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Abstract
The recognition and fixation of highly reactive systems by binding within defined spatial geometries is a
fundamental principle of the enlivened nature. In the last four decades this biologically tenet was
transferred to artificial systems and the yet emergent area of supramolecular chemistry developed to a
driving force. The latter defined itself “over and above the molecule”, that is the chemistry of tailored
intermolecular interactions. Thereby, not only the interplay of molecules, but also that of characteristic
molecule entities – with its inherent features – is defined as “supramolecular”.[1,2]
The stunning development of this research area is inseparably related to the increasing knowledge of
preparative methods for the synthesis and characterization of complex host-guest structures.[3] Accessible
and comprehensively investigated supramolecular host-compounds of today range from “classic” crown
ethers[4] over calixarenes[5] and imines[6–11] to photosensible hosts.[1,12,13] The mentioned compound classes
bear a receptor function for second-sphere interaction with substrates, and hence enable the selective
coordination of anionic, cationic and neutral guests. These features provide the basis for the development
of the research area of artificial molecular recognition.
Especially, transition metal chromophores based on polypyridyl ruthenium(II), osmium(II) or iridium(III)
complexes have become fundamental building blocks in numerous molecular optical sensors.[14–18] This is
mainly due to the outstanding photophysical properties, i.e. broad light absorption and emission features
across the visible regime of the light spectrum. Furthermore, the complexes are featured with long-lived
triplet metal-to-ligand charge transfer (3MLCT) states.[14,19–27]

The focal point of this work was the synthesis and characterization of luminescent complex
compounds for the usage as supramolecular sensors and for application in the heterogeneous lightinduced water reduction. Along these lines, the principal chromophore scaffolds investigated in this
thesis are primarily derivatives of bis(2-phenylpyridine) iridium(III) α-diimine and in the second instance
bis(2,2’-bipyridine) ruthenium(II) α-diimine.
In the first part of the thesis the iridium(III) model complex of 5,5’,6,6’-tetramethyl-2,2’-bibenzimidazole
and its homodinuclear complex bearing a simple unsubstituted bibenzimidazole motif are introduced. The
structure-property relations of the iridium(III) bibenzimidazole complex are discussed and compared to
related ruthenium(II) complexes. Especially the acid-base chemistry is outstanding with a strongly
luminescent character in all protonation states of the complex. This feature is of pivotal importance for
this and further studies, as it could provide a spectroscopic tool for direct observation of proton release of
these molecules.
Inspired by the special features of the iridium(III) model complex, the interaction of the latter with basic
anions was investigated. Hydrogen bond donor features of the iridium(III) complex were experimentally
verified and implications for luminescent sensing could be drawn.

In a second step the present supramolecular sensor strategy was optimized using the intermolecular
quencher 3,5-dinitrobenzoate (DNBA). Strong H-bond supported ion pair bonding with the electron
accepting dinitro-benzoate anion switches the luminescence “off”. The luminescence of the sensor system
is switched back “on” when benzoate is replaced by competing H-bonded small anions, therefore leading
to enhanced sensitivity of the sensor system. Additionally, to the best of my knowledge, the presented
system exceeds all ruthenium(II) biimidazole-type sensors known in literature so far, regarding an
increase in luminescence intensity of e.g. 450 % for chloride and as the change in the luminescence
intensity can easily be followed with the naked eye.
For ruthenium(II) complexes, pioneering work was performed by Ye and co-workers who presented a
number of Ru(II) imidazole-like complexes acting as promising anion sensors, however limited by small
selectivity and sensitivity. In order to improve the literature known ruthenium(II) based sensors, sterically
demanding substituents were introduced in the ligand framework of the bibenzimidazole. Thereby, the
secondary binding site of the complexes are spatially confined which leads to a functional dimming of the
emission intensity. Subsequently, the recognition properties towards small anions of the complexes could
be directed selectively, accompanied by a significant enhancement in luminescence sensitivity.
In a conclusive project, the heterodinuclear bibenzimidazole bridged iridium(III)/ ruthenium(II) complex
Ir-BBI-Ru was synthesized to investigate the synergy effects of the sole chromophore units tested before.
The comprehensive investigation of the basic properties of the complex and its applicability as
photosensitizer in the light-induced hydrogen production are presented.
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Introduction

1.1

General introduction

1

Luminescent transition-metal complexes are tempting for their utilisation in diverse applications, such as
OLED-, bioanalytical- and sensor- applications as well as in the field of photocatalytic water splitting.[28–
32]

Thereby, the effectiveness of a complex in a specific role is determined by their excited-state properties

which can be manipulated by synthetic modifications at the ligands. At an early stage, work in this field
focused mainly on tris-diimine ruthenium(II) complexes, such as [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine).
However, these compounds offer limited colour tuning capability due to thermal population of a
nonemissive metal-centered (3MC) state.[28,33] Iridium(III) complexes, on the other hand, offer broader
tuning possibilities due to their increased ligand-field stabilization energy, and thus less thermally
accessible 3MC states.[28] Furthermore, with strong-field ligands the split-up of the d-orbitals can be
further enhanced. As a result, bis-cyclometalated iridium(III) complexes have displaced ruthenium(II)
compounds at the forefront of many photochemical and photophysical investigations.[28,34–38] These days
iridium(III) complexes are considered to be most promising as they exhibit (1) high phosphorescence
quantum efficiency (2) good photo-and thermal stabilities (3) relatively short phosphorescence lifetimes
(4) facile colour tuning through ligand structure control and (5) large cross-section for the exciton
formation.[39,40] These characteristic features were attributed to the efficient spin-orbit coupling provided
by the iridium metal as well as the strong structural and electronic interactions between the Ir metal and
the ligands.

Figure 1: Schematic depiction of the application fields of iridium(III) complexes.
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The aforementioned synthetic versatility, accompanied by the reversible electrochemistry and the robust
nature of iridium(III) complexes render the latter appealing materials for a range of applications.[28] Above
all, the most important prognosticated usage of iridium(III) complexes is electrophosphorescence
including light-emitting electrochemical cells (LECs)[41–43] and organic light-emitting devices
(OLEDs).[44,45] This applicability is based on the aforementioned special characteristics of iridium(III)
compounds, which allow both nearly 100% internal device quantum efficiency and versatile colour tuning
through variation in the ligand structure.[39] Furthermore, facile generation of triplet states then allows
applications as sensitizers for charge-transfer reactions in DNA[46–48], as photocatalysts for CO2
reduction[49,50] and as encouraging supramolecular sensors (see Figure 1).[51–53]
Among the various promising application fields of iridium(III) complexes the recognition and sensing of
ions, and especially of anions is a fundamental topic in the research area of supramolecular chemistry.
This can be contributed to the important parts played by anions in different clinical, biological and
chemical processes.[54,55] Since 1997 a continuous increase in the published items regarding sensor
applications based on iridium(III) could be observed, accompanied by a linear surge of citations (see
Figure 2).[56]
Published items in each year

Citations in each year

Figure 2: Left: items published in each year (search for “iridium“ and “sensor“ in “Web of Science”); right: citations in each
year.[56]

The fluoride anion for example is known for its significance in the prevention of tooth decay.
Furthermore, it has also been intensively explored as a treatment for osteoporosis.[57] In addition, anions
like acetate or phosphate are critical components of various metabolic processes. Consequently, designing
new phosphorescent metal complex sensors for ions is of great importance and has hence gained much
attention in the field of supramolecular sensor chemistry.[16–18,57,58] The following chapters cover the
theoretical fundamentals of iridium(III) based chemistry and the state of research in the field of
luminescent sensing with biimidazole complexes.
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Theoretical fundamentals and state of research

1.2.1

Chemistry of Iridium(III) complexes

1.2.1.1

History and synthesis of cyclometalated Iridium(III) complexes

3

Amongst the pioneers in the study of the coordination chemistry and properties of iridium(III) complexes
were undeniable the groups of Demas, Williams and Watts. Initial work focused on the model complex
[Ir(bpy)3]3+ (bpy = 2,2’-bipyridine) and the related aquo complexes of the form [(bpy)2-IrCln(H2O)(2-n)]3n [59–65]

.

In 1974, the first example of what is probably the most common precursor for accessing

heteroleptic iridium(III) complexes that have the general form [{(C^N) 2Ir(μ-Cl)}2] (C^N =
cyclometalating ligand) was presented by Nonoyama.[66] This discovery gave birth to a new family of
ortho-metalated complexes, with the most important member of the general form [(C^N)2Ir(N^N)]+. Its
archetypical example [(ppy)2Ir(bpy)]+.was first reported by King and Watts in 1987.[37,67]
The well-established synthesis of cationic heteroleptic iridium(III) complexes proceeds according to
Scheme 1. This strategy, elucidated by Nonoyama in 1974, involves the reaction of two equivalents of the
C^N ligand with the metal compound IrCl3·nH2O to form the neutral dinuclear iridium(III) intermediate
[{(C^N)2Ir(μ-Cl)}2], followed by decomposition upon reaction with a L^X ancillary ligand.[59,66]

Scheme 1: Main synthetic strategy used for the synthesis of cationic heteroleptic iridium(III) complexes presented by Nonoyama
et al..[66]

In general, the reaction is temperature controlled so that the position of the two nitrogen atoms of the C^N
ligand are orientated mutually in a trans configuration. The solvents most frequently used are high boiling
alcohols such as 2-EtOCH2OH to facilitate solubilization, however, milder conditions for dimer cleavage
that involve e.g. dichloromethane and methanol also proved to be suitable.[59]

1.2.1.2

The photophysics of cyclometallated bis(phenylpyridine) iridium(III)
diimine complexes

The general photophysical features of bis(phenylpyridine) iridium(III) diimine complexes could be
explained with the simple model of bis(2-phenylpyridine) (2,2'-bipyridine) iridium(III) (Ir-bpy).[68] The
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latter is isostructural and isoelectronic with the model compound Ru(bpy)32+. The general structure of Irbpy includes one d6 core Ir atom, coordinated by two monoanionic (C^N) and one neutral (N^N) bidentate
σ donor/π acceptor ligand.[39,69] The most popular C^N ligand generally is 2-phenylpyridine (ppy) which is
called a cyclometalating ligand, whereas other ligands, for example 2,2’-bipyridine (N^N), are named
ancillary ligands. In iridium(III) complexes the d orbitals split into two sets of degenerated orbitals, t2g and
eg, which are separated by an energy gap Δ0. The different photophysical characteristics of iridium(III)
compared to their ruthenium(II) analogues are a result of the higher oxidation state of IrIII, the size of its
5d orbitals, and the high ligand-field splitting energy (LFSE) due to the presence of two cyclometalating
C^N ligands – factors that affect the magnitude of Δ0.[59] The strong ϭ donor and covalent character of the
Ir-CC^N bond hence is known to render metal-to-ligand (MLCT) and ligand-to-ligand charge-transfer
(LLCT) transitions. Both of them are much more energetically accessible than undesired metal-centered
(MC) ones, which outlines a distinctive electronic feature for iridium complexes relative to those of
ruthenium.[70,71]
The crystal structure of Ir-bpy was recently reported by Bolink et al..[72] Herein the iridium adopts a
pseudo-octahedral geometry with the two nitrogen atoms of the 2-phenylpyridine ligands in a mutually
trans position. The Ir-C bond between the Ir(III) metal and the ppy-based ligands is known to be very
strong and comparable to a covalent bond. Hence, the structure of the complex is characterized as a
multiply bonded and compact framework, that brings both good thermal stability and extensive electronic
interactions between the d-orbital of the iridium core and π orbital of the ligands.[39]

Scheme 2: Depiction of bis (2-phenylpyridine)(2,2'-bi-pyridine) iridium(III)
(Ir-bpy).[68]

As can be seen in Figure 3 the visible light absorption of Ir-ppy is comparatively poor as characterized by
high-energy absorption bands between 200 and 300 nm and a precipitously drop-off at lower energies. In
general, for most cationic iridium(III) complexes, including Ir-ppy, the absorption band that corresponds
to the HOMOLUMO transition is poorly absorptive; a result of poor spatial overlap between the
electron densities of the two molecular orbitals, and contains mixed MLCT-LC character.
The high-energy absorptions were assigned to spin-allowed 1π- π* ligand-centered (1LC) from both the
ppy and bpy ligands. The nature of the absorption bands between 300 and 450 nm is most likely best
described as an admixture of spin-allowed charge-transfer (1CT) transitions including both dπ π*bpy
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metal-to-ligand (1MLCT) and πppy π*bpy ligand-to-ligand (1LLCT) processes.[59] Furthermore, very low
intensity bands around 450 nm were assigned to normally spin-forbidden triplet transitions (3MLCT and
3

LLCT).

