152] 

In a Schlenk-flask under Ar-atmosphere 2,6-Bis(N-methylen-imidazolyl)pyridine (0.80 g, 3.43 mmol, 

1.00 eq.) and iodomethane (0.46 mL, 7.39 mmol, 2.20 eq.) were heated in MeCN for 72 h at 95 °C. 
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After cooling to room temperature the solvent was removed under reduced pressure giving the 

product as a yellow solid (1.5 g, 2.86 mmol, 86 %). 

1H-NMR (400 MHz, CD3CN); δ(ppm) = 9.06 (s, 2H, H6) 7.89 (t, 3J = 7.75 Hz, 1H, H1), 7.52 (m, 4H, H4,5), 

7.43 (s, 2H, H2), 5.53 (s, 4H, H3), 3.93 (s, 6H, H7). 

MS (ESI+): m/z (%) = 134.58 (11) [M]2+, 187.11 (11), 254.15 (56) [M2+-CH3]+, 314.02 (50), 396.08 (100) 

[M2++I-]+. 

 

Figure 28: 1H NMR spectrum of [H2pbmi]I2 measured in CD3CN (*). 

Synthesis of 2,6-Bis(N-methylene(N'-methylimidazolium)pyridine dibromide [H2pbmi]Br2
 

In a Schlenk-flask under Ar-atmosphere 2,6-Bis(bromomethyl)pyridine (3.00 g, 11.32 mmol, 

1.00 eq.) and 1-Methylimidazole (3.07 g, 2.98 mL, 37.4 mmol, 3.30 eq.) were dissolved in 1,4-

Dioxane and heated under reflux for 48 h whereby a beige solid precipitated. After cooling to room 

temperature the supernatant was decanted and the residue heated in a mixture of DCM/ethanol 

(1:1, 20 mL) to reflux for 10 min. After cooling to room temperature the solvent mixture was 

decanted and the solid dried under vacuum to give the product as a beige solid (2.96 g, 6.91 mmol, 

61 %). 

1H-NMR (400 MHz, d6-DMSO); δ(ppm) = 9.24 (s, 2H, H6) 7.97 (t, 3J = 7.70 Hz, 1H, H1), 7.74 (d, 4H, 

H4,5), 7.49 (d, 2H, H2), 5.57 (s, 4H, H3), 3.92 (s, 6H,H7). 
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Figure 29: 1H NMR spectrum of [H2pbmi]Br2 measured in d6-DMSO (*), residues of water (**) and 1,4-dioxane (***) are 
denoted. 

Synthesis of [Fe(pbmi)2]2+ using FeBr2
 

In a Schlenk-flask under Ar-atmosphere [H2pbmi]I2 (490 mg, 0.93 mmol, 2.00 eq.) was suspended 

in THF (10 mL) and cooled to −70 °C (dry-ice/ethanol bath). To this suspension a solution of KHMDS 

(370 mg, 1.85 mmol, 4.00 eq.) in THF (5 mL) was added whereby a clear, yellow solution was 

obtained. After 30 min of stirring at −70 °C a solution of iron()bromide (100 mg, 0.46 mmol, 

1.00 eq.) in THF (15 mL) was added. After stirring overnight a purple solution was obtained. After 

removal of the solvent under reduced pressure, the formation of product couldn’t be verified via 

NMR spectroscopy or Mass spectrometry. 

Synthesis of [Fe(pbmi)2]2+ using Fe(OTf)2
 

In a Schlenk-flask under Ar-atmosphere [H2pbmi]I2 (122 mg, 0.45 mmol, 2.00 eq.) was suspended 

together with iron()triflate (98 mg, 0.23 mmol, 1 eq.) in THF (10 mL) and cooled to −70 °C (dry-

ice/ethanol bath). To this suspension a solution of KHMDS (187 mg, 0.94 mmol, 4.00 eq.) in THF 

(5 mL) was added over 10 min. After stirring overnight and warming to room temperature a purple 

solution was obtained. After removal of the solvent the formation of the complex could be verified 

via ESI+-mass spectrometry, but no purification method for the complex could be found. 
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MS (ESI+): m/z (%) = 134.58 (72) [H2pbmi]2+, 254.14 (68) [H2pbmi2+ - CH3]+, 295.12 (40) [Fe(pbmi)2]2+, 

396.07 (33) [H2pbmi2+ + I−]+, 418.12 (100) [H2pbmi2+ + OTf−]+, 739.18 (13) [Fe(pbmi)2
2+ + OTf−]+. 

 

Figure 30: ESI+ mass spectrum of the raw product of [Fe(pbmi)2]2+ obtained via Fe(OTf)2 measured in CH3CN. 

Synthesis of [Fe(pbmi)2]2+ via transmetalation using Ag2O[153]–[156] 

To a solution of [H2pbmi]Br2 (250 mg, 0.58 mmol, 2.00 eq.) in acetonitrile (15 mL) was added Ag2O 

(270 mg, 1.17 mmol, 4.00 eq.) and the resulting mixture was stirred under exclusion of light for 6 h. 

Then iron()bromide (63 mg, 0.29 mmol, 1.00 eq.) was added and the mixture stirred overnight. 

After the removal of the solvent under reduced pressure a brown, insoluble solid was obtained. The 

formation of the complex could not be verified by NMR-spectroscopy or ESI+-mass spectrometry. 

Cartesian Coordinates of optimised geometries for [Fe(pbmi)2]2+ 

1GS 

6        2.141805000     -2.008818000     -0.010239000 

6        2.489729000     -3.350520000      0.072674000 

6        1.537333000     -4.288067000      0.428182000 

6        0.252806000     -3.840357000      0.680759000 

6       -0.042841000     -2.489109000      0.563241000 
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7        0.885430000     -1.565423000      0.223725000 

1        3.507401000     -3.645538000     -0.139675000 

1       -0.530043000     -4.526876000      0.970510000 

7       -1.565382000     -0.962341000      1.742856000 

6       -2.323470000     -0.977575000      2.902235000 

6       -2.134567000      0.226937000      3.481128000 

7       -1.259846000      0.934358000      2.668399000 

6       -0.894721000      0.204311000      1.573327000 

1       -2.908397000     -1.828067000      3.202307000 

1       -2.532191000      0.643179000      4.388855000 

6        0.850665000      3.440184000      0.145572000 

6        0.556673000      4.796363000      0.094138000 

6       -0.738112000      5.210766000     -0.160551000 

6       -1.703942000      4.237317000     -0.340871000 

6       -1.354928000      2.895850000     -0.262195000 

7       -0.088085000      2.483764000     -0.027439000 

1        1.349564000      5.512921000      0.255970000 

1       -2.731992000      4.504797000     -0.539869000 

7        2.171593000      0.313845000      2.626424000 

6        3.095106000      1.109216000      3.290287000 

6        3.255453000      2.227553000      2.551936000 

7        2.429535000      2.074323000      1.450544000 

6        1.748033000      0.902482000      1.469195000 

1        3.543530000      0.805484000      4.218840000 
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1        3.860621000      3.102546000      2.706860000 

6        3.231605000     -1.032568000     -0.358382000 

6       -1.464185000     -2.059675000      0.802009000 

1        1.790583000     -5.336619000      0.506638000 

1       -0.989513000      6.261515000     -0.212642000 

26       0.396764000      0.459429000      0.081889000 

6       -2.455954000      1.881314000     -0.415590000 

6        2.282579000      3.045588000      0.385152000 

6       -2.231300000     -0.455142000     -3.122366000 

6       -2.906014000      0.515159000     -2.471490000 

7       -1.062598000     -0.681034000     -2.409729000 

6       -0.980604000      0.125457000     -1.312338000 

7       -2.128363000      0.847384000     -1.375618000 

1       -3.847340000      0.991021000     -2.678481000 

6       -0.041862000     -1.601610000     -2.891427000 

1        0.702631000     -1.069253000     -3.482575000 

1        0.447012000     -2.089685000     -2.060372000 

1       -0.520648000     -2.354099000     -3.513181000 

1       -2.470927000     -1.004589000     -4.014656000 

1       -2.686552000      1.425778000      0.547189000 

1       -3.353078000      2.384989000     -0.763137000 

7        1.767962000      1.291264000     -2.580209000 

6        1.718308000      0.609144000     -1.399123000 

6        2.913927000      0.984411000     -3.299545000 
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6        3.601427000      0.080371000     -2.572299000 

7        2.857032000     -0.127137000     -1.423752000 

1        4.527780000     -0.430678000     -2.762715000 

1        3.126050000      1.431906000     -4.253591000 

6        0.799443000      2.257364000     -3.074660000 

1        0.824559000      2.245176000     -4.161510000 

1       -0.193940000      1.989175000     -2.738118000 

1        1.042507000      3.260662000     -2.723962000 

1        4.106276000     -1.586348000     -0.686375000 

1        3.519867000     -0.458908000      0.522670000 

1       -1.927111000     -1.767627000     -0.140181000 

1       -2.027161000     -2.896877000      1.202784000 

1        2.716303000      2.642216000     -0.529319000 

1        2.851464000      3.928729000      0.659871000 

6       -0.865073000      2.302235000      2.984011000 

1       -1.049022000      2.474645000      4.041455000 

1        0.188559000      2.447848000      2.775267000 

1       -1.449954000      3.017857000      2.409159000 

6        1.785491000     -0.995089000      3.138849000 

1        2.344084000     -1.786635000      2.643066000 

1        2.011993000     -1.024219000      4.201864000 

1        0.723919000     -1.157936000      2.995848000 
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3MC 