Figure 3: UV/vis spectrum of Ir-bpy in
dichloromethane (c = 5 E-6 M).

Direct electronic transitions between singlet and triplet states are accessible due to the large spin-orbit
coupling of iridium. In fact, iridium possesses the largest spin orbit coupling constant with ξ = 3909 cm-1
among the d-block elements (for reference: ξ = 431 cm-1 (Fe), ξ = 1042 cm-1 (Ru), ξ = 3381 cm-1 (Os)).[59]
Similar to many phosphorescent and fluorescent chromophores, multiple optical excitation paths are
available in the iridium(III) complex. At least four transitions have to be considered, that is singlet and
triplet metal-to-ligand charge-transfer transitions (1MLCT and 3MLCT) and singlet and triplet ligandcentered transitions (1LC and 3LC).[39,59]

Scheme 3: The energetic closeness and
degree of overlap between triplet LC and
MLCT states results in the formation of a
mixed lowest excited state (T1). The
excited molecule relaxes to the ground
state through radiative (kr) and
nonradiative (knr) pathways. [28]

Strong spin-orbit coupling from the iridium(III) center facilitates intersystem crossing to energetically
similar triplet states and hence enables the formation of an emissive, mixed triplet excited state [T 1].[28]
Vast efforts have been made to clarify the nature of the excited state as well as the structural factores by
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which it can be controlled and ,accordingly, emission of bis-cyclometalated iridium(III) complexes results
most likely from a mixed MLCT-LC character.[28,59,73]
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State of research
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Structure of the thesis

The research reported in this thesis includes three main topics concerned with the design of new secondsphere receptor chromophores on the basis of iridium(III) and ruthenium(II) metal centers. Based on
previous studies by the groups of Siegel[74,75], Rau[11,76], Ye[7–9,77], and Wenger[78,79], new potential receptors
are developed featuring the principal 2,2’-bibenzimidazole receptor ligand.
The particular aspects to be investigated are as follows.
 Synthesis and profound characterization of the iridium(III) complex of 5,5’,6,6’-tetramethyl-2,2’bibenzimidazole [(ppy)2Ir(tmBBI-H2)][PF6] (Ir-K0) and its homodinuclear analogon (Ir-K0)2.


Investigation of the basic properties of the iridium(III) chromophores Ir-K0 and (Ir-K0)2
and comparison with the well-known ruthenium analogues.



Enlightening of the acid-base chemistry of Ir-K0 via

1

H-NMR, absorption and

fluorescence spectroscopy.


The expected significant differences of Ir-K0 compared to their ruthenium(II) analogue,
especially in relation to the emission properties, are suggested to be beneficial regarding
photocatalytic purposes.

Figure 4: Schematic depiction of the main aspects of the thesis.
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 Investigation of the interaction of the iridium(III)bibenzimidazole model complex Ir-K0-Hx (x
=0, 1, 2) with selected basic anions.


In particular: Investigation of the interaction of Ir-K0-Hx (x =0, 1, 2) with halides; further
hydrogen sulfate and dihydrogen phosphate via 1H-NMR and emission spectroscopic
methods.



Drawing implications for luminescent sensing.

 Refinement of the optical sensor system Ir-K0-Hx (x =0, 1, 2).

Figure 5: Proposed ON/OFF sensor system resulting of the reaction
of the reductive quencher DNBA with Ir-K0.

 By using the oxidative quencher 3,5-dinitrobenzoate (DNBA) the resulting hydrogen
bonded ion pair between Ir-K0 and 3,5-dinitrobenzoate (DNBA) should lead to a loss of
luminescence - analogous to the reported systems of Nocera[80] and Wenger et al.[81].
 In the presence of weakly basic anions, competitive binding should displace the quencher
and restore the luminescence of the ion pair or in other words switch it back on.
 Synthesis, characterization and investigation of the application potential of bis(2,2’-bipyridine)
ruthenium(II) chromophores with 4,4’-disubstituted 2,2’-bibenzmidazole ligands.
 Analysis of the structure-property relationships by inducing of two rigid substituents.
 Characterization of the hydrogen bonding interaction between the 2,2’-bibenzimidazole
ruthenium(II) chromophores and the halide anions via 1H-NMR investigations and
fluorescence and absorption spectroscopy.
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 In a merging project the gained know-how of the two different chromophore should be applied to
couple ruthenium(II) and iridium(III) based 2,2’-bibenzimidazole chromophores in one dinuclear
complex.

Figure 6: Connecting ruthenium(II) and iridium(III) via 2,2'-bibenzimidazolate as bridging ligand;
investigation of combined photophysics.

 Comprehensive characterization of the nature and communication between the different
chromophore units via the bibenzimidazole bridge.


Investigation of the application potential as photosensitizer in water reduction
experiments.
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Investigated systems

3.1

Second sphere chemistry of an iridium(III) chromophore

37

3.1.1 Synthesis, characterization and acid-base chemistry of a
luminescent iridium(III) bibenzimidazole system and its
homodinuclear analogon
As shown in the introduction, bibenzimidazole complexes of photoactive ruthenium(II), cobalt(III) and
osmium(II) have been widely investigated with respect to their hydrogen bonding and anion sensing
properties. It was demonstrated that complexes bearing bisimidazole-type ligands are suitable
supramolecular sensor systems that can detect anions as well as cations in solution. The absorption
features of e.g. photoactive bis(bipyridine)ruthenium(II) complexes in the visible light region are known
to change significantly upon deprotonation or hydrogen bonding events.[11,82] Further, in their fully
deprotonated state the complexes are featured to act as metalloligands, that is the deprotonated
biimidazole sphere can bind a second metal center, e.g. zinc(II), nickel(II), or Cu(I). [11,76,83,84] Binding of
these metal centers induces significant changes of the characteristic photophysical properties of the
respective complex. This feature is of paramount importance for this and further studies, as it can provide
a spectroscopic tool for direct observation of proton release from these molecules.[79]
The versatile applicability of bis(bipyridine)ruthenium(II) complexes however is limited by the fact that
only the fully protonated complexes exhibit appreciable luminescence. A significant deactivation pathway
is obviously opened through deprotonation, which limits the value of these complexes for photochemical
applications.[82] Notably, the triplet-excited state of bis(phenylpyridine)iridium(III) chromophores was
shown to generally exhibit a strong mixing of ligand-centered (LC) and metal-centered (MC) states.[85]
Together with the long-lived excited states and their high luminescence quantum yields, the greater
ligand-field stabilization energy of the third row elements exhibits an important advantage to iridium(III)
complexes over ruthenium(II).
In this regard, going from ruthenium(II) to iridium(III) chromophores appeared to be a promising
approach in order to connect the switching properties of a bibenzimidazole ligand with the more
sophisticated luminescence of a bis(phenylpyridine)iridium(III) complex fragment. Therefore, the aim of
this study was the principal translation of the established multifaceted photochemical functionalities of
ruthenium(II) bibenzimidazole complexes onto an isostructural iridium(III) chromophore (see Scheme 4).
In the studies we used the 5,5’,6,6’-tetramethyl-2,2’-bibenzimidazole (L0) as a (bridging)ligand, which
was shown to be a suitable representative of the extended class of bibenzimidazole complexes.[86]
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Scheme 4: Schematic representation of the complexes discussed in this paper.

Consequently, the respective iridium chromophore [(ppy)2Ir(tmBBI-H2)](PF6) (Ir-K0) has been
synthesized via binding of L0 to the cyclometalated Ir(III) μ-chloro-bridged dimer [(ppy)2Ir]2(μ-Cl)2. The
principal structural characterization of Ir-K0-Hx (x = 0, 1, 2) was performed by ESI- mass spectrometry
and 1H- and

13

C-NMR spectroscopy. The structural expectations, that is the formation of a cis-bis-

cyclometallated octahedral iridium(III) complex with a peripheral ortho-diamine moiety was confirmed. A
characteristic signal is given by the two aromatic protons of the ligand L0 which point towards the
ancillary ligands and hence appear upfield shifted to 5.74 ppm due to shielding by the π-electron system of
either one phenyl ring. The opposite proton on the outer rim of the complex is characterized by a sharp
singlet at 7.5 ppm.

Figure 7: Characteristic 1H-NMR signals of Ir-K0H2 and Na-Ir-K0 in DMSO–d6 in the aromatic
region (c = 2.345 mmol/L). The bibenzimidazole
related signals are marked with a star.

The 1H-NMR of Ir-K0-H2 provides the expected signal set of two cyclometalated 2-phenylpyridine (ppy)
units and an iridium(III) together with the peripheral bidentate ligand bibenzimidazole. Similar to
analogous ruthenium(II) bibenzimidazole complexes, the aromatic signals 4’’/7’’ on the bibenzimidazole
ligand (see Scheme 4) are particularly sensitive to the coordination geometry. As known from the
structurally similar ruthenium bipyridyl complex [(tbbpy)2Ru(tmBBI)-H2][PF6]2 (R1), the signal of proton
H-4’’ in dimethyl sulfoxide (δ = 5.74 ppm) is highly shielded due to its spatial proximity to one pyridyl
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ring of 2-ppy. The opposite proton H-7’’ on the outer rim of the complex is downfield shifted by 1.76 ppm
to 7.5 ppm with respect to proton H-4’’.

Scheme 5: Acid-base chemistry of Ir-K0-Hx (x = 0, 1, 2).

The twofold deprotonated complex Na-Ir-K0 was synthesized by reaction of Ir-K0-H2 with an excess of
sodium hydroxide in methanol. The deprotonation is clearly visible by a significant highfield shift of the
proton signals H-4’’ and H-7’’ in the 1H-NMR spectrum (see Figure 7) in deuterated dimethyl sulfoxide.
Additionally, the characteristic NH signal in the lowfield (11.5 ppm), only visible in less polar solvent like
chloroform, vanishes upon deprotonation.
The photophysical features of Ir-K0-Hx (x = 0, 1, 2) were analyzed and obviously they differ significantly
from the isostructural ruthenium(II) complexes. In Ru(bpy)32+ the MLCT bands are spectrally well
separated from intraligand absorptions (IL). However, no clear isolated MLCT bands can be observed in
the iridium(III) complexes investigated in this work.[87,88] In line with this, the presented complex shows
intense absorption bands in the UV regime which drop significantly at approximately 370 nm.

Figure 8: UV/Vis and emission spectra of Ir-K0-Hx in chloroform (c = 5 x 10-6 M; excitation at 378 nm); the different
protonation states were observed in pure chloroform for Na-Ir-K0 (blue, dotted), upon the addition of aqueous HCl (for Ir-K0-H,
black, solid line), and upon the addition of aqueous HPF 6 (for Ir-K0-H2, green, dash-dot).
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Only weak absorption between 400 nm and 500 nm and virtually a negligible absorption at λ = 450 nm is
visible with respect to the similar Ru(II) bibenzimidazole complex, which exhibits its characteristic
1

MLCT absorption band maxima in this region. The nature of the absorption bands between 300 and 450

nm is suggested to be composed of a mixture of spin-allowed charge-transfer (1CT) transitions that contain
contributions from both dπ  π*tmBBI metal-to-ligand (1MLCT) and πppy  π*tmBBI ligand-to-ligand
(1LLCT) transitions. The major contribution to the absorption band at around 380 nm was assigned to a
mixed dπ  π*ppy 1MLCT and a ligand centered π  π* (LC) transition on the ppy ligand with respect to
the photophysical transitions of [(ppy)2Ir(bpy)]+.[59]
The acid-base chemistry of Ir-K0-Hx (x = 0, 1, 2) has been investigated in chloroform with special care.
Therefore the fully deprotonated complex Na-Ir-K0 was prepared selectively by deprotonation of Ir-K0H2 with excess sodium hydroxide in methanol. The different protonated complexes Ir-K0-H and Ir-K0-H2
have been prepared by adding of either hydrochloric acid or hexafluorophosphoric acid to a solution of the
doubly deprotonated complex Na-Ir-K0. In contrast to the clear optical response of the analogous
ruthenium(II) complexes, only slight and unspecific changes in the UV/vis spectrum can be followed upon
deprotonation of Ir-K0 (see Figure 8)
This is in contrast to the appropriate emission measurements, where a significant change is visible upon
deprotonation with all three protonation states being strongly luminescent. The three different protonated
complexes exhibit a structured emission band, which was assigned to an emissive excited state that has
mixed MLCT and π-π* intraligand (IL) character as frequently observed for cyclometalated Ir
complexes.[79,89–92] The doubly protonated complex Ir-K0-H2 shows a structured emission band with two
clear maxima at λ = 521 nm and λ = 559 nm together with a sparsely marked shoulder at around λ = 612
nm.

Figure 9:
Solid-state structure of the hydrogen-bond framework of
[(ppy)2Ir(tmBBI-H)]··2[H20]··2[C2H6OS] (ellipsoids
at
50% probability level; hydrogen atoms that are not
involved in the hydrogen-bond framework are omitted for
clarity; R1 = 0,0625, wR2 = 0,1565).

Upon single deprotonation the emission band maximum is blueshifted accompanied by a slight decrease
of the luminescence intensity to a maximum at λ = 508 nm with a second one at λ = 548 nm and an
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additional shoulder at λ = 589 nm. Finally, the fully deprotonated complex is shifted further into the blue
region with only one distinct maximum at λ = 494 nm and a tapered shoulder at λ = 519 nm.
To provide further insight into the hydrogen bond properties of Ir-K0-Hx (x = 1, 2) single crystals were
grown upon slow diffusion of water into a DMSO solution of the complex. The obtained structure
revealed the singly protonated, neutral complex Ir-K0-H with a hydrogen bond network that consists of
two water molecules and two terminating molecules of dimethyl sulfoxide (see Figure 9).

Figure 10: Solid-state structure of Ir-BBI-Ru (ellipsoids at 50% probability level; hydrogen atoms that are not involved in the
hydrogen-bond framework are omitted for clarity; right:photophysical properties of Ir-K0-H2 (green, solid) and (Ir-K0)2 (mixture
of rac and meso, blue, dashed) in chloroform (c = 5 x 10-6 M).

The dinuclear complex (Ir-K0)2 was synthesised by a microwave assisted reaction of an equimolar
amount of the ligand L0 with the dimer [(ppy)2Ir]2(μ-Cl)2 in dimethylformamide and triethylamine as a
deprotonation agens.[11] Thus, in contrast to systems based on 2,2’-bipyridine or 1,10-phenanthroline, 2,2’bibenzimidazole represents a suitable bridging ligand as it is able to coordinate a second metal center after
deprotonation. The rac and meso isomers could be separated through fractional crystallization and could
selectively be distinguished by 1H NMR spectroscopy. Further, a solid-state structure of the meso isomers
could be elucidated and was compared to related ruthenium(II) and iridium(III) complexes.
As can be seen in Figure 10 the photophysical properties of (Ir-K0)2, especially the emission spectrum,
resembles that of the fully deprotonated complex Na-Ir-K0 with a maximum at λ = 499 nm and a tapped
shoulder at λ = 524 nm. Absorption intensity of (Ir-K0)2 of the MLCT transition and the emission
intensity is about twice compared to the mononuclear Ir-K0-H2 and is therefore in accordance with two
chromophore units per molecule.
Additionally, time resolved emission studies using a streak camera were performed in order to elucidate
more details about the luminescence properties of Ir-K0-H2, Na-Ir-K0 and the dinuclear complex (IrK0)2. The lifetime of the excited states was ascertained to be approximately 50 ns in oxygen-equilibrated
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chloroform solution for all three complexes and is thus comparable to the lifetimes previously observed
for other cyclometalated iridium(III) or ruthenium(II) complexes (see Table 1).[68,89,93–98]

Figure 11: Transient emission features of fully protonated Ir-K0; left: full spectrum at different delay times; right: individual
emission spectra corresponding to the indicated life-times.

Ir-K0-H2 exhibits a special feature, that is the appearance of a second, longer lifetime of 329 ns
corresponding to a broad emission spectrum with two maxima at λ = 518 and λ = 558 nm (see Figure 11).
This intriguing detail remains subject to further investigations.
Table 1: Photochemical data of the investigated iridium complexes and two related ruthenium compounds. [76]
λmax/nm
Complex

solvent

absorption

emission

a

Lifetime
[ns]

Ir-K0-H2 +

CHCl3

378

521/559

44 (329)

Na-Ir-K0

CHCl3

377

494

57

(Ir-K0)2

CHCl3

375

499

50

[(*bpy)2]2RuBBI

ACN

510/510

700/500

50 /60

(*bpy)2Ru(BBI-H2)

ACN

473

648

120

a air

equilibrated

In summary, we could show the coordination of the ancillary ligand 5,5’,6,6’-tetramethyl-2,2’bibenzimidazole (L0) to a bis(phenylpyridine)iridium(III) complex fragment to design the octahedral
chromophore complex K0. Although structurally related to the ruthenium(II) analogon, a diverse and very
appealing photophysical behavior is observed. The present result strikingly shows the dependency of the
principal photophysics of the iridium(III) bibenzimidazole complexes on the protonation state allowing for
protonation state dependent colour tuning from the green to the more blue spectral region. As all three
protonation states of the complex are strongly luminescent, the application range is greater compared to
conventional ruthenium(II) complexes, which are limited through emission loss upon deprotonation. The
complex likewise exhibits a peripheral cis-diamine framework that was proved to buildup H-bond
supramolecular frameworks and, thus, they could potentially act as anion recognition entities in functional
supramolecular photochemistry.
These results are presented comprehensively in the manuscript [SR1][86].
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3.1.2 Interaction of an iridium(III)bibenzimidazole complex with
different anions: implications for luminescent sensing
In the introduction the recent progress in the field of anion and cation recognition of exclusive transition
metal complexes bearing the bisimidazole-type ancillary ligand was summarized. Within the review it was
concluded that ruthenium(II) bibenzimidazole complexes are suitable building blocks for the recognition
of basic anions and cations. Additionally, in SR1 the supramolecular binding of water with a
bibenzimidazole iridium(III) chromophore in the solid-state was presented. Further, the strongly
luminescent characteristics of Ir-K0 in its three protonation states might provide an effective
spectroscopic tool for the direct observation of the interactions of the complex with different anions.
Therefore it seems promising to further elucidate the potential of these complexes with respect to optical
anion sensing with basic anions.

Scheme 6: Schematic representation of the interaction between Ir-K0-H2 and the different investigated anions in this thesis.

In this study the interaction of Ir-K0-H2 with the halides fluoride, chloride, bromide and iodide was
targeted. Additionally, hydrogen sulfate, dihydrogen phosphate, and acetate were employed as they are
common targets of supramolecular anion sensing through hydrogen bonds (see Scheme 6).
In the following the complex-anion interaction of Ir-K0-Hx (x =0,1,2) with the aforementioned anions is
investigated by 1H NMR and emission spectroscopic methods. Significant blueshifts of the emission
maximum by about 20-25 nm are induced in chloroform when the strong basic anions fluoride, acetate and
dihydrogen phosphate are added, indicating a predominant deprotonation of the complex (see Figure 12,
right).
Contrary to the behavior described, the weaker basic anions Cl–, Br–, I–, HSO4– only induce a moderate
shift of the emission spectra in the range of 6–9 nm towards the blue region with a concomitant increase of
the emission maximum, which indicates different characteristics of a strong interaction in form of
hydrogen bonds, but excludes a deprotonation event of Ir-K0-H2 (see Figure 12, left).
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Figure 12: Emission spectra of Ir-K0-H2 in CDCl3- solution (5.0 x 10-6 M); left: normalized emission with respect to the
luminescence of pristine Ir-K0-H2 in order to show the relative increase of luminescence; right: all spectra are normalized with
respect to the emission maximum; addition of 7 equiv. of various anions.

According to 1H NMR and emission spectroscopy, fluoride anions were shown to cause successive
deprotonation of Ir-K0-H2 subsequent to initial hydrogen bonding (see Figure 13 and Figure 15). The first
NH abstraction is finalised after addition of two equivalents of fluoride which is in accordance with the
formation of hydrogen difluoride (HF2-). Despite the comparatively high pka value of fluoride the
remarkable stability of HF2- in solution determines the strength of fluoride as a base. Consequently, the
second NH abstraction was observed after addition of another 2 equivalents of the halide. Upon
deprotonation, the color of the solution changes from luminous yellow to a bright green, as can be seen
with the naked eye (see Figure 14). The characteristic progress of the stepwise deprotonation in the
emission spectrum is depicted in Figure 13.