6        2.205480000     -2.309396000      0.025993000 

6        2.578584000     -3.639840000      0.178735000 

6        1.613039000     -4.565902000      0.545854000 

6        0.306734000     -4.137348000      0.742763000 

6        0.011547000     -2.792461000      0.561103000 

7        0.947736000     -1.903639000      0.212972000 

1        3.604848000     -3.938581000      0.016263000 

1       -0.471054000     -4.829432000      1.034924000 

7       -1.498410000     -1.189322000      1.687812000 

6       -2.182777000     -1.303874000      2.886192000 

6       -2.029437000     -0.124517000      3.524063000 

7       -1.247647000      0.672520000      2.704919000 

6       -0.903327000      0.029659000      1.554090000 

1       -2.710437000     -2.197861000      3.165416000 

1       -2.405284000      0.222654000      4.469655000 

6        0.726535000      3.779814000      0.141722000 

6        0.434140000      5.137098000      0.073260000 

6       -0.873115000      5.525076000     -0.187162000 

6       -1.847122000      4.550070000     -0.355167000 

6       -1.475942000      3.214592000     -0.259121000 

7       -0.213728000      2.846733000     -0.021943000 

1        1.215643000      5.870235000      0.219085000 

1       -2.874401000      4.816715000     -0.562055000 
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7        2.224301000      0.533451000      2.592615000 

6        3.017395000      1.430568000      3.287217000 

6        3.050050000      2.564980000      2.557758000 

7        2.290739000      2.321006000      1.424793000 

6        1.762109000      1.067238000      1.428880000 

1        3.474623000      1.180290000      4.227266000 

1        3.530319000      3.509733000      2.737072000 

6        3.235645000     -1.258018000     -0.303772000 

6       -1.396599000     -2.276363000      0.722152000 

1        1.875864000     -5.606932000      0.679233000 

1       -1.131666000      6.573565000     -0.256533000 

26       0.392794000      0.446638000      0.067779000 

6       -2.495305000      2.111498000     -0.388199000 

6        2.139851000      3.296924000      0.351221000 

6       -2.273188000     -0.078789000     -3.222677000 

6       -2.880061000      0.922855000     -2.551130000 

7       -1.177537000     -0.456939000     -2.467316000 

6       -1.072919000      0.278974000     -1.328269000 

7       -2.143539000      1.117439000     -1.395339000 

1       -3.760389000      1.497141000     -2.777161000 

6       -0.240747000     -1.476511000     -2.917778000 

1        0.495804000     -1.044349000     -3.595117000 

1        0.267326000     -1.904183000     -2.063843000 

1       -0.791943000     -2.256711000     -3.438086000 
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1       -2.520825000     -0.558296000     -4.152291000 

1       -2.606543000      1.606581000      0.570211000 

1       -3.458312000      2.531364000     -0.662858000 

7        1.885045000      1.117455000     -2.576492000 

6        1.789530000      0.479029000     -1.379023000 

6        2.973217000      0.676115000     -3.310232000 

6        3.583840000     -0.268146000     -2.565018000 

7        2.855890000     -0.369652000     -1.391787000 

1        4.460745000     -0.861663000     -2.750928000 

1        3.211839000      1.077575000     -4.278390000 

6        0.954147000      2.105782000     -3.096478000 

1        0.372935000      1.679421000     -3.914142000 

1        0.287190000      2.412676000     -2.302684000 

1        1.507703000      2.969604000     -3.460900000 

1        4.168035000     -1.739465000     -0.583020000 

1        3.427462000     -0.652002000      0.581358000 

1       -1.765743000     -1.922949000     -0.239189000 

1       -2.048041000     -3.077101000      1.059058000 

1        2.498393000      2.844872000     -0.573140000 

1        2.785241000      4.138740000      0.584525000 

6       -0.834490000      2.008436000      3.111495000 

1       -1.704721000      2.566919000      3.452147000 

1       -0.109357000      1.947118000      3.923108000 

1       -0.388752000      2.514031000      2.268062000 
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6        2.004199000     -0.825387000      3.067260000 

1        2.697657000     -1.517101000      2.592694000 

1        2.175000000     -0.846593000      4.140869000 

1        0.987875000     -1.135443000      2.853150000 

 