Figure 13: Emission titration of Ir-K0-H2 (5 x 10-6 mol dm-3) in chloroform upon the addition of F-: (a) 0-15 eq., (b) 0-1 eq., (c)
1-2 eq., (d) 2-8 eq., (e) Emission intensity at 519, 510 and 493 nm vs. eq. of F -, (f) Emission area vs. eq. of F-. The arrows depict
the shift of the emission spectra upon successive deprotonation.
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In the titration experiment the stepwise change of the emission spectra upon NH abstraction indicates that
the interaction may involve a four-step process for whom the following equations are suggested.
[𝑰𝒓 − 𝑲𝟎 − 𝑯𝟐 ]+ + 𝑭−

→
← [𝑰𝒓 −

𝑲𝟎 − 𝑯𝟐 ⋯ 𝑭 ]

−
[𝑰𝒓 − 𝑲𝟎 − 𝑯𝟐 ⋯ 𝑭 ] + 𝑭− →
← [𝑰𝒓 − 𝑲𝟎 − 𝑯] + [𝑯𝑭𝟐 ]
–
[𝑰𝒓 − 𝑲𝟎 − 𝑯] + 𝑭− →
← [𝑰𝒓 − 𝑲𝟎 − 𝑯 ⋯ 𝑭 ]

[𝑰𝒓 − 𝑲𝟎 − 𝑯 ⋯ 𝑭 ]− + 𝑭−

→
←

[𝑰𝒓 − 𝑲𝟎]+ + [𝑯𝑭𝟐 ]−

hydrogen bonding

(1)

first N-H abstraction

(2)

hydrogen bonding

(3)

second N-H abstraction

(4)

By titration of increasing equivalents of F- to a solution of Ir-K0-H2 in [D6]DMSO the final species that is
formed could be verified to be the twofold
deprotonated Na-Ir-K0. This was assigned by
the characteristic highfield shift of H-4’’ and H7’’ that also occurs upon deprotonation with
basic sodium hydroxide.
Likewise for acetate and dihydrogenphosphate
the first deprotonation step upon addition of two
equivalents of either anion was observed and the
appropriate model of dimeric hydrogen dianion
(HX2-, X = OAc- or H2PO4-) complexes can be
applied. For the second NH abstraction,
however, more equivalents of acetate (7 eq.) are
Figure 14: 1H NMR titration of a 2.34 mM solution of Ir-K0
in [D6]DMSO with fluoride. Bottom: twofold deprotonated
Na-Ir-K0.

required and dihydrogenphosphate was shown

to only monodeprotonate the complex. This can be suggested as the result of the lesser basicity of these
ions and the most likely higher pka_2 value of the second deprotonation step of Ir-K0.
Interaction with the weakly basic anions chloride, bromide, iodide and hydrogen sulfate was additionally
screened by means of 1NMR and emission spectroscopy. In contrast to [D6]DMSO the N-H proton of IrK0 can be observed at 12.1 ppm in deuterated chloroform. To examine the nature of interaction between
the weaker basic anions and the receptor Ir-K0-H2, a standard 1H NMR titration experiment in chloroform
using a start host concentration (2.34 mM) and an increasing amount of the respective TBA salt of the
anion (1–1.5 equiv.) was performed (see Figure 16). The spectral changes obtained, that is a successive
shift of the N-H signal into the lowfield, indicates the formation of initial hydrogen bonds between the
BBIN-H groups and the respective anions, however to a different extend.[10,99,100] Upon addition of either
one equivalent of the aforementioned anions a characteristic low field shift is obtained, that is a maximum
shift for chloride to 14.42 ppm followed by bromide, hydrogen sulfate, and iodide which is shifted to 13.6
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ppm (see Figure 15). The most striking shift to δN–H = 14.42 ppm was observed with chloride. With respect
to the almost linear shift of the N-H proton signals until saturation, the binding of the respective anions

Figure 15: 1H NMR spectra of Ir-K0-H2 in deuterated CDCl3 in the absence and presence of 1 equivalent of anions.

might rather be described as a stoichiometric ion pair formation than a sole hydrogen bonding event (see
Figure 16). Nonetheless, the order of binding strength with the investigated ions is suggested to be Cl> Br- > HSO4- > I-. In Figure 16 (left) the typical process of the shift of the N-H signal is depicted for all
investigated anions and for chloride in detail in Figure 16 right.

Figure 16: Left: Chemical shift changes of the N-H signal of Ir-K0-H2 in CDCl3 upon addition of different anions; right:
Chemical shift changes of the N-H signal of Ir-K0-H2 in CDCl3 upon addition of different anions.

Emission spectroscopic titrations of Ir-K0-H2 with chloride with the aforementioned anions showed
enhancement of the overall emission intensity with a concomitant 8 nm hypsochromic shift of the
emission maxima (see Figure 17). In accordance with the 1H-NMR measurements the strongest
enhancement of 67% was observed for chloride, followed by bromide (51%), hydrogen sulfate (24%), and
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iodide (19%). Hence the remarkable luminescence properties of Ir-K0 were shown to be a potential
measure for anion detection through hydrogen bonds. Figure 17 depicts the plot of the emission spectral
responses of Ir-K0-H2 (integrated area) upon addition of Cl-, Br–, I– and HSO4– anions (left) and
exemplarily the progression of the titration with chloride anions (right).

Figure 17: Left: Normalized emission spectral responses (integrated area) of Ir-K0-H2 (5 × 10–6 M in chloroform, 298 K, λex =
378 nm) upon addition of Cl-, Br–, I– and HSO4– anions; right: emission spectral responses of Ir-K0-H2 (5 x 10-6 M in chloroform,
298 K, λex = 378 nm) upon addition of Cl- anions.

The maximum signal shift in Figure 17 occurred up to 0.5 equivalents of the anion with subsequent
saturation at 1 equivalent which suggests a stable 2:1 (complex : anion) binding mode. Standard Job’s Plot
analysis[101] was performed via 1H NMR and emission titration, which confirmed the assumption of a 2:1
binding mode. Herein an important difference with respect to the ruthenium complexes is displayed which
exhibit a stable 1:1 (complex : anion) stoichiometry. This deviating behavior may be referred to the
reduced charge of the iridium(III) complexes.
To conclude, regarding the assumption of a stable 2:1 binding mode, determination of binding constants
was attempted by using the WinEQNMR2[102] software. Thereby, high association constants were
observed which to the best of my knowledge exceed all values obtained for analogous biimidazole
ruthenium(II) complexes known thus far. However, as described vice supra the binding of the respective
anions should rather be described as a stoichiometric ion pair formation than a sole hydrogen bonding
event.

In conclusion, detailed anion binding studies with Ir-K0 have shown its potential for the supramolecular
recognition of small anions. The strongly basic ions fluoride, acetate, and dihydrogen phosphate cause
stepwise deprotonation which can be analyzed through 1H-NMR and emission spectroscopy. The rather
weakly basic ions chloride, bromide, iodide and hydrogen sulfate were shown to bind to Ir-K0 through
strong hydrogen bonds with the diamine site. A characteristic proton shift of the respective N-H signal
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into the highfield in the 1H-NMR spectrum was visible, coincidentally a deprotonation process could be
excluded. Accordingly, the hydrogen bonding event was also visible in the emission titration experiments,
where emission of the respective ion pairs was slightly blue shifted and enhanced by up to 67%.
Interestingly, the ion binding mechanism involves fast formation of a 2:1 species which distinguishes the
iridium sensor from the known ruthenium(II) based systems where a 1:1 stoichiometry dominates.
Accordingly, anion binding studies turned out to be a suitable handle for the detailed characterization of
the basic H-bond driven supramolecular binding properties of the iridium(III) bibenzimidazole complex.
These results are presented comprehensively in the manuscript [SR2][103].

3.1.3 Supramolecular H-bond driven light switch
In chapter 3.1.2 it was shown that Ir-K0 provides promising features for being applied as optical sensor
for small ions, that is emission enhancement and recognition via changes in the 1H-NMR spectrum
through hydrogen bonding events. Systematic studies on this system revealed that Ir-K0 is a convenient
hydrogen bond donor for various anions under aerobic conditions like fluoride, chloride, bromide or
iodide. Strong bonding interactions between the weakly basic anions and the complex, and a virtually
stoichiometric reaction to their respective ion pair was ordinarily observed. However, recognition of the
H-bonded ion pair is possible merely through a luminescence increase from an already strongly
fluorescent pristine chromophore, that is its PF6 salt.[103]
Refinement of Ir-K0 as optical sensor was intended in this study since although the respective emission
enhancement provides promising characteristics, however the latter is rather weak and unselective.

Scheme 7: Scheme of the luminescent On/Off sensor for anions.
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Nocera et al. previously reported that the excited state of a phosphorescent ruthenium(II) bipyridine
complex, functionalized with an amidinium group, could be efficiently quenched by the electron deficient
hydrogen bond acceptor para-dinitrobenzoic acid (DNBA).[80] More detailed studies on the quenching of a
biimidazole iridium(III) complex with DNBA have been reported by Wenger et al.[81] who claimed that
upon excitation of the complex in presence of 3,5-dinitrobenzoate a proton coupled electron transfer is
triggered (see Figure 18).

Figure 18: Depiction of
literature known reference
complexes of Nocera[80]
(left) and Wenger et al.[81]
(right).

Therefore, the idea was to develop an “off-switch strategy” to enhance the sensitivity of the iridium (III)
bibenzimidazole system, employing the proton coupled electron transfer (PCET) quenching mechanism
described (vide supra). Analogous to the reported systems of Nocera and Wenger et al. a weak
luminescence of a hydrogen bonded ion pair between Ir-K0 and DNBA was expected due to hydrogen
bonding mediated quenching by the respective anions. In the presence of weakly basic anions, competitive
binding could displace the quencher and restore the luminescence of the ion pair or in other words switch
it back on (see Scheme 7).

Figure 19: Main: plot of the normalized iridium luminescence intensity as a function of number of equivalents of DNBA added;
Inset: luminescence of Ir-K0-H2 as a function of increasing amounts of DNBA

As can be seen in Figure 19, 3,5-dinitrobenzoate quenches the excited state of Ir-K0 efficiently, that is
approximately 50% in a 1:1 mixture in chloroform and after 7 eq. saturation of the quenching kinetics is
observed with a residual luminescence of about 8% with respect to the pristine PF 6 complex. This
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quenched state of the hydrogen bonded Ir-K0-H2···DNBA (active sensor system, S) adduct has been
defined within this work as “off” state. Control experiments with the reference complex
[(ppy)2Ir(bpy)](PF6) [R2] were carried out in order to rule out simple outer sphere electron transfer
quenching. The hydrogen bond model for Ir-K0-H2···DNBA was approved, as only weak oxidative
quenching of R2 by DNBA down to approximately 53 % upon addition of 7 eq. was observed; the
respective kinetics indicating an ordinary bimolecular quenching mechanism due to the lack of H-bonds.
The expected H-bond ion pairing of Ir-K0-H2+···DNBA- was further observed in the crystal structure of
the donor–acceptor couple where complementary binding of either N-H function towards one oxygen
atom of the carboxylic acid group of the DNBA anion exists. Additionally, 1H-NMR titration experiments
give further evidence of the complex-DNBA interaction by means of hydrogen bonding events as a shift
of the N-H signals directly involved in the salt bridge as well as significant shifts in the aromatic region
can be clearly observed in deuterated chloroform.

Figure 20: Picture of the different solutions
of Ir-K0 in chloroform and excess anions.

Titration experiments of the Ir-K0-H2+···DNBA- (active sensor, S) system were carried out with five
different anions which were suggested to be able to replace DNBA as H-bond acceptor from the Ir-K0H2+···DNBA ion pair and therefore switch the luminescence of the chromophore back “on”, that is
fluoride, chloride, bromide, iodide and hydrogen sulfate. As presumed, the addition of up to 120
equivalents of the latter anions caused a significant increase in the luminescence intensity of S. An
increase of up to 750 % for fluoride, 450 % for chloride, 405 % for hydrogen sulfate, 220 % for bromide
and the weakest effect of about 118 % for iodide (see Figure 21) was obtained.
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Figure 21: Left: plot of the normalized luminescence intensity of Ir-K0-H2···DNBA (S) as a function of the number of
equivalents anions added; right: luminescence intensity of Ir-K0-H2···DNBA with 110 eq. of each anion.

The outstanding increase of the emission intensity by treatment with fluoride, including a hypsochromic
shift accompanied by a change of the vibronic structure, was shown to correspond to a deprotonation
process of the iridium(III) complex with respect to previous reports (Figure 22).[86,103]

Figure 22: Luminescence of Ir-K0-H2···DNBA (S) as a function of increasing amounts of fluoride (depicted is only one of at
least two distinct measurements); inset: plot of the normalized Ir-K0-H2···DNBA luminescence intensity as a function of the
number of equivalents of anions added.

Three major effects have to be taken into account for the interaction with fluoride, that is (a) the
displacement of the quencher due to deprotonation of the acidic secondary amine functions of the cationic
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iridium complex and subsequent breakup of the hydrogen bond framework, (b) the stronger emission of
Ir-K0 in its fully deprotonated state in contrast to the pristine PF6 complex, and (c) electrostatic repulsion
between the negatively charged double deprotonated iridium complex and the anionic quencher 3,5dinitrobenzoate inhibits collision induced quenching .

Anion

Fluoride

Chloride

Hydrogen
sulfate

Bromide

Ka (M-1)

n. d.*

33195
(1232)

17804
(283)

1572
(328)

Table 2: Associations constants (Ka) of IrK0-H2˖˖˖X interaction.

*n.d. = not determined

The weakly basic anions instead were shown to cause displacement of DNBA while concomitant
establishing competing H-bonds which results in an “on-switching” of the emission of Ir-K0.
Exemplarily, the general course of the displacement process with chloride ions is depicted in Figure 23
(left). Based on this type of titration, association constants (Ka) between Ir-K0-H2+···DNBA- and the
investigated anions were determined for a 1 : 1 complex model (see Table 2) using Fit Function FF1.

∆𝐹 =

∆𝜀([𝐻] + [𝐺] + 𝐾 −1 ) ± √∆𝜀 2 ([𝐻] + [𝐺] + 𝐾 −1 )2 − 4∆𝜀 2 [𝐻][𝐺]
2

Fit function FF1[104]

As can be seen in Figure 21 (right part), a remarkable discrimination between chloride and bromide is
possible and the general capability to replace DNBA nicely corresponds with the basicity of the anions in
a group of the PSE. For the HSO4- ion, additional stabilization by the formation of a Y-shaped H-bond
framework as reported recently were taken into account.[8–10,77]

Figure 23: Left: Luminescence of Ir-K0-H2···DNBA as a function of increasing amounts of chloride (depicted is only one of at
least two distinct measurements); right: plot of the normalized luminescence intensity of Ir-K0-H2···DNBA as a function of
increasing amounts of chloride (depicted is the average of two distinct measurements) and fit according to fit function FF1.
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To check for selectivity between the different anions, a titration experiment with a mixture of different
anions (Cl-, Br-, I-, HSO4-; reading an identical ionic strength as for the individual anions) was carried out.
To rule out deprotonation events fluoride anions were excluded. The anion mixture also causes a
significant change in the luminescence intensity of the quenched Ir-K0-H2+···DNBA- system with
saturation behavior at about 214 % of the initial luminescence intensity. Selectivity, however, was not
observed as the diverse binding behavior is predominately dependent on the different basicity of the
investigated anions.
In conclusion, it was shown that competitive molecular recognition of fluoride, chloride, bromide, iodide
and hydrogen sulfate versus the electron-accepting 3,5-dinitrobenzoate ion displays a powerful tool to
increase the ion sensing quality of Ir-K0 in terms of luminescence sensitivity. Due to oxidative
quenching, the DNBA anion acts as an “off-switch” of the otherwise strongly luminescent iridium
complex, providing a significant sensitivity enhancement of Ir-K0 towards selected anions.
Consequently, the presented supramolecular sensor system exceeds to the best of my knowledge all
ruthenium(II) biimidazole-type sensors known in literature so far, regarding a significant increase in
luminescence intensity of e.g. 450 % for chloride and as the change in luminescence intensity is pursuable
with the naked eye.
These results are presented comprehensively in the manuscript [SR3][105].
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Improvement of an anion sensing strategy for ruthenium(II)
complexes through sterically confined 2,2’-bibenzimidazoletype ligands

In the introduction it was revealed that bibenzimidazole ligands provide an elegant direct connection
between a cis-diimine function for coordination to ruthenium(II), iridium(III) or osmium(II) with an acidic
cis-diamine function. The latter can act as twofold H-bond donor that is generally suitable to bind oneand two-dentate acceptors.[7,106–108] Additionally, several synthetic modifications have been presented in
literature, where the electronic and steric properties of this type of ligand were manipulated.[8,74,84,109,110]
Access to -Br, -I, -NO2, -NH2, and imine derivatives of the latter have been reported by Walther et al..[9,109]
Additionally, Ye et al. presented the nitro derivative as well as the methyl-disubstituted analogue for
usage as colorimetric halide sensors.[9] In order to gain selectivity, spatial confinement of the H-bond
framework through introduction of substituents in the 4,4’-positions was aspired and the effect of steric
confinement was subject of further investigations. [111]

Scheme 8: Schematic depiction of the
general concept of functionally dimmed
pincer-shaped ruthenium(II) chromophors presented in this work. Upon
exchange of the substituents R1 and R2
luminescence hν of the complexes is
dimmed. H-bond binding of halides leads
to a significant increase and slightly
bathochromic shift of luminescence
hν’.[111]

Recently, we reported the synthesis of K1 (see Scheme 9) along with an intensively photophysical and
structural characterization of new pincer-shaped ruthenium(II) dyes with versatile supramolecular
functions.[84] Thereby the procedure presented by Siegel et al. for the synthesis of a wide variety of 4,4’disubstituted 2,2’-bibenzimidazoles via a Negishi coupling route was used.[74,110] In this chapter a direct
spatial influence on the H-bond pocket was envisaged through the ability to introduce aromatic
substitutents. According to this, another structurally confined complex K2 was added to the library of
4,4’-disubstituted bibenzimidazol complexes along with the literature known unsubstituted K0 as a
reference (see Scheme 9).
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Scheme 9: Ruthenium(II) bibenzimidazole complexes presented in this work; complexes K1 and K2 are sterically confined due
to anisyl substituents in the 4,4’-positions.

Reference K0 and K1 were synthesised according to literature.[84,109] K2 was synthesized analogue to the
synthesis route of previously published K1 upon acid catalyzed reaction between the boc-protected ligand
L2 and the standard metal precursor (tbbpy)2Ru(Cl)2.[84,111] As depicted in Scheme 9, the ligands L1 and
L2 have the same principle structure of the 4,4-di-para-anisyl-2,2’-bibenzimidazole, however ligand L2 is
equipped with two additional methyl substituents in ortho position at each anisyl-ring.
The anisyl substituents in K1 and K2 provide a constricted pincer-like geometry, whereas in K0 the
hydrogen bond area is virtually open to solvent molecules. 1H-NMR spectroscopic investigations revealed
that in K1 the anisyl substitutents are free to rotate around the C(benzimidazol)-C(anisyl) axis at room
temperature, whereas for K2 the characteristic signals give evidence of a rigid C2 symmetry, where
rotation of the dimethylanisyl moiety is sterically hindered. This assignment was made to the differences
primarily in the aromatic region of the spectrum, that is two singlets for the eight anisyl protons and a
broad singlet of the methoxy group for K1. On the other hand for K2 a sharp peak occurs for the methoxy

Figure 24: 1H-NMR spectra of K0
(blue), K1 (green), and K2 (red) (10-3
M, MeCN-d3); the three areas (12.5-10
ppm, 8.75-3.5 ppm, 2.5-0.0 ppm) are
zoomed differently with respect to the
intensity of relevant (non-solvent)
signals.[111]

function as well as two aliphatic singlets for the symmetrically inequivalent methyl groups along with two
singlets in the aromatic region of the spectrum corresponding to the four remaining anisyl protons.
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Further, the characteristic N-H proton signal observed in the lowfield of the recorded 1H-NMR spectrum is
significantly upfield shifted compared to K0 which indicates a slight effect of the π-system of the anisyl
substituents at the 4,4-position of the bibenzimidazole.
These results and the thereof deduced structure property correlation lead to the assumption that K2 should
provide a more defined pincer geometry than K1 (and a fortiori to K0), which is more flexible to adapt to
small hydrogen bond acceptors.
To get further insight into the supramolecular hydrogen bond network and the structural features of K1
and K2, single crystal X-ray diffraction analysis was performed with four different single crystals grown
under varied conditions (exemplarily two of the structures are depicted in Figure 25). The sole appearance
of single acceptor binding with the secondary sphere donor entity in all four structures confirmed a
distinct confining effect induced by the 4,4’-diaryl substitution pattern. Additionally, the free rotatability
of the anisyl rings in K1 and the lack of rotational freedom of the latter in K2 have been endorsed. The
sole observation of a supramolecular hydrogen bond network with monodentate H-bond acceptors is
peculiar, as previously reported structures of ruthenium(II) bibenzimidazole complexes mostly exhibit
expanded H-bond frameworks with bidentate or multiple acceptors.[7,76,109,111,112]

Figure 25: Left: solid-state structure of K1-Cl; right: solid-state structure of K2-EtOAc (ball-and-stick depiction, hydrogen
atoms, counter ions and solvent molecules omitted for clarity, except for the H-bond frameworks).[111]

Photophysical characterization of K0, K1 and K2 was performed in de-gassed acetonitrile (MeCN) and is
depicted in Figure 26. The UV/Vis absorption spectra show in principle the same general features,
however, a ligand-centered absorption band at around 350 nm shows two distinct maxima for K0 and K2,
whereas the peak in K1 is only recognized as a shoulder. Along with the observations of the 1H-NMR
investigations this was referred to the free rotation of the anisyl substituents in acetonitrile solution at
room temperature. Regarding emission spectra it was shown that the emission intensities of K1 and K2
are significantly lower as compared to K0. The order I(K0) > I(K2) > I(K1) was suggested to correspond
to the introduction of the substituents and, subsequently the ability to interact with the bibenzimidazol in
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terms of π-overlap.[111] Interestingly, the emission maximum of K2 is slightly shifted bathochromically,
while the emission energy of K0 and K1 is virtually identical.