5MC 

6        2.213726000     -2.307768000     -0.003676000 

6        2.561980000     -3.652593000     -0.009204000 

6        1.586033000     -4.601454000      0.256394000 

6        0.295914000     -4.172529000      0.529212000 

6        0.020350000     -2.810125000      0.512653000 

7        0.961042000     -1.894489000      0.241416000 

1        3.581548000     -3.944602000     -0.218739000 

1       -0.491488000     -4.877561000      0.757826000 

7       -1.458900000     -1.335326000      1.843420000 

6       -1.970053000     -1.581365000      3.105881000 

6       -1.851705000     -0.421534000      3.792178000 

7       -1.267793000      0.488196000      2.928717000 

6       -1.007021000     -0.063307000      1.720128000 

1       -2.375462000     -2.535066000      3.392719000 

1       -2.137676000     -0.160927000      4.795674000 

6        0.771287000      3.759480000      0.090291000 

6        0.499248000      5.115102000     -0.048685000 

6       -0.797651000      5.516969000     -0.330166000 
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6       -1.784059000      4.549394000     -0.450691000 

6       -1.438815000      3.212656000     -0.296437000 

7       -0.180966000      2.824563000     -0.036689000 

1        1.295837000      5.837657000      0.063694000 

1       -2.807845000      4.820657000     -0.667686000 

7        2.167744000      0.773802000      2.841585000 

6        2.851247000      1.756458000      3.535556000 

6        2.934555000      2.823958000      2.709566000 

7        2.306411000      2.449972000      1.533777000 

6        1.818110000      1.187996000      1.602198000 

1        3.216425000      1.609178000      4.536213000 

1        3.382214000      3.792164000      2.846288000 

6        3.262593000     -1.252868000     -0.245837000 

6       -1.382927000     -2.319372000      0.772255000 

1        1.830082000     -5.655572000      0.257407000 

1       -1.037416000      6.565150000     -0.450704000 

26       0.381729000      0.463899000      0.080969000 

6       -2.493431000      2.140191000     -0.399327000 

6        2.182905000      3.295742000      0.353411000 

6       -2.392803000      0.117908000     -3.372072000 

6       -2.970239000      1.097224000     -2.639603000 

7       -1.316758000     -0.344387000     -2.634620000 

6       -1.196485000      0.314803000     -1.459027000 

7       -2.229669000      1.191639000     -1.474447000 
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1       -3.830759000      1.712706000     -2.832536000 

6       -0.424661000     -1.397211000     -3.094736000 

1        0.221777000     -1.027691000     -3.890228000 

1        0.185801000     -1.722982000     -2.260147000 

1       -1.012179000     -2.234202000     -3.468116000 

1       -2.653510000     -0.292918000     -4.330872000 

1       -2.543708000      1.585710000      0.537233000 

1       -3.462568000      2.594584000     -0.582158000 

7        2.050773000      0.967987000     -2.725261000 

6        1.946017000      0.442861000     -1.482592000 

6        3.119743000      0.428609000     -3.421269000 

6        3.708367000     -0.461555000     -2.591002000 

7        2.981224000     -0.428997000     -1.414454000 

1        4.569043000     -1.092079000     -2.725386000 

1        3.368534000      0.730497000     -4.422796000 

6        1.161445000      1.976530000     -3.279166000 

1        0.568723000      1.553540000     -4.089885000 

1        0.500371000      2.322199000     -2.492984000 

1        1.746642000      2.812088000     -3.659752000 

1        4.230187000     -1.723511000     -0.392381000 

1        3.326955000     -0.598697000      0.623344000 

1       -1.777973000     -1.860994000     -0.133898000 

1       -2.022601000     -3.156114000      1.037056000 

1        2.543053000      2.729502000     -0.505265000 
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1        2.832078000      4.155638000      0.488749000 

6       -0.971330000      1.864352000      3.298035000 

1       -1.873230000      2.346491000      3.671269000 

1       -0.204874000      1.893181000      4.072129000 

1       -0.613246000      2.387564000      2.418984000 

6        1.877538000     -0.541483000      3.394508000 

1        1.405655000     -1.141192000      2.625426000 

1        2.802485000     -1.017097000      3.716402000 

1        1.206089000     -0.452823000      4.247438000 
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6.2 Supporting Information for Section 3.2 "Higher MLCT lifetime of 

carbene iron(II) complexes by chelate ring expansion" 
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6.3 Supporting Information for Section 3.2 "A Tetracarbene Iron(II) 

Complex with a Long-lived Triplet Metal-to-Ligand Charge 

Transfer State due to a Triplet-Triplet Barrier" 
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6.4 Supporting Information for Section 3.2 "Ground- and Excited-

State Properties of Iron(II) Complexes Linked to Organic 

Chromophores" 
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