Figure 26: UV/Vis and emission spectra of K0, K1, and K2 (10-5 M, MeCN).[111]

The supramolecular complex-anion interactions of K0, K1, and K2 were investigated intensively via
different analysis methods, that is 1H-NMR-, absorption- and emission titration. In a typical standard
titration experiment up to 4 equivalents of fluoride, chloride, bromide, and iodide were added by means of
a Hamilton syringe to a 10-5 M solution of the complexes in dry acetonitrile with exclusion of oxygen
atmosphere. Fluoride and the reference salt TBAOH were shown to immediately deprotonate all three
complexes, a process which is even visible by the naked eye, i.e. a transition from bright red to brown to
deep violet. Upon recording UV/Vis and emission spectra the deprotonation process was further proved by

Figure 27: Left: emission quenching of K0, K1, and K2 (10-5 M, MeCN) upon addition of TBAF, emission area normalized to
the respective initial values; right: exemplary UV/Vis (solid line) and emission spectra (dashed line) of K0 upon addition of
TBAF.[111]

the appropriate bathochromic absorption shift accompanied by a quenching of the emission (see Figure 27,
right). A slight difference can be seen in the emission spectra, where after the first deprotonation step the
emission of K0 and K2 is shifted hypsochromically, whereas K1 exhibits a red shifted emission as
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reported previously.[84] Interestingly, the emission behavior suggests a slightly different mechanism for the
deprotonation for the different complexes. Thereby, only for K1 a slight increase within the first 0.5
equivalents of fluoride was observed, indicating strong hydrogen bonding events. Further, after addition of
4 equivalents of fluoride the emission nearly vanishes for K1 and K2, whereas a residual luminescence of
about 20 % for K0 with respect to the pristine luminescence of its PF6 salt is present.
Ru-K0

+ TBAI

Ru-K1

+TBAI

Ru-K2

+ TBAI

+ TBABr

+ TBABr

+ TBABr

+ TBACl

+ TBACl

+ TBACl

pristine PF6 complex

pristine PF6 complex

pristine PF6 complex

Figure 28: N-H proton signals in the 1H-NMR spectra of Ru-K0, Ru-K1, and Ru-K2 upon addition of either one equivalent of
tetrabutylammonium chloride, bromide, or iodide in acetonitrile-d3 solution.

In a second step the anion recognition features of the respective complex have been investigated towards
the weaker basic halides chloride, bromide and iodide via 1H-NMR measurements. Similar to the
investigated iridium(III) complex in chapter 3.1.2, a significant shift of the characteristic N-H signal into
the lowfield is obtained upon addition of the respective anion, the characteristic of the shift being in the
order of increasing basicity of the ion. For iodide a weak signal only with K2 was obtained, whereas no
signal occurs in the respective spectra of K0 and K1. This may be due to additional stabilization effects
through the anisyl-substitution in K2.
Table 3: Chemical shift values for Ru-K0, Ru-K1, and Ru-K0.

NMR shifts

pristine

+ 1 eq TBACl

+ 1 eq TBABr

+ 1 eq TBAI

PF6 salt

(signal shift Δδ)

(signal shift Δδ)

(signal shift Δδ)

Ru-K0

11.72

14.79 (3.07)

14.18 (2,46)

---

Ru-K1

11.71

15.30 (3.59)

14.60 (2.89)

---

Ru-K2

10.66

14.60 (3.94)

13.89 (3.23)

11.87 (1.21)

[ppm]
10-3 M MeCN-d3

Only a weak response by K1 and K2 towards chloride and bromide was obtained by UV-Vis absorption
spectroscopy, expressed by a virtually negligible broadening and a slight decrease of the MLCT
absorption band around 350 nm. For K0 no anion response was detectable in the spectra, just as no
interaction at all was observed for the respective complex with iodide. This came not as a surprise, as Ye
et al. obtained similar results with a ruthenium(II) bibenzimidazole complex.[7]
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Figure 29: Plot of the emission intensity increase of K0, K1, and K2 upon addition of TBACl (left) and TBABr (right),
normalized with respect to the initial emission of the pristine PF 6 complexes.[111]

Regarding emission spectroscopic investigations with the complexes, K0 didn’t prove to be a suitable
sensor molecule for the detection of chloride, bromide or iodide, as only weak responses were obtained. A
much stronger effect was observed when the 4,4-disubstituted complexes K1 and K2 were treated with the
latter salts, that is a significant increase in luminescence intensity accompanied by a slight bathochromic
shift (see Figure 29). Thereby a more than three-fold increase is obtained, for example, by the interaction
of chloride and bromide ions with K1. As described above, the emission of the pristine PF6 salts of the
complexes K1 and K2 is substantially dimmed as compared to K0 (Figure 26), therefore a more sensitive
response in the recognition of anions is possible.

In conclusion, the three different ruthenium(II) bibenzimidazole complexes K0, K1 and K2 were
characterized through various analysis methods, such as 1H-NMR, absorption and emission spectroscopy.
Accompanied by single crystal x-ray analysis the anisyl rings in K1 were characterized as freely rotatable,
whereas the latter should be rigid in the scaffold of K2.
It was shown, that substitution at the 4,4-position of bibenzimidazole is a powerful tool to increase the
sensitivity of colorimetric sensor systems. Due to the functional dimming that has been introduced through
expanding the bibenzimidazole scaffold through the attachment of the anisyl substituents, a significant
enhancement in luminescence sensitivity has been gained. The latter exceeds to the best of my knowledge
all ruthenium(II) bibenzimidazole sensors known in literature so far.
These results are presented comprehensively in the manuscript [SR4].[111]
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Photochemical application of a heterodinuclear bibenzimidazole bridged iridium(III)/ruthenium(II) complex

In the preceding chapters various structures of iridium(III) and ruthenium(II) imidazole-like complexes
have been discussed. Accordingly, the mononuclear complexes of Ir(III) and Ru(II) bearing
bibenzimidazole as ancillary ligand and their respective homodinuclear compounds are fundamentally
characterized and their general photophysical characteristics enlightened.[11,76,86,103,105,107,111,113–116]
Although structurally similar, the respective photophysical processes in these complexes are quite
different. Therefore, the combination of the unique features of ruthenium complexes, that is a broad
visible light absorption with its MLCT absorption maximum beyond 500 nm with the highly emissive
triplet states of the iridium chromophore hence appeared promising. In this regard, to the best of my
knowledge there is only one photocatalytically active system for hydrogen generation using an iridum(III)
bibenzimidazole as photosensitizer known, whereas so far, ruthenium(II) bibenzimidazole complexes have
remained unexplored in this regard.[117] The aim was hence to combine the advanced visible-light
absorption features of ruthenium(II) complexes with the advantageous luminescent properties of the
iridium(III) congener by connecting them within a dinuclear photosensitizer bearing bibenzimidazole as a
bridging ligand.
The heterodinuclear compound Ir-BBI-Ru
was synthesised via two different routes,
starting either with the aforementioned
Ir(III) mononuclear compound Ir-K0 or the
Ru(II) analogon Ru-K0. Under basic
conditions the mononuclear compounds
were reacted with the respective precursor
[(tbbpy)2RuCl2]

or

[(ppy)2Ir(µ-Cl)2]

to

obtain Ir-BBI-Ru in good yield. The
general structural characterization of the
complex

was

achieved

by

1

H-NMR

spectroscopy and mass spectrometry. The
1

H NMR spectrum of Ir-BBI-Ru reveals a

complex signal set characteristic for a
mixture of the racemic isomers ∆∆ and ΛΛ
and the meso isomers ∆RuΛIr and ∆IrΛRu, of
the heterodinuclear complex. Interestingly,
Scheme 10: Depiction of the two different routes A and B to
synthesize the heterodinuclear compound Ir-BBI-Ru.
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four different C-HBBI signals of the bridging ligand are visible in the 1H NMR spectrum and seemingly
form two doublets, which is different in IrBBI-H2 and RuBBI-H2, where the corresponding signals
appear as two singulets (see Figure 30; the protons corresponding to the signals are marked violet). This
splitting of the signals was referenced to the different coordination geometries of the C-HBBI signals in the
stereoisomers, that is ΛΔ,ΔΛ and ΔΔ,ΛΛ. A rac:meso ratio of 60:40 could be calculated by integration of
the corresponding signals.

Figure 30: 1H NMR spectrum of Ir-BBI-Ru in deuterated dichloromethane; solid-state structure of Ir-BBI-Ru (ellipsoids at 50
% probability level; the hydrogen atoms are omitted for clarity.

Further, single crystals were grown to get additional insight into the bonding angles and lengths of the
complex (Figure 30). Strikingly, Δ and Λ isomers of the iridium moiety occupy the same position in the
crystal lattice and a rac/meso ratio of 3:1 ratio was detected. The structure revealed an almost linear
arrangement, with a slight preference for binding to the ruthenium complex, characterized by a bending
angle of the bibenzimidazole of 183.89° with respect to the iridium center and 176.11° to the ruthenium
center. This arrangement is similar to the homodinuclear complexes presented recently.[76,109,115,116]
Intensive photophysical characterization were performed, showing the desired combination of the
different properties of the respective homodinuclear complexes in the mixed-metal Ir-BBI-Ru
complex.[86,111,113,115,118] The UV/Vis spectrum hence exhibits most notably two intense absorption maxima
at λ = 358 nm and a maximum at λ = 535 nm. The main part of the intense absorption in the UV regime
was assigned to an iridium(III) based transition, whereas the maximum in the red part of the spectrum is
mostly characteristic for the 1MLCT transition of the ruthenium(II) entity. Upon excitation of Ir-BBI-Ru
at λexc = 350 nm a dual emission occurs, comprising of two distinct emission features, that is one at
λmax,1(em) = 503 nm, and another at λmax,2(em) = 700 nm (Figure 31). Position and structure of the
emission band around 503 nm closely resembles that of the twofold deprotonated Ir-K0, whereas the
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emission at around 700 nm was assigned to a ruthenium related emission with respect to
literature.[10,11,84,86,109,113]

Figure 31: left: UV/Vis (black, solid) and normalized emission spectra (green and red, dashed) of Ir-BBI-Ru in dichloromethane
(c = 5 x 10-6 M; red: excitation at λ = 535 nm; green: excitation at λ = 358 nm).right: Single x-ray crystal structure of Ir-BBI-Ru
and illustration of the dual luminescene.

Strikingly, upon excitation of the exclusive 1MLCT of ruthenium at λexc = 535 nm, only the lowest-lying,
distinct weaker Ru-based emission is observed. This observation is special, as most of the mixed-metal
bridged Ir(III)/Ru(II) complexes reported in literature exhibit an efficient energy transfer from the
iridium(III) to the ruthenium(II) center, resulting in sole emission from the latter.[119–124] Based on the
observation that the intensity of the iridium specific emission in the heterodinuclear complex is only about
3% as compared to the mononuclear complex Ir-K0, the appearance of the dual luminescence was hence
suggested as an efficient but incomplete energy transfer to the weakly emissive ruthenium(II) moiety.
Table 4: General absorption and emission features characterized by the respective spectral band maxima and emission lifetimes.
λmax [nm]
Complex

solvent

absorption

emission

lifetime [ns]

CHCl3

358, 530

503, 695

49b,112c

ACN

353, 517

500, 710

29b, 36c

Ir(tmBBIH2)

CHCl3

378

521/559

44 (329)

Na-Ir(tmBBI)

CHCl3

377

494

57

Ir(tmBBI)Ir

CHCl3

375

499

50

[(tbbpy)2Ru]2(tmBBI)

ACN

510/510

700/700

50/60

(tbbpy)2Ru(tmBBIH2)

ACN

473

648

120

Ir-BBI-Ru

a

air equilibrated; b determined in the spectral interval 510-580 nm, c determined in the

spectral interval 590-660 nm, respectively
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Time resolved emission studies using a streak camera were performed which provided excited state
lifetimes of approximately 49 ns in oxygen-equilibrated chloroform solution for the Ir-BBI-Ru system. A
value, that is very similar to the lifetimes previously observed for the related mononuclear complexes and
their dinuclear analogons (see Table 4).[68,92,97,98] Considerable sensitivity towards the solvent polarity was
noticed, as the excited state lifetimes are significantly shorter in acetonitrile as compared to those
determined in chloroform. Notably, the excited state lifetimes for both emissions are significantly shorter
in acetonitrile as compared to those determined in chloroform for Ir-BBI-Ru, which indicates
considerable sensitivity towards the solvent polarity (see Table 4).

Figure 32: Cyclic voltammogram of Ir-BBI-Ru and the mononuclear reference compounds Ir-K0 and Ru-K0 in dry acetonitrile
using 0.1 M (nBu4N)PF6 as supporting electrolyte at a scan rate of 100 mV/s; concentration of the complexes was 1 mM.

Electrochemical analysis of Ir-BBI-Ru and of its mononuclear counterparts Ir-K0 and Ru-K0 for
reference was performed using cyclic voltammetry (ferrocene/ ferrocenium as reference).
According to literature, one reversible oxidation process is observed each for Ir-K0 and Ru-K0 related to
Ir(III)/Ir(IV) or Ru(II)/Ru(III) oxidation, respectively.[115,116] For Ir-BBI-Ru two separated reversible
Table 5: Electrochemical data for oxidation and reduction processes of Ir-K0, Ru-K0 and Ir-BBI-Ru in MeCN at a glassycarbon electrode at 20 °C.
E1/2 / V vs. Fc/Fc+
Compound

Oxidations

Ir-K0

+0.757

Ru-K0

+0.571

Ir-BBI-Ru

+0.707

Reductions
-2.075a

-2.512a

-2.728

+0.398a

-2.002

-2.183

-2.396

+0.261

-2.015

-2.277

-2.676

a

irreversible process

2.997
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oxidation processes were obtained, that is one centered at +0.26 V and the second at +0.71 V. The
processes were assigned to the metal oxidations of RuII/III and IrIII/IV, respectively. Interestingly, the first
oxidation potential of the binuclear complex is 0.3 V lower than those of the mononuclear complexes,
which may be due to the known effect of negatively charged bibenzimidazole bridging ligands on metal
based redox potentials (see Table 5). [76,114,117]
The appealing photophysical properties together with the stable metal based redox processes, showed up
the potential of Ir-BBI-Ru as photosensitizer for visible light driven hydrogen generation from an
aqueous solution. To verify the thesis, the known procedure of Cai et al. for structurally related complexes
was adapted by using a three-component catalytic system consisting of the photosensitizer PS,
the water reduction catalyst (WRC) [Co(bpy)3]Cl2 and triethanolamine (TEOA) as a sacrificial electron
donor in a aqueous solution.[117]
The catalytic performance for the three complexes Ir-BBI-Ru, Ir-K0 and Ru-K0 were measured within
an irradiation time of 140 hours after which saturation behaviour was observed. Both iridium(III)
containing compounds produced hydrogen with remarkable turnover numbers (TONs) under the selected
conditions. However, no hydrogen production could be detected by using Ru-K0 as a photosensitizer.
Since deprotonation of the mononuclear complexes due to the electron donor TEAO is inevitable under
the given catalytic conditions, both mononuclear complexes are deprotonated in the catalysis solution.
This ineptness to act as photosensitizer was hence assigned to a low energy absorbance of the respective
ruthenium complex after deprotonation accompanied by complete quenching of its emission.[82,125]

Figure 33: Turnover numbers of the
light-driven
hydrogen
production
catalyzed by the covalent system Ir-BBIRu (black rectangles) and Ir-K0 (green
rectangles); the grey dashes represent the
calculated standard deviation of each
curve.

In contrast, the analogous iridium complex Ir-K0 induces inital hydrogen production with an attainable
turnover number of about 100 after an irradiation time of 100 h. Further, the heterodinuclear Ir-BBI-Ru
system displayed significant improvement as compared to the mononuclear complex as a distinct higher
TON of about 170 after 140 h irradiation time was reached. Notably, the obtained turnover numbers are in
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the range of the results recently published by Cai et. al for a related iridium(III) system, however slightly
higher.[117] It has to be mentioned that another irradiation source was used, namely the LED setup
established in our group (LED-sticks, wavelength of λ = 470 nm), hence a direct comparison should be
avoided. Notably, an induction phase was clearly observed, that is, within the first 20 hours virtually no
hydrogen production was detectable when using Ir-BBI-Ru as photosensitizer. Conversely, hydrogen
production was immediately detectable with the mononuclear Ir-K0. The nature of this kind of induction
phase remains subject to further investigation.
In summary, the succesful synthesis of the bibenzimidazole bridged iridium(III)/ruthenium(II)
chromophore Ir-BBI-Ru was presented via two different routes. Its photophysical and electrochemical
properties have been investigated and it could be shown that the dinuclear chromophore exhibits a
superimposition of the properties of its subunits, that is a broad visible light absorption with its MLCT
absorption maximum beyond 500 nm with the highly emissive triplet states of the iridium complex.
Regarding emission features, a dual emission by an incomplete energy transfer through the bridge was
suggested.
Further, the potential of Ir-BBI-Ru to be applied as photosensitizer in photochemical processes was
strinkingly proven. The obtained kinetic and photophysical data under catalytic conditions suggest an
elaborate mechanism for the heterodinuclear photosensitizer and exhibit improved catalytic performance
as compared to the sub-component Ir-K0. The results spark strong interest to further investigate dinuclear
systems in the future to optimize their catalytic effectiveness.

These results are presented comprehensively in the manuscript [SR5].
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Summary and outlook

Within this work, different novel systems containing photoactive iridium(III) or ruthenium(II)
chromophores bearing an imine framework were investigated regarding their application potential as
supramolecular sensors and as photocatalysts in the light-driven water reduction.
The functional imine ligand entity is known to interact with anions in its protonated state or cations by
means of a covalent binding if deprotonated. The metal ion recognition process is detectable by changes in
the light absorbance or the emission properties of the respective pristine complex. Furthermore, a binding
of the ions can be followed by 1H-NMR titration measurements.
The iridium(III) bibenzimidazole model complex Ir-K0 was comprehensively characterized and the
universal suitability for application as sensor for small anions was proven. Additionally, a refinement in
form of an “off-switch” strategy was presented – the latter leading to a higher selectivity of the
supramolecular sensor system.

The second part of the thesis dealt with a library of three different ruthenium(II) bibenzimidazole
complexes (K0, K1 and K2). By introduction of the sterically confining substituents L1 and L2, a
selectivity of the binding mode of these chromophores was generated. A significant enhancement in
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luminescence sensitivity has hence been achieved due to the functional dimming that was introduced by
expanding the bibenzimidazole scaffold via the attachment of the anisyl substituents.
In a conclusive project, the heterodinuclear bibenzimidazole bridged iridium(III)/ ruthenium(II) complex
Ir-BBI-Ru was synthesized in order to investigate the synergy effects of the previously investigated sole
chromophore units. Accompanied by a comprehensive investigation of the basic properties of the
complex, its applicability as photosensitizer in the light-driven hydrogen production was tested.

In particular, following results were obtained:
 The iridium(III) bibenzimidazole model complex Ir-K0 was synthesized and characterized
comprehensively. The studies comprised the analogies and differences with respect to the wellestablished related ruthenium(II) chromophores.

 In this regard the basic photophysical properties of Ir-K0 were investigated. Although
structurally similar to the Ru(II) analogues, the features of Ir-K0 were shown to be
fundamentally different since absorption events mainly occur in the UV regime, comprising
of a maximum lower than 360 nm with a weak absorption tailing off up to λ = 450 nm.
 The dependency of the principal photophysics of Ir-K0 on the protonation state was
investigated. It could be shown, that the mononuclear complex Ir-K0-Hx (x = 0, 1, 2) is
strongly luminescent in all three protonation states, and the emission spectrum is very
sensitive to solvents due to the mostly unstable protonation state.
 The model complex Ir-K0 was compared to related ruthenium(II) bibenzimidazole
complexes, where deprotonation leads to a complete quenching of the emission. This
observation renders the complex to be advantageous in regard to the usage in
photoluminescent applications.
 To the best of our knowledge the first crystallographic investigation of an iridium
bibenzimidazole complex with respect to supramolecular aspects was performed, revealing
first insights into the hydrogen bond formation ability.
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The homodinuclear complex (Ir-K0)2 was comprehensively characterized via 1H-NMR
and photophysical investigations. By using two dimensional NMR it was also possible to
prove that two diasteromeric forms of the homodinuclear complexes exist (meso and rac)
and can be separated.



A crystal structure of the dinuclear (Ir-K0)2 (meso form) was presented and compared
with the mononuclear Ir-K0-H and three reference compounds.

 In an additional study, the aforementioned dependence of the luminescence characteristics of IrK0 on the coordination environment was employed for anion sensing with small anions for the
first time. Thereby, different analysis methods, such as 1H-NMR and emission spectroscopy, were
applied.

 The detailed anion binding studies with Ir-K0 have shown its potential for the
supramolecular recognition of selected anions. With basic anions such as fluoride, acetate and
dihydrogen phosphate in chloroform a deprotonation event was noticeable which could be
confirmed by comparison with the selectively synthesized respective protonation states of IrK0. The mild basic anions such as chloride, bromide, and hydrogen sulfate were found to
increase the emission intensity weakly, accompanied by a small hypsochromic shift of the
emission. Accordingly, a complete N-H abstraction could be excluded, however weak, but
noticeable interactions by means of hydrogen bonding events with the respective anions were
proven.
 Interestingly, the ion binding mechanism was shown to involve fast formation of a 2:1
(complex : anion) species which distinguishes the iridium(III) sensor from the known
ruthenium(II) based systems where a 1:1 stoichiometry dominates.
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 In order to refine the sensor sensitivity of the Ir-K0 system, a supramolecular luminescence “off”switch strategy was presented.

 3,5-dinitrobenzoate was introduced, as the latter is known to effectively quench the
luminescence of N-H acidic chromophores. In the present system the luminescence intensity
was quenched to 7 % with regard to the pristine luminescence of the PF6 salt.
 Competitive hydrogen bonding by the weakly basic anions or competitive deprotonation by
the basic anion fluoride lead to a significant luminescence increase of up to 750 %. The “offswitch” strategy was hence shown to display a powerful tool to increase the ion sensing
quality of Ir-K0 in terms of luminescence sensitivity and exceeds all ruthenium(II)
biimidazole-type sensors known in literature so far.
 The quenched Ir-K0+···DNBA- system hence sets benchmark values for anion recognition
with phosphorescent bibenzimidazole-type complexes.
 In collaboration with Dieter Sorsche an improved anion sensing strategy for ruthenium(II)
bibenzimidazole complexes was developed.
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 Following the general synthesis procedures reported by Siegel et al. two new
ruthenium(II)bibenzimidazole complexes with sterically demanding substituents adjacent to
the α-diamine sphere have been synthesized in this thesis (in collaboration with Dieter
Sorsche).
 Accompanied by single crystal x-ray analysis, the anisyl rings in K1 were characterized as
freely rotatable, whereas the latter were supposed to be rigid in the scaffold of K2.
 The anion recognition features of the three different ruthenium(II) bibenzimidazole
complexes K0, K1 and K2 were characterized by various analysis methods, such as 1HNMR, absorption and emission spectroscopy.
 For the weakly basic anions chloride and bromide strong hydrogen binding with K1 and K2
was observed with an up to 3-fold increase of emission. In contrast, comparative
measurements with the unsubstituted bibenzimidazole complex K0 showed almost negligible
optical response.
 Accordingly, due to the functional dimming that has been introduced by expanding the
bibenzimidazole scaffold through the attachment of the anisyl substituents, a significant
enhancement in luminescence sensitivity has been gained.

 In a conclusive project, the heterodinuclear bibenzimidazole bridged iridium(III)/ ruthenium(II)
complex Ir-BBI-Ru was synthesized in order to investigate the synergy effect of the prior
investigated sole chromophore units. Accompanied by a comprehensive investigation of the basic
properties of the complex its applicability as photosensitizer in the light-induced hydrogen
production was tested (in collaboration with Dieter Sorsche).
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 The successful synthesis of Ir-BBI-Ru was presented via two different routes.


Its photophysical and electrochemical properties have been investigated and it could be
shown that the dinuclear chromophore exhibits a superimposition of the properties of its
subunits, that is a broad visible light absorption with its MLCT absorption maximum beyond
500 nm with the highly emissive triplet states of the iridium(III) entity.

 Regarding emission features, a dual emission by an incomplete energy transfer through the
bridge was suggested.
 The potential of Ir-BBI-Ru to be applied as photosensitizer in the photocatalytic hydrogen
production was proven strikingly. For Ir-BBI-Ru an overall turnover number of 170 after
140 h was measured, whereas for Ir-K0 a slightly reduced TON of 100 was obtained. The
obtained kinetic and photophysical data under catalytic conditions suggest an elaborate
mechanism for the heterodinuclear photosensitizer and exhibit improved catalytic
performance compared to the sub-component Ir-K0.
Based on the previous studies it will be promising to coordinate the expanded ligand scaffold of L1 and
L2 to iridium(III) chromophores. Thereby the strategy of the steric confinement of ruthenium complexes
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could be combined with the superior luminescence properties of the related iridium(III) complexes,
leading conceivably to tailored highly sensitive anion sensors. First attempts have already been realized as
it was possible to synthesize the analogue iridium(III) complexes Ir-K1 and Ir-K2. With a library of three
novel strongly luminescent Ir(III) complexes a range of application possibilities will be accessible, for
example the usage as suitable anion sensors or even as cation sensors, respectively.
Further, the catalytic activity of the heterodinuclear Ir-BBI-Ru system sparks strong interest to investigate
subsequent dinuclear systems comprising of two different chromophore units to refine their catalytic
effectiveness due to synergy effects. Thereby, the focus should especially be on the search for bridging
ligands that enable electronic communication between the different chromophore units.
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In this work, we present the synthesis and a detailed structural and photophysical investigation of the
bis(phenylpyridine)iridium(III) complex of 4,4’,5,5’-tetramethyl-2,2’-bibenzimidazole (Ir(tmBBI)-H2) and
its homodinuclear complex (Ir(tmBBI)Ir). Their structures were determined by single crystal X-ray
diffraction analysis and NMR spectroscopy and detailed UV/Vis and emission studies were performed.
Ir(tmBBI)-Hx (x = 0, 1, 2) shows strong protonation state dependent luminescence and is luminescent in
all of its three protonation states allowing for protonation state dependent colour tuning from the green to
the more blue spectral region. The two diastereomeric forms meso and rac of the dinuclear Ir(tmBBI)Ir
could be separated by fractional crystallisation and both showed strong luminescence. The comparison
with structurally related ruthenium complexes show pronounced differences of their respective
photophysical properties.
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Reprinted from “Interaction of an Iridium(III)- Bibenzimidazole Complex with
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Dixit and Sven Rau, Eur. J. Inorg. Chem., 2016, 40 – 48” with permission of the
publisher John Wiley and Sons. (License Number: 3910180027115)

The iridium(III) complex [Ir(ppy)2(tmBBI-H2)](PF6) (IrBBI-H2) (1) as an anion receptor has been
exploited, where the cis-diamin function of the bibenzimidazole is coupled in such a way to the
photophysics of the iridium metal core, that the photophysic is influenced by hydrogen bonds in the ligand
periphery. Systematic studies on the system reveal that IrBBI-H2 is a convenient sensor for various anions
under aerobic conditions and interacts with Cl-, Br-, I- and HSO4- via the formation of hydrogen bonds.
Whereas H2PO4- is only capable to mono-deprotonate the IrBBI-H2, it undergoes a stepwise process when
F- and OAc- are added: formation of the mono-deprotonated complex IrBBI-H with a low anion
concentration, followed by the double-deprotonated complex IrBBI-, in the presence of higher anion
concentration. The interaction of various anions with IrBBI-H2 has been investigated via emission or
NMR titration. According to the conditions chosen, strong binding interactions in form of a 2:1
complex : anion ratio between the less basic anions and the complex, and a virtually stoichiometric
reaction to their respective ion pair was observed.
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Reprinted from “A supramolecular H-bond driven light switch sensor for small anions,
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77”. Reproduced by permission of The Royal Society of Chemistry.
A cationic iridium complex with a 2, 2’-bibenzimidazole ligand can act as luminescent sensor for various
anions. Strong H-bond supported ion pair bonding with an electron accepting dinitro-benzoate anion
switches the luminescence “off”. The luminescence of the sensor is switched back “on” when benzoate is
replaced by competing H-bonded small anions, therefore leading to enhanced sensitivity of the sensor
system.
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the publisher John Wiley and Sons (License Number: 3910180469196)

Three bis(4,4’-di-tert-butyl-2,2’-bipyridine) ruthenium(II) 2,2’-bibenzimidazole complexes are presented
and characterized with respect to their photophysical and structural properties. The 5,5’,6,6’-tetramethyl2,2’-bibenzimidazole (L0) and 4,4’-di(p-anisyl)-2,2’-bibenzimidazole (L1) and the corresponding
ruthenium complexes K0 and K1 have been reported previously. The new complex K2 contains the
structurally confined ligand 4,4’-di(o,o’-dimethyl-p-anisyl)-2,2’-bibenzimidazole. Due to substitution at
the 4,4’-positions, complexes K1 and K2 are equipped with a pincer-like geometry as shown by 1H-NMR
and XRD studies. The emission intensity of the latter complexes is dimmed as compared to K0. However
titration experiments with tetrabutylammonium salts of fluoride, chloride, bromide, and iodide exhibit
strongly enhanced sensitivity to hydrogen bonding of chloride and bromide, which increases the emission
intensity to about 300%, eventually outperforming K0. With regard to the luminescence sensitivity, the
structurally confined complexes K1 and K2 set a new benchmark among ruthenium(II) based colorimetric
halide sensors.
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[SR5]: Visible-light sensitized photocatalytic hydrogen generation using a dual emissive
heterodinuclear cyclometalated iridium(III)/ruthenium(II) complex
Sebastian A. Rommel, Dieter Sorsche, Stefanie Schönweiz, Joachim Kübel, Nils Rockstroh, Benjamin
Dietzek, Carsten Streb and Sven Rau*
* corresponding author

Published in:
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Copyright

Reprinted from “Visible-light sensitized photocatalytic hydrogen generation using a dual
emissive heterodinuclear cyclometalated iridium(III)/ruthenium(II) complex, Sebastian A.
Rommel, Dieter Sorsche, Stefanie Schönweiz, Joachim Kübel, Nils Rockstroh, Benjamin
Dietzek, Carsten Streb and Sven Rau, Journal of Organomet. Chem. 2016” with
permission of the publisher Elsevier Limited The Boulevard, Langford Lane
Kidlington, Oxford, OX5 1GB, UK. (License Number: 3912400498568)

The

synthesis,

spectroscopic

and

electrochemical

properties

of

the

heterodinuclear

iridium(III)/ruthenium(II) photosensitizer Ir-BBI-Ru, i.e. [(ppy)2Ir-(tmBBI)-Ru(tbbpy)2][PF6] (ppy = 2phenylpyridine; tmBBI = 5,5’,6,6’-tetramethyl-2,2’-bibenzimidazole; tbbpy = 4,4’-di-tert-butyl-2,2’bipyridine) are presented in this manuscript. The absorbance of the dinuclear complex lies well within the
visible light spectrum, showing mainly absorption features typical for dinuclear ruthenium(II)
bibenzimidazole complexes. The complex exhibits characteristic emission properties of both individual
metal centers, indicative of an incomplete energy transfer. The application of Ir-BBI-Ru as visible-light
absorbing photosensitizer in the field of photocatalytic water reduction is demonstrated by considerable
hydrogen generation with the Co(II) catalyst [Co(bpy)3][PF6]2 and triethanolamine as sacrificial donor.
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Abbreviations

a.u. (also arb. u.)

arbitrary units

boc

tert-butyloxycarbonyl

bpy

2,2'-bipyridine

CT

charge transfer

dmBBIAnisH2
dmBBIdmAnisH2

1,1’-bis(t-butoxycarbonyl)-4,4’-bis(4-methoxyphenyl)-6,6’-dimethyl-2,2’bibenzimidazole
1,1’-bis(t-butoxycarbonyl)-4,4’-bis(2,6-dimethyl-4-methoxylphenyl)-6,6’dimethyl-2,2’-bibenzimidazole

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

ESI

electrospray ionization

ET

energy transfer

eT

electron transfer

Fc/Fc+

Ferrocene/Ferrocenium redox couple

HOMO

highest occupied molecular orbital

HSAB

Pearson's concept of hard and soft acids and bases

IC

internal conversion

Ir-K0

[(ppy)2Ir(tmBBIH2)]PF6

Ir-tmBBI-Ir

[{(ppy)2Ir}2(μ-tmBBI)]

ISC

intersystem crossing

L1

see dmBBIAnisH2

L2

see dmBBIdmAnisH2

LC

ligand-centered (also referring to ligand-centered state)

LED

light emitting diode

LLCT

ligand-to-ligand charge transfer

LMCT

ligand-to-metal charge transfer

LUMO

lowest unoccupied molecular orbital

MALDI

matrix-assisted layer deposition ionization

MC

metal-centered (also referring to metal-centered state)

MLCT
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metal-to-ligand charge transfer (also referring to metal-to-ligand charge transfer
state
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Mn+

generalized cationic species

MS

mass spectrometry

NMR

nuclear magnetic resonance (spectroscopy)

OLED

organic light emitting diode

ppy

2-phenylpyridine

PS

photosensitizer

rac

racemic pair of chiral isomers

Ru-K0

[(tbbpy)2Ru(tmBBIH2)](PF6)2

Ru-K1

[(tbbpy)2Ru(dmBBIAnisH2)](PF6)2

Ru-tmBBI-Ir

[(tbbpy)2Ru(tmBBI)Ir(ppy)2](PF6)

TBA

tetrabutylammonium

tbbpy

4,4'-di-tert-butyl-2,2'-bipyridine

TEA

triethylamine

THF

tetrahydrofuran

tmBBI(H2)

5,5',6,6'-tetramethyl-2,2'-bibenzimidazole

TON
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turn-over-number, generated equivalents of hydrogen with respect to the catalyst
concentration

UV

ultraviolet

UV/vis

ultraviolet/visible light

XRD

X-ray diffractometry
